S —'-— RS University of Central Florida
f t STARS

Faculty Bibliography 2010s Faculty Bibliography

1-1-2013

Correlations of indistinguishable particles in non-Hermitian
lattices

M. Grafe

R. Heilmann
R. Keil

T. Eichelkraut

M. Heinrich
University of Central Florida

See next page for additional authors

Find similar works at: https://stars.library.ucf.edu/facultybib2010
University of Central Florida Libraries http://library.ucf.edu

This Article is brought to you for free and open access by the Faculty Bibliography at STARS. It has been accepted for
inclusion in Faculty Bibliography 2010s by an authorized administrator of STARS. For more information, please

contact STARS@ucf.edu.

Recommended Citation

Grafe, M.; Heilmann, R; Keil, R.; Eichelkraut, T.; Heinrich, M.; Nolte, S.; and Szameit, A., "Correlations of
indistinguishable particles in non-Hermitian lattices" (2013). Faculty Bibliography 2010s. 4049.
https://stars.library.ucf.edu/facultybib2010/4049

.. + . ' N + +

g“.ﬁ"" + §‘ *0 * . + *0 *’
Tt L+

Central e, "+ ¥, STARS

Florida . ° .+ + Showcase of Text, Archives, Research & Scholarship *


https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/facultybib2010
https://stars.library.ucf.edu/facultybib
https://stars.library.ucf.edu/facultybib2010
http://library.ucf.edu/
mailto:STARS@ucf.edu
https://stars.library.ucf.edu/facultybib2010/4049?utm_source=stars.library.ucf.edu%2Ffacultybib2010%2F4049&utm_medium=PDF&utm_campaign=PDFCoverPages
https://stars.library.ucf.edu/
https://stars.library.ucf.edu/

Authors
M. Grafe, R. Heilmann, R. Keil, T. Eichelkraut, M. Heinrich, S. Nolte, and A. Szameit

This article is available at STARS: https://stars.library.ucf.edu/facultybib2010/4049


https://stars.library.ucf.edu/facultybib2010/4049

New jou I‘Ilal Of PhYSiCS Deutsche Physikalische Gesellschaft @ DPG 10P Institute of Physics

The open access journal at the forefront of physics

Correlations of indistinguishable particles in non- ~ “uic™ " =
Hermitian lattices Lebugl etal. |

- Two-particle guantum correlations at
3 X X . araphene edges
To cite this article: Markus Gréfe et al 2013 New J. Phys. 15 033008 Markus Grafe and Alexander Szameit

- Quasi -symmetry in passive photonic
lattices
Marco Ornigotti and Alexander Szameit

View the article online for updates and enhancements.
Recent citations

- T. Eichelkraut et al

- Integrated photonic guantum walks
Markus Gréfe et al

- On-chip generation of Einstein-Podolsky-
Rosen states with arbitrary symmetry
Markus Gréfe et al

Bringing you innovative digital publishing with leading voices

to create your essential collection of books in STEM research.

This content was downloaded from IP address 132.170.27.255 on 04/03/2019 at 17:06


https://doi.org/10.1088/1367-2630/15/3/033008
http://iopscience.iop.org/article/10.1088/2040-8978/18/10/103002
http://iopscience.iop.org/article/10.1088/2040-8978/18/10/103002
http://iopscience.iop.org/article/10.1088/2053-1583/2/3/034005
http://iopscience.iop.org/article/10.1088/2053-1583/2/3/034005
http://iopscience.iop.org/article/10.1088/2040-8978/16/6/065501
http://iopscience.iop.org/article/10.1088/2040-8978/16/6/065501
http://dx.doi.org/10.1007/978-981-13-1247-2_5
http://dx.doi.org/10.1007/978-981-13-1247-2_5
http://iopscience.iop.org/2040-8986/18/10/103002
http://dx.doi.org/10.1063/1.4920934
http://dx.doi.org/10.1063/1.4920934
https://oasc-eu1.247realmedia.com/5c/iopscience.iop.org/74352751/Middle/IOPP/IOPs-Mid-NJP-pdf/IOPs-Mid-NJP-pdf.jpg/1?

New Journal of Physics

The open access journal for physics

Corrigendum: Correlations of indistinguishable
particles in non-Hermitian lattices
2013 New J. Phys. 15 033008

M Grife!:3, R Heilmann'3, R Keil', T Eichelkraut', M Heinrich?,
S Nolte! and A Szameit!*

!'Institute of Applied Physics, Abbe Center of Photonics,
Friedrich-Schiller-Universitit, Max-Wien-Platz 1, D-07743 Jena, Germany

2 CREOL, The College of Optics and Photonics, University of Central Florida,
Orlando, FL 32816, USA

E-mail: alexander.szameit@uni-jena.de

New Journal of Physics 15 (2013) 059501 (5pp)
Received 2 April 2013

Published 17 May 2013

Online at http://www.njp.org/
doi:10.1088/1367-2630/15/5/059501

An inadvertent indexing error has occurred in the derivation of the quantum Langevin equation
presented in appendix A of our paper (2013 New J. Phys. 15 033008). In the previous version,
the summation over the system modes &; and the reservoir modes ISI was executed with
independent indices. However, as each system mode is coupled to a different set of reservoir
modes, the summation of the reservoir modes should rather depend on the system mode.
Hence, we introduce a set of reservoir summation indices {r,},=1,. m, Which are assigned to
the individual system modes &;.

While this modification slightly alters equations (A.1)—(A.5) and (B.4)—(B.6), it has no
implications to the results of the derivations, nor does it affect any result or conclusion in the
main part of the paper.

.....
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Appendix A. Quantum Langevin equation for coupled systems

In the following, we deduce the quantum Langevin equation for our systems from a general
approach by principally following similar considerations as in [1]. Regard the total Hamiltonian
of the overall configuration under the assumption of weak coupling between reservoir and loss-
free system with strengths g, .,

A N A A
H total =— H ot H reservoir T H interaction

M M
=1y { B Z n @jin | 41 Y B, B, b,
m=1 j=1

m,nmy

+h Y { S l3n,,1 + g dm bim} , (A.1)

m,n;,

where f, denotes the propagation constants of the reservoir modes and ,, and C; n are defined
in the main text. Thus, we find the Heisenberg equations for the system field operators &; and

the reservoir field operators l;Iq as coupled differential equations:
A
da,2) _

=A@, Flm]:——[a(z) Hol+iy g, bl (A2)

Tq

dbj @ i .. . e
2 = —g[brq(Z)’ H a1 zlﬂrq brq(z)+1g%rq Clq(Z) : (A3)

Integrating equation (A.3) and plugging into equation (A.2) yields

d &; (2) _
dz

i 3 : x 7 iB, : iB. (z—&) A
—laj@), Hol+i) ;. b] (0)en— /O A2 ) " lggs, PP 00Ny, (A4

where the second term on the rhs acts as a noise operator f ; =1 qu g;"rq lA)rTq (())eiB’qZ. For the last

term on the rhs we replace the summation by an integral qu — (27‘;)3 f d3l§,q — [ dquD(,B,q)
with the spectral density of states D(f):

daj(z)
dz

= ——1a](2). Hol- / d f 4B, D (B, |84 (B, e Po 0 al ()0 + fl(2)
0

—%[&;@, Hol - / e D(BIgg(B)IPmS(z — 0) aj(0)e 0 + fi(z)
0

- %[a;@, Hol = D(B,)12,(By)> a}(2) + Fl(2)

[AT(Z) Hol - AT(Z)+fT (2). (A.5)
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With Fermi’s golden rule decay rates y, = 2w D(B,)1g,(B;) |> and the introduction of H system =
H o+ 1A1OSS =H o+1ih Z ”’” aa a, one obtains the quantum Langevin equation:

da*(z) i
dz

~1a(@), Hysenl + f (z)—lch, al(2)+ fi), (A.6)

j=1

where C, ; = (B; +i%)8, .+ C,.;. With the linear propagation operator U, ;(z) = (€€?),.; the
formal solution of (A.6) is

M 2 M
a(2) =Y U, ;(x)a;0)+ fo A2 Y U, iz =) fi@). (A7)
j=1 j=1

Appendix B. Calculation of the particle number correlation

Here we present an extensive derivation of the particle number correlation and prove that this
quantity does not depend on the noise operators. Calculating the particle number correlations
by using (A.7)

16
[y (2) = (2] (2) 4 (2)a,(2)d,(2)) = Y T )(2) (B.1)
a=1

yields 16 terms F;‘f‘,). They can be categorized in how often a noise operator appears. One finds
contributions without noise operator (I'\")), with one (I'(*), two (I'{%'V), three (I'{!?~'>) and
four (T'{'?) noise operators. In the following we will show exemplarily the contribution of each
group by an extended calculation for one member. For the sake of clarity we slip the z-argument
of the propagation operator elements U; . Any other dependence will be written explicitly.
Taking into account that the noise operators are Markovian and the average value of the noise
equals zero as well as the zero temperature approximation (ZTA) for the reservoir, we get:

a=1
M
Z 0.1 UrkU5 U (@1(0) & (0)ar (0)a, (0)). (B.2)
T
o= 2, ... 5

z M
re) = Z U, U U f dt YU, 5z = O ©) a0 (0), (0)
j=1

k.1, p=1

M Z M
= 3 v, f de 3 U, 5z = ) (T (@©)a] 00 (0)a, (0))
k., p=1 0 j=1 ‘:’0—"

= 0. (B.3)
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a=6,...,11:

Z Z M
ré = Z ULU; / d¢ / dg’ ) Uy (@ = OUri(e = e @) 1€ (0)a, 0))
1,p=1 jk=1

M

M
S v / d¢ / £dg’ Y " Uy iz = O Upilz = £ (@) F1 @0, (0))

lp 1 0 jk=1
Z M
U* Uys fd;/d;’ Z Upiz=0)Ui(z—=¢")
lp 1 0 jk=1
x> gh, gr, (bl (0)b] (0)(ePul et (3 (0)a,(0))
Lg:Kr :VO
—0. (B.4)
a=12,.
r;{?— fdzf az’ / &S Up = OUnalc = VU
Jik, =1

X <}*<;> @) 7.¢"a,0)

M
Z q,,f dc/ d;/dz” Z Uy i@ = O Uni(z = VU (2= )

J.k, =1

X f*(:) 1@ £.2)a,(0))

,,f d;/ d¢’ / dz” Z Uy iz = Uiz = VU (2= ¢")

J.k,I=1

% Z g:;ytq g:Kr S (l;ZI (0) bzr (O)b)\r (0)) eithgeiBwC/e_iBAr I <&p (O))

Lg Kr Ay

=0
- 0. (B.5)
o =16:
T = f d¢ f d¢’ / d¢” / d¢” Z Up.j (2= Uiz = LU (2 = U (2=
J.k,,p=1

X (F1@) 11@) £, f,(6™)
=/ dé“/ dé“/d{”f d¢” Z Uy j(z= Uiz = U (2 = DU (2—¢")
J.k,,p=1

Z g;tq g;k,,(r gr,k, gq,ﬂq <qu (0) bl}(r (O)Ekr (O)Eﬂq (0)> eiBLq;eing/eiiBM {”efiBnq{/u

lq,Kh)\r,”q

=0(ZTA)
= 0. (B.6)
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Note, (1311 0 IQZ (0)13,\, (O)l;ﬂq (0)) = 0 because in the ZTA the average particle number for each
reservoir mode vanishes.
As all terms with o > 1 do not contribute it holds for the particle number correlation:

M
F@= Y Uy@Uu@UL@UL (@)@ 0)al0)a0)d,0)  B.7)

J.k,1,p=1

which is independent of any noise operators.
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Abstract. A novel approach to investigate the dynamics of indistinguishable
particles in non-Hermitian lattice systems is presented, allowing an efficient
calculation of quantum correlations between these particles in the presence of
losses. Particular attention is paid to quasi-parity-time-symmetric systems, for
which we numerically analyze two-particle quantum random walks for a variety
of input states. Our results show how in some scenarios coherence is lost,
inducing classical random walks, while in others the characteristic signatures
of bosonic and fermionic exchange symmetry prevail.
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1. Introduction

Understanding quantum random walks of indistinguishable particles and their mutual
correlation allows deep insight into the very nature of quantum mechanical processes in
discretized space. In particular waveguiding lattices provide an exceptional tool for the
study of such phenomena [1, 2]. To date, the correlations of identical particles have been
explored in various systems, such as lattices with a transverse potential gradient [3] or
disorder [4], Glauber—Fock lattices [5], two-dimensional lattices [6] and lattices with periodic
boundaries [7]. However, an intrinsic property of all these quantum systems is their Hermiticity.
Recently, parity-time(P7)-symmetric systems attracted much attention throughout the physics
community. First proposed in 1998 [8], such Hamiltonians are not necessarily Hermitian, but
still can exhibit purely real eigenvalue spectra. Since this concept was introduced in optics by
anti-symmetric gain—loss distributions [9], numerous works were devoted to exploring optical
PT-symmetric phenomena [10—-15], culminating in the first experimental demonstration of P 7T -
symmetry in physics [16, 17]. However, all of the reported effects have a purely classical
origin, leaving the analysis of a true quantum evolution in P7 -symmetric lattices an open
question.

Guo et al [12] showed that systems with anti-symmetric modulated loss distribution behave
equivalently to those with gain—loss structure due to a transformation into an exponentially
damped co-moving frame. For example a periodic gain—loss structure with equal gain and loss
is equivalent to a structure with periodic no-loss—loss distribution where the loss is twice as
before. We call such structures ‘quasi-P7 -symmetric’. However, due to noise from vacuum
fluctuations we are limited to transformations that result in vanishing net gain for the analysis of
quantum evolution in non-Hermitian lattices. Nevertheless, despite this limitation, quasi-P7T -
symmetric quantum systems give rise to fascinating dynamics. In this paper, we provide the
first theoretical analysis of quantum random walks of identical particles in quasi-P7 -symmetric
lattices. We further demonstrate how such dissipative quantum systems can be described by a
set of coupled equations that allows the efficient simulation of extended configurations and
investigate the correlation behavior of indistinguishable separable and entangled particles. We
show how the symmetry of the lattice leads to independence or even decoherence of the
quantum walkers for certain input configurations, while preserving strong correlations for
others.

New Journal of Physics 15 (2013) 033008 (http://www.njp.org/)
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2. Theory

The general approach to describe a dissipative quantum systems is to weakly couple the loss-free
system with a reservoir. Thus, the total Hamiltonian of the overall configuration is represented
by the sum

Htotal = HO + Hreservoir + Hinteraction (1)

with the Hamiltonian of the subsystem without losses Hy. The evolution of such an open
system can be analyzed by, e.g. the Lindblad formalism [18] which evaluates the evolution
of the system’s full density matrix subjected to the interaction with the reservoir. Hence, the
numerical effort in solving the evolution equations grows strongly nonlinearly with system
size. In a lattice with M sites the overhead is O(M*), rendering even moderate system sizes
computationally intractable. In our work, we follow a different approach, which scales more
favorably.

We consider a lattice consisting of M coupled sites with an arbitrary transverse loss
profile. The non-Hermitian Hamiltonian of the dissipative system (lattice with no back coupling
from the reservoir) with the creation (annihilation) operator &; (a,) for mode ¢, is defined as

A

Hgygiem = I:IO + izzl]oss with the Hermitian Hamiltonian of the loss-free system

—t

M M
Ho=1nY_{Budydn+Y Cimd}an 2)
m=1 j=1
and the Hermitian Operator describing the loss
- Y
Ajoss = h X_; ?’" djn dm (3)

Here B,, are the propagation constants in each lattice site and energy eigenvalues of Ho,
respectively, y,, are the loss coefficients and C;,, are the coupling coefficients between sites
j and m that form a matrix C. Analogously to [19, 20] for weak coupling between system
and reservoir, one can derive the quantum Langevin equation as the corresponding equation of
motion (see appendix A)

dcijl(z) _ i

M
— 4@, Aysen |+ T30 =13 C, @00+ i )
j=1

dz f

with C, ; = (B; +i%)8;,+C, ;, z denoting the evolution coordinate of the system and the
noise operators f; which ensure the commutator (anti-commutator) relations [ a;, &Z] =6
({aj, &Z} = 4;«) (with the Kronecker delta §; ;) for bosons (fermions). Formal integration yields

M z M N
i@ =3 U, (0@ (0)+ /O 4 S U, -0 710, 5)
= =
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where in analogy to [1, 21] U, ;(z) = (eiéz)q, j are the matrix elements of the linear
z-propagation operator U. The average occupation number 7,(z) in mode ¢ is

ng(2) = (d,(2) 4, (2))

M
=Y Uy iU (2) (35(0) 4k (0))

Jk=1

M . M
+3 U, /0 4e 3 Uz (2= 8) (@50 Fo@))
j=1 k=1

(D
:.nq

M Z M A
+) U@ fo Az Y Uy 1z =) (F1(0) aw(0))
k=1 j=1

e
=ny

Z Z M R N
+/0 dé“/o d¢’ Z Ui (= U =) (F1(0) fa(&). (6)
jik=1

=l
It is typically assumed that the noise operators are Markovian (no memory effect) and the aver-

age value of the noise is equal to zero. This yields n!"” = n'? = 0. Following [19], one obtains

nf) ~ng with the particle density of the reservoir ng = (exp (Z—;’) — 1)_] in equilib-
rium at frequency  and temperature 7. In the zero temperature approximation (ZTA)
this contribution vanishes®. Therefore, we find the remarkable result that ng(z) =
Z%{:] Uy, iU (2) (&j- (0) a;(0)) is independent of noise because &;(0) is not related to
the noise operators. Thus, a numerical treatment of the average occupation number of any
excitation—bosonic, fermionic and irrespective of the number of launched particles—in a lattice
with loss can be performed by neglecting the noise operators in (4), i.e. the standard Heisenberg
equation for the non-Hermitian Hamiltonian ﬁlsystem:

dal(m i
dz  n
When only two indistinguishable particles evolve in the lattice, one can analyze their mutual

particle number correlation T, ,(z), which characterizes the probability to find one particle at
lattice site ¢ and the other one at site r. We find (see appendix B)

(), Ayuen]. @)

M
L@ = (3@ @ 6@ a,@)= Y. Uy UsULUL, (d50)d{0)a0)d,0), @®)

J.k,l,p=1

which is also independent of the noise term and only determined by the z-propagation operator
U, i.e. by the coupling dynamics. Hence, both the evolution of the average particle number and

> Note, that exactly the same approximations are made in order to derive the Lindblad formalism.
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the particle number correlation can be computed using the simple equation (7). Note that our
approach reduces the overhead to O(M?), as compared to O(M*) for the Lindblad method,
enabling the numerical analysis of much larger systems without any additional assumptions.
Furthermore, we emphasize that this concept is applicable to any non-Hermitian lattice with
arbitrary loss profile, irrespective of its physical manifestation, e.g., spin chains, electrons in
crystalline solids, Bose- or Fermi—Hubbard systems, molecular chains or photonic lattices.

3. Numerical investigations

Let us now consider two identical bosons (b)/fermions (f) being launched into the lattice at sites
m and n (m # n). These separable input states | ®/D) = 4 (0) a(0) |0) (with the vacuum state
|0)) yield the particle number correlations [1, 4]

2
FS,)P(Z) = ‘qumUhn + Uq,nUr,m‘ ) (9)

b

where ‘+’ corresponds to bosons and ‘—’ to fermions. In contrast, injecting two bosons
simultaneously into either site m or n results in a symmetric (s) or anti-symmetric (a) path-
entangled input state [y */¥) = 1 ((a})? £ (a;)?) |0) [3, 21]
Fégs’{aa)(z) = ‘Uq,mUr,m + Uq,nUr,n ‘2 (10)
For all considered input states one finds n,(z) = |U, {2 +|U,. ‘2
To answer the open question of a true quantum evolution in loss-modulated quasi-P7T -
symmetric systems, we consider a lattice where only even numbered sites exhibit loss (see
figure 1(a)). Furthermore, the coupling shall be restricted to adjacent sites such that C;,, =
C 8 m+1. In order to investigate the impact of such a loss structure on the mutual correlation
of bosons, we consider an array of evanescently coupled optical waveguides [22] with identical

propagation constants 8,, = . Thus, the lattice can be described in a frame co-propagating with

B so that rapid phase oscillations can be separated from the transverse dynamics (flj[ = &;’ e 157,
Fermions, on the other hand, can be investigated directly in cold atoms trapped in optical
lattices [23], where the spatial coordinate z is replaced by time, or simulated in waveguides
lattices [24, 25]. We performed extensive numerical simulations for an array of M = 50 sites,
a length of 15cm, a coupling constant C = 1cm™' and alternating loss with y, =0cm™
for odd and y, =4cm™' for even g. In an envisioned experiment, this can be realized by a
controlled variation of the fabrication parameters of the waveguides [26]. We consider three
different scenarios: (i) two particles are injected into two adjacent channels m = 25 (lossless)
and n = 26 (lossy) (figure 1(b)); (i1) two particles are injected into next-nearest sites m = 24 and
n = 26 (both lossy) (figure 1(c)) and (iii) lossless next-nearest neighbors m =25 and n =27
(figure 1(d)). All other possible input states result in similar dynamics as long as the particles
do not reach the boundary, depending on whether an even or an odd number of lattice sites is
in between the input channels. A striking feature of these quasi-P7T-symmetric lattices is that
they give rise to a diffusive wave evolution despite being invariant along z. This means the
variance of the wave packet spreads linearly with the propagation which can only be achieved
by longitudinal disorder, i. e., propagation constants randomly varying along z (corresponding
to a temporal fluctuation in the quantum mechanical context) [27] in the Hermitian system.
Figure 2 shows the correlation functions Ff;’r/ﬂ for separable bosonic/fermionic particles

as well as for the symmetric/anti-symmetric path-entangled bosons I‘L(]Sja) after a quantum

New Journal of Physics 15 (2013) 033008 (http://www.njp.org/)
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4 10—1

11072
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4 10—3

0

1 10 20 30 40 501 10 20 30 40 501 10 20 30 40 50
lattice site ¢

Figure 1. (a) Arrangement of alternating loss (red) and loss-free (blue) lattice
sites. (b)—(d) Output distribution and evolution of the average particle number n,
for two adjacent inputs (b) and next neighbor injection in lossy (c) or loss-free (d)
channels for coupling constant of C = 1 ¢cm™' and loss coefficient ¥, =4 cm™!
for even g. The output distributions are normalized to their maximum value
respectively.

random walk with an evolution distance of z = 15 cm, for the three input conditions described
above. As a first intuitive result we mention that in all observed cases the average particle
number distribution n, almost vanishes in the lossy channels (see figure 1) and the particle
number correlation I, , approaches significant values only in the loss-free sites (see figure 2).
Comparing these results with the loss-free case (y, =0, Vg) one can clearly observe
circumstances where the shapes of the correlations are changed drastically due to loss whereas
being basically preserved in others.

The correlation function of bosons launched into adjacent waveguides (figure 2(a))
maintains the characteristic bimodal shape of the Hermitian loss-free case [1], with the peaks
being slightly broadened and closer to the excited sites due to the diffusive propagation.
In contrast, for next-nearest neighbor excitation of lossy channels the bosons are no longer
correlated and thus evolve as independent but coherent wave packets through the structure as
evident from the equal height of the four peaks (figure 2(b)). The situation changes completely
when both bosons are launched into loss-free next-nearest channels. In this case, the non-
classical correlation of a coherent random walker is destroyed and the classical broad Gaussian-
shaped correlation of two incoherent diffusive particles is formed around the excitation center
(figure 2(c)).

For fermions, we find that launching two separable particles into adjacent lattice sites
again preserves the main features of the anti-bunching correlation pattern of the Hermitian
system, (see figure 2(d)). However, fermions injected in next-nearest channels show a behavior
that is very different from that in the Hermitian system, where the correlation pattern shows a
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Figure 2. Correlation patterns for a separable bosonic input state launched in
(a) two neighboring lattice sites, (b) two next-nearest lossy channels and (c)
two next-nearest loss-free sites. (d)—(1) Correlation maps with the same input
configurations for separable fermions (d)—(f), an entangled symmetric (g)—(i) and
anti-symmetric (j)—(1) input state.

square shape indicating that both fermions will travel with high probability far from the excited
channels and will always be found in different guides (due to the Pauli exclusion principle).
In contrast, in our system, the correlation function F((]f?r changes significantly. When both input
sites exhibit loss, we find a complex correlation pattern that shows signatures of anti-bunching
as well as distinct correlation ridges parallel to the bunching diagonal (figure 2(e)). Note that the
row sum of the correlation function ) |, T, does not equal the average particle number n,, (see
figure 3) as in a Hermitian system [1, 2]. While the former quantity accounts for probabilities
of two particle events, the latter also includes scenarios where one particle is lost.

Nevertheless, also in the quasi-P7 -symmetric system the fermions always occupy different
sites. When the input channels are loss-free, a distinct anti-bunching behavior of the correlation
function is observed (figure 2(f)), very similar to the case where two neighboring modes are
excited. These transitions strikingly demonstrate how the loss profile affects the correlation
patterns of the evolving particles.

In the case of the symmetric and anti-symmetric input states one finds similarly a strong
dependence of the correlations on the input configuration. For adjacent site excitation I’(*/ 2)
shows how the presence of losses can lead to full decoherence as heralded from the smgle
Gaussian peak in figures 2(g)—(j). On the other hand for next-nearest neighbor excitation the
particle number correlations explicitly show the random walkers’ behavior of indistinguishable
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Figure 3. (a) The average particle number and (b) the row sum of the particle
number correlation at z = 15 cm for injection of fermions in next-nearest lossy
sites.

bosons (figure 2(1)) as well as the behavior of distinguishable but coherent walkers (figure 2(h))
and fully classical incoherent walkers (figure 2(i)) and additional an intricate shape exhibiting
bunching as well as anti-bunching properties (figure 2(k)).

4. Conclusion

Summarized, we have introduced a new method to efficiently investigate the quantum random
walks of identical particles in lattice structures with arbitrary loss profile. By virtue of this
method, we analyzed the correlations of separable bosonic and fermionic input states as well as
entangled symmetric and anti-symmetric input states in a quasi-P7 -symmetric lattice structure.
We found that, depending on the position of the excited sites, the quantum correlations of
a corresponding homogeneous loss-free system may either prevail, alter significantly or get
destroyed forming the correlation of distinguishable or even classical random walkers.

Acknowledgments

The authors acknowledge founding by the German Ministry of Education and Research (Center
for Innovation Competence program, grant no. 03Z1HN31). R K is supported by Abbe School
of Photonics and M H is supported by the German National Academy of Sciences Leopoldina
(grant no. LPDS 2012-01).

Appendix A. Quantum Langevin equation for coupled systems

In the following, we deduce the quantum Langevin equation for our systems from a
general approach by principally following similar considerations as in [19]. Regard the total
Hamiltonian of the overall configuration under the assumption of weak coupling between
reservoir and loss-free system with strengths g, ,

H total — H ot H reservoir T H interaction

M M
=hY N Budydnt) Cind;dnf+h) Bublb,
m=1 j:] n
+hy {gm,n al by +gl , am BZ}, (A.1)
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where B, denotes the propagation constants of the reservoir modes and f,, and C ;,m are defined
in the main text. Thus, we find the Heisenberg equations for the system field operators &; and

the reservoir field operators l;I as coupled differential equations

dai(z) i R i A -
A A — 2l i * bt
1L L B LA ) oER AT
dbi(z) N P A y
& =3 [bl (2), Htotal] =1B, b: (z) +1 Eq 8q.r a(; (2). (A.3)

Integrating equation (A.3) and plugging into equation (A.2) yields

dd\T(Z) i - A . ~ Oy N oy A
=@ |+, Bl / dg ) 1g PP 0ai@). (A4
r 0 q.r

where the second term on the rhs acts as a noise operator ]A‘(j =iy, &, l;: (0) &', For the

last term on the rhs we replace one summation by an integral | — (27‘;)3 I &k, — f dg.D(B,)
with the spectral density of states D(f)

da')  ir. : o o
e IRCRES | ac [ 4B DB 1g,, B

dz
xdy () e+ fl)

i

- _g I:dZ(Z), ﬁo] B Z/ ng(IBq)lgq,r(,Bq)|27T8(Z — ;)C’i;(g)eiﬂq(l—f)
0
q
+fi@)
=2 (4@ Ao| = 37 DBIg (BIPdy@) + i)
q

i ~ A )/ N A
— | dh@. fo| - Z 2Ly + F. (A5)
One obtains with decay rates y, _ZJTD(/3,1)|gq,(/3q)|2 from Fermi’s golden rule and the
introduction of Hsygtem = H0+1A1OSS = Ho +ih Z aT d, the quantum Langevin
equation

dad’(z) iro. N n
4 = —% I:a(;(Z)’ Hsystem] + f ( ) =

dz Cpidt@+ Fi. (A.6)

M=

where C, ; = (B; +i%)8, .+ C,.;. With the linear propagation operator U, ;(z) = (€?),.; the
formal solution of (4) is

M 2 M
ah(2) =" Uy j(x)a;(0)+ /0 A2 Y U, iz =) Fi@). (A7)
J=1 j=l1

New Journal of Physics 15 (2013) 033008 (http://www.njp.org/)


http://www.njp.org/

10 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Appendix B. Calculation of the particle number correlation

Here we present an extensive derivation of the particle number correlation and prove that this
quantity does not depend on the noise operators. Calculating the particle number correlations
by using (5)

16
Ty, (2) = (d}(2) df(2) a4, () dy(2)) = Z T(z2) B.1)
a=1

yields 16 terms F;“r) They can be categorized in how often a noise operator appears. One finds
contributions without noise operator (I'\")), with one (D), two (I'{%,-'D), three (I'{!>~'¥) and
four (Ff]{f)) noise operators. In the following we will show exemplarily the contribution of each
group by an extended calculation for one member. Taking into account that the noise operators
are Markovian and the average value of the noise equals zero as well as the ZTA for the reservoir,
we get

o=
M
= 3" U, UU U, (1(0)d}(0) d,(0)d,(0)) (B.2)
J.k,l,p=1
o=2,...,5:

M z M '
Y= > UuULU;, / g Y U, 1= O F10) d(0) 41(0) d,(0))
j=1

k1, p=1 0

M 2 M
= 3 v, f 42 S U, e — 0 (FH0)) (al0) @(0) a,0))

k1, p=1 0 =1 T

=0, (B.3)

a=6, ..., 11:

M Z Z M n n
re=>y u,U;, /0 dg fo A" " Uy (@ = O Unilz = ¢ (FH0) Fi€) di(0) d,(0))

Jj.k=1

1, p=1

M z z M R ..
= S unur, fo d¢ fo £de’' " Uy iz = OUni(z = &) (F1©) F1E)) (ar(0) @, (0)

L,p=1 jk=1
M . . M
= Z U:lU;,p/ d{/ d¢’ Z Uy j(z—= Uiz — ¢
I,p=1 0 0 k=1
X Y gh .8, (b1(0)b(0)) €P4et (4,(0)a,(0))
e =0 (ZTA)
—0. (B.4)

Obviously (b7 (0) b7 (0)) = 0. In this group one can get expressions like (f; (¢) f,(¢)) which
are consequently direct proportional to the average particle density in the reservoir ng which
equals zero in the ZTA as mentioned in the main text.
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a=12, ..., 15:
M Z Z Z M
ry=> us, / d¢ / d¢’ f d¢" " Up e = DUz = eHUS(z = ¢)
p=1 0 0 0 Jok =1
< (f1(@) FI@") Fr(&")d,0))
M Z Z Z M
=20, / d / dg’ / de" Y Uy i@ = OUnse = U (x = ")
p=1 0 0 0 JokI=1
< (FI@) F1@&) fr (&) (G,0)
M Z z Z M
:ZU;,pf dé'/ d§// d¢” Z Ug.jz = Uiz = U (z = &)
p=1 0 0 0 Jok =1
X Y gl 8t g (B(0)B](0) by (0)) €P€ " e ( 4,(0))
LKA —0
= 0, (B.5)
o =16:
Z Z Z Z M
) = f d¢ / d¢’ / d¢” / IS R NIEE Ol CE SUMTCES SUMNEES 40
0 0 0 0 ok, p=1

X (f1@) FI@) fr(&") Fo€)

Zz Zz Z z M
=/ dC/ dé“’/ d(”/ de” Y Uy = OUniz = UG = U (2= ")
0 0 0 0

J.k,l, p=1
X Y gl g 88 (BI(0)B1(0) B (0) b (0)) eC P T "
LKA —0(ZTA)
= 0. (B.6)

Note, (l;f 0) l;z (V) l;,\ 0) 1;,, (0)) = 0 because in the ZTA the average particle number for each
reservoir mode vanishes.
As all terms with o > 1 do not contribute it holds for the particle number correlation

M
Lor@ = Y UgjUnUSU;, (@50)d;(0)di(0)d,(0)) (B.7)
J.k,l,p=1

which is independent of any noise operators.
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