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Outline

» A Dbrief review of guantum walks (QWs)

» Parity-time (PT) symmetric guantum walks

» Experimental implementation of PT symmetric
QWs with single photons

» Observation of Floguet topological phase in PT
symmetric QWs

> Detection of topoloaical invariances of non-unitarv
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Quantum Walk (QW)

»A QW generalizes random walks in the quantum world. Both
the walker and coin are quantum particles.

Random walk

f Walkers move to right (left ) with probability 1/2
SR VER
—3 -2 ] 0 1 9 3
| * | ® | e

Quantum walk »Walker: a particle whose motion is confined to one

i1, dimensional lattice;
»Coin: a qubit ---any two-level system
» Coin evolution operation: single qubit rotation
» Conditional shift operation: evolution of the

interaction between walker and coin



Classical vs quantum walk

*Running a RW on the line
results in a probability distribution like:

Random Walks Quantum Walks

@ Probabilities @ Probability amplitudes
@ Different paths adds up @ Different paths interfere
@ Diffusion @ Wave propagation
@ Spread slowly @ Spread fast

o~ i | o~ 1

while for RW to root of time. B —>
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Observation of topological edge states in
parity-time-symmetric quantum walks
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Detecting Topological Invariants in Nonunitary Discrete-Time Quantum Walks

Xiang Zhan,1 Lei Xiao,l Zhihao Bian,1 Kunkun Wang,l Xingze Qiu,z’ji Barry C. Sandem,3’4’3’ﬁ Wei Yi,z’“ and Peng Xue''
[E:I AL — i.?ljl g -_I:.'E‘I,‘.IT_ I:b:l | Ay
|-1;-Lp (1.1) J — . = -
< foll02) 0.2 {0.2) | i m
N (1.-1) {11 i
=2 —

o - o ;
sq @0 an - % i e
L i -
| B-barer-borate crysil Halbweve plate (HWP]
L0l % (0:2) 0.2 (RGO E 0
F'-"-l.li"' -1.1) 1.1} ' Bhorl pese-filbar
i-2.M |::_| n] Beamn lji![.'ﬂﬂﬁﬂf I;ED}
1 = <xh {11} I Imerfenence hbed
=r =-x/2 0 2 " v Aot . Partialty polarizing beam splitter (FPES)
H [0 7 y

- BEERMNIEAEEFITERNHRIMI=Z, PRL (2017)

_)'[/

10



Previous Breakthrough Experimental
Results on QWs

trapped ions,

neutral atoms,
NMR charged particles

molecule

coherent light

single photons,
entangled photons

11



Realizing discrete-time QWs with
single photons

Coin: polarizations of single Vs

photons —> O\ HE P~ 78 'T =8 -'—s
*Walker: spatial modes of single | |H}./ — “::?E
photons

Conditional position shift: birefringent beam displacers (BDs) to build
cascaded interferometer network

Coin flipping: wave-plate sets

Ref: PX, X. Zhan, and Z. H. Bian, Sci. Rep. 4, 4825 (2014);
Ref: PX, H. Qin, B. Tang, and B. C. Sanders, New J. Phys. 16, 053009 (2014);

Ref: PX et al., Phys. Rev. Lett. 114, 140502 (2015);

Ref: Z. H. Bian, J. Li, H. Qin, X. Zhan, R. Zhang, B. C. Sanders, and PX, Phys. Rev. Lett.
114, 203602 (2015);

Ref: PX et al., Phys. Rev. A 92, 042316 (2015);

Ref: Z. H. Bian, J. LI, X. Zhan, J. Twamley, and PX, Phys. Rev. A 95, 052338 (2017);

Ref: X. Zhan, L. Xiao, Z. H. Bian, K. K. Wang, X. Z. Qiu, B. C. Sanders, W. Yi and PX,
Phys. Rev. Lett. 119, 130501 (2017);

Ref: L. Xiao et al, Nature Physics 13, 1117-1123 (2017). 12



Methods

* For single-photon source: pairs of photons are generated via type-I
SPDC. By triggering on one photon the other is prepared into a
single-photon state.

<G
\3

single photon @800nm,

PBS i
. . HWP . APD
12000/s coincident counts signal v )
HWP(a/2)
Al 40080m HWP( alpha-Bﬁ
pump | ' ( } | Coincidence
_ ., ris:

_— b
s

idler

\©

1
0.5mm-thick BBO crystals f&
cut at 29.41°

fiber

* For measurements: photons are detected using avalanche photo-
diodes (APD) with 7ns time window (dead time 40ns).

* For BD interferometer network: The optical axes of BDs are cut so
the vertically polarized light is directly transmitted and horizontal
light undergoes a displacement into a neighboring mode.

Optical axes of BDs are aligned to ensure high visibility (99.8%
for each step).



PT-symmetric QWs

Motivation:

Studying open guantum systems;

*Observing PT symmetry in real guantum regime
(in the single photon level): the eigenenergies of the
underlying system can be real even In non-
Hermitian settings;

*Realizing and investigating Floquet topological
phases (FTPs) driven by PT-symmetric QWSs.

Ref: L. Xiao, X. Zhan, Z. H. Bian. K. K. Wang, X. Zhang, X. P. Wang, J. Li, K. Mochizuli,
D. Kim, N. Kawakami, W. Yi, H. Obuse, B. C. Sanders, and PX, Nature Physics 13, 1117-

1123 (2017)



* Non-unitary QWs with alternating gain and loss possess
PT—Symmetry Ref: K. Mochizuki, D. Kim, and H. Obuse, Phys. Rev. A 93, 062116 (2016)
Uy = GSC(05(2))G1SC (61 (2))

S = 2,12 (@ + 1 @10) (O] + [x) (z — 1] @ [1) (1

] 0
CO@) =, le) (2] @ (COb O(x) sinf(x) ) G=>_lr)(z|® (g gl)

sinf(x) —cosf(x)

* Non-unitary QW with alternating less loss and more loss
Ref: L. Xiao et al, Nature Physics 13, 1117-1123 (2017).

Uiy = LSC(0a(2)) L' SC(01 ()
L=sme(y ) vexmas( )

* Relation
By choosing g = /11 /2
CUp=Uy|  C, = 1/(l1ly) = e~

15



Experimental realization of PT-symmetric
QWs with single photons

trigger
"_. .avalancha photodiods . polarizing beam splitter ‘ half-wave plata

‘ beta barium borate par‘tlallr polarizing beam splitter \ beam displacer

':I:B'; '
L E aifs
*ﬁ* 4 = SR
E[B1 I. -\. C{ﬂz i ': | 2 b
smgle photons

The polarizatlon-dependent loss operator L is realized by a partially polarizing
beam splitter (PPBS) with the transmissivity of horizontally and vertically
polarized photons (I3, 1,%). L is realized by a Sandwich-type HWP (@45°)-
PPBS-HWP (@45°).

Conditional position shift: BDs

Coin flipping: WPs

16
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White and grey areas
represent broken PT
symmetry phases. Real
parts of quasienergies are 0
or .

Green, blue and red curves
represent the boundaries of
areas for different loss
parameters

Compared to unitary QW
the area where the
topological numbers are
Ill-defined extends from a
line to finite region and the
area depends on the loss
parameters.
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FTPs driven by PT-symmetric QWs

Unitary QWSs possess chiral symmetry, time-reversal symmetry, and
particle-hole symmetry.

PT-symmetric (non-unitary) QWSs possess partial chiral symmetry,
PT symmetry, and particle-hole symmetry.

A similar FTP exists.

In an inhomogeneous system, topological edge states originating
from FTP would appear at interfaces between regions with different
topological numbers.

We probe these edge states by creating boundaries in the system.

outer region inner region outer region
{31{11}’321_9]'} {H‘Il:i}rﬁﬂmll ‘E‘IW'!HE{“}}

-4 5 -4 -3 2 -1 0 1 2 3 4 65 B8 T 8 . 4
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Edge states are robust to symmetry-preserving
small p|erturbat|ons |
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Detecting topological invariants

We extend PT symmetric QW to general non-unitary QW and report
the experimental detection of bulk topological invariants in non-
unitary QWs with single photons.

The non-unitarity of the quantum dynamics is enforced by
periodically performing partial measurements, which effectively
Introduces loss to the dynamics.

The topological invariant of the non-unitary QW is manifested in the
quantized average displacement of the walker.

We further demonstrate the robustness of the measurement scheme of
the topological invariants against symmetry preserving disorder such
as static disorder.

Ref: X. Zhan, L. Xiao, Z. H. Bian, K. K. Wang, X. Z. Qiu, B. C. Sanders, W. Yi and PX,
Phys. Rev. Lett. 119, 130501 (2017)



Non—yn_itary QWs
”U’ﬁ? m

Stap 2 Step 7

v : . B-barium-borate crystal ﬁ Half-wave plate (HWP)
m&m? o

' Interference filter

Beam displacer (BD)

- 4 § Mirror . Partially-polarizing beamsplitter (PPES)
' : g f
Double-step unitary QWs: U' = R( _EL )JSR(65)SR( _21.)

Non-unitarity is enforced by

performing the partial {Mr = v ® ( +) (+| + V1 —=p|=) (-] )

measurement, which effectively | Ay =1 & Ry
Introduces loss to the dynamics. - h ﬁ' ) (|

Non-unitary QWSs in {ﬁ’ = MU’
diff ime f ; ~ '
ifferent time frame U”:ﬂfR(%}SR{Hl)SR(%}

25



Non-unitary QWs

CO@Di IS 02w

Slep 1 Step 2 Step 7 ‘

- e s kal () Hak-wave plate (HWP)
N T
mﬁﬁ - . Shortpass filter
o I Beam displacer (BD)
m ' Interferance filter _
m w W Miror N Partially-polarizing beamsplitter (FFBES)

The initial coin state is |+>.

Coin flipping can be realized by two HWPs with certain setting angles depending on
coin parameters

Shift operator is implemented by a BD.

The partial measurement operator Me is realized by a sandwich-type setup

Involving two HWPs and a partially polarizing beamsplitter (PPBS) with the
transmissivity of horizontally and vertically polarized photons (Tu,Tv) = (1,1 —p)

Photons in |-> are reflected by the PPBS with a probability p, and then detected by
APD. The remaining photons continue the QW dynamics after another polarization
rotation via the second HWP, until they are detected and lost from the system. 26



Topological invariants of the non-unitary QW:s

Phase diagram

('210) (2,0)

(-1,-1) (1,1)
—1o1t0:2) (0,2) (0,2)
s (1,-1) (1,-1)

< of (2,0 * (2,0

= (-1,-1) (1,1)
_-7—."‘).(0'-2) r (0"2) (O.'z)
TN (-1,1) (-1,1)

(-2,0) (2,0)

(-1,-1) (1,1)

= 7’ —7/2 0 /2

Hl

We consider a double-step QW under the
Floquet operator

- 0 0
ET_ — MR (71) SR (0:) SR (%) }

When p=0 QW is unitary. The topological
invariant of the FTP is the winding number
defined as

[fx: _Qj«L;: ./_Edk' (fnx %)J

When p is not 0, the Floquet operator 7
becomes non-unitary, we can still define the
effective non-Hermitian Hamiltonian.

The topological invariant can be generalized as
the winding number associated with the
number of times the vector Re(n) winds around
the x-axis as k goes through the first Brillouin
Zone.

Here n is direction of the spinor eigenstates.




Displacement and dwell time
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(-1,-1)
(0 2)
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2
&5 (-2.,0) *  (2,0)
(-1,-1) (1,1)

N ()
F7H-1,1)A

(-2,0) (2,0)

(-1,-1) (1,1)

(0,-2)
(-1,1)

1

(0,2)
(1,-1)
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-l
-

w —7/2 0 /2
Hl

average displacement of the walker distribution:

(Ax)

I-Ftch{I: fr}

average dwell time, which characterizes the
expected lifetime of the walker before it is
measured and lost

= 2 2y t' Pen(z, )

PT.I'I (T:- t) —

« Anon-unitary QW also supports FTP and a given FTP typically
features two distinct topological invariants.

* The topological invariant of the non-unitary QW is manifested in the

quantized average displacement of the walker.

(e—1| UM (|2) (2] @ Le) MU [t

1)



Displacement and dwell time
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Robustness against disorder

n=]

p=2/3

p=9/25

5 5 0

- 0

f 7
* Akey featlre of topologically non-trivial systems is thé robustness
of the topological properties against small perturbations.

* Figures show average displacements for 5-step QWSs with static
disordered rotation angles 0, ,+60, where 60 Is unique for each
position and chosen from the intervals [-7/20, -n/20].

« The mean values of the average displacements are still quantized,
which confirms the robustness of the measurement scheme against
symmetry preserving static disorder.



Observatlon of edge states

(-2,0) (2,0)
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To confirm the non-trivial topological
properties of the non-unitary QW, we
create regions with distinct topological
Invariants and probe the existence of edge
states via peaked probability distribution
at the boundaries.

The boundaries can be created by making
the coin parameters spatially
iInhomogeneous. We fix the coin
parameters for inner region and change
those for outer region.

Qin(z,t) = {'-1'|1i"x:'|2 | (| W) |

QTXP(I‘t) — *'rk‘rrlql[rrt)_fz.r’ *M-T(I!*t)



Observation of edge states

(a) "

T2

(-2,0) R 20
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Observation of edge states
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-7 -m/2 0 7/2 -

f
« The edge states are robust against static disorder.
* The experimental results of the mean values of the probabilities of QWs
with static disorder introduced to both regions.

« An enhanced peak in position distribution is still observed near the boundary

between the regions up to 5 steps, which confirms the robustness of edge
state against static disorder.



Summary

» Experimentally realize PT-symmetric QW In the
single photon level with alternating loss instead of
gain-loss

» Observation of Floguet topological phase in PT
symmetric QW

» Evolution Is non-unitary. Edge states are PT-
symmetry broken states. The quasienergies of edge
states are complex.

» Detection of topological invariants of non-unitary
QWs.
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