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£ FU4—7(Quantum walk, QW) & & ?

® QW has been developed in the field of
quantum computation & information in 90's.
universal quantum computer & Grover algorithm

® Synthesis quantum system; realized in
photonic/optical systems, cold atoms, etc.

® In a classical limit, the dynamics of QWSs
IS identical with that of random walks.

® QWs are also useful as quantum simulators.
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Definition of Discrete-Time QW in 1D

1.Basis:

® position space & Internal states
@|s) zeZ
s=L,R
2. Defining elemental unitary operators:
® Com operator

® Shift operator: S
§=% (lz+1@l@R(R

o —1)(z| @ [L)(L])

F |
N /dk\k)(kl ® e'hos




2. Defining elemental unitary operators:

® Coin operator: ([ T T .
_ | A \|
Clo(@)] = 3 lo)al © RIO(a) 6 O oo
([ Cos(6) —sin®0) \ _ ipoy N ,
R(0) = ( sin(6) cos(6) ) ¢ TTTTTTTTTTT T
® Shift operator: S S e
S=> (le+ D@ |R)(R “move left S \ move right
v : N Position
- +Ho = 1)(e] ® |L)(L)) . © o ;
f»kﬂ'g I | I I I |
ﬁ/dk|k)(k\®e T S
3. Building up time-evolution operators
by products of elemental operators:
® Time-evo. operator for single-time step : ® quantum state attime ¢ (€ Z™)
single-step: U = SC'(0) (t)) = U (0))

two-step: U = SC(6) - SC(6;)

periodically and stroboscopically
driven Floguet systems



3. Building up time-evolution operators
by products of elemental operators:

® Time-evo. operator for single-time step : ® quantum state attimet (€ Z™)
single-step: U = SC'(0) () = U1 (0))
two-step: U = SC(0,) - SC(0) periodically and stroboscopically

driven Floquet systems

0.2

Quantum dynamics can be defined by U ..

* No Hamiltonian is explicitly defined. 5 015 |
U= e “HF B |
® Continuum limit Dirac operator : - M

U=S5C0) — Hp=po3+0(x)oo R s O

-150 -100 -850 0 50 100 150




Quasi-energy

® Stationary states (eigen states of {J ):
Ul) = A1) U= e HF

A — e_ig 1 T | I band gap
£ :quasi-energy > 0.5-(\_ i% \Abandé
(27 periodicity) Z o R 0
® For unitary QWs, o5k U_ 05 _/'\
‘M =1=¢ceK ) 1 _11 0|5 E}banigapl
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Experiment: bulk optics with photons

internal states Kitagawa, Broome, Fedrizzi et al., Nature Comm. 3, 882 ('12)

vertical & horizontal polarizations
oin op.:Half wave plate

Shift op.:Beam displacer
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Topological insulator

theoretical prediction: Kane, Mele, PRL (05)
E(k)

3D material

Bulk states: mm)p [nsulating
I~ in the band gap
Surface (edge) states: =P \letallic

spectrum in the bulk band gap (dissipationless)
Er 1n the continuous spectrum
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Symmetry for topological phases

® Time-reversal symm. @ Particle-hole symm. @ Chiral symm.

_ —_ 1 _
THT '=H =H="1'=—-H THI ' = —-H
T : anti-unitary = :anti-unitary [": unitary

2 —_
T4 = +1 =2 =41
Classification table:
universality class TRS PHS chiralsymmetry | d=1 d=2 d=3
Standara A 0 0 0 - Z -
(Wigner-Dyson) Al +1 0 0 - - -
All —1 0 0 - 7 7
Alll 0 0 | 7, - Z
BDI +1 +1 | 7, - -
ClI —1 —1 | 7, - 7
BdG D 0 +1 0 Zn Z -
C 0 —1 0 - Z -
DIl —1 + 1 | 2o 2> Z
C +1 —1 1 - - Z

Schnyder, Ryu, Furusaki, Ludwig, PRB '08; Kitaev, AIP Conf. '09




Topological Phases in QWs

_ Kitagawa, Rudner, Berg, and Demler, PRA ('10)
® Two-step QW (unitary): HO & Kawakami, PRB ('12).

U — 50(92) ) 50(91) Asboth & HO, PRB ('13).

HO, Asboth, Nishimura, and Kawakami, PRB ('15).

® Symmetry class : class BDI

U = C0,/2)SC(05)SC(01/2) by "symmetry time frame"
® Topological numbers (g, V) : two edge statesate = (0 &7 .
1 [ d
indi = — k(vV_(k)|—|v—(k
winding number v — _ﬂd (_( )\dk\w (k))
C(-1,-1) (L1

ol

d 20 100 150
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® Topological numbers (1, V) : two edge statesate = 0 &7 .

winding number ' = i ﬁ dk(v_ (k) d%;w_(k»

T

| :/ : (=1, —1)0 (1,1)

-1 05 0 05 1

Re(\)

X
probability distrib

Observation of edge states in 1D QW g v=1 g v=0
Kitagawa, Broome, Fedrizzi et al., Nature Comm. 3, 882 ('12)

~ O ;I ®

o1 I_lE 't

R(B,)
2 4

Lattic sition

-

Step
D rwm—oo

Probability

Edge states

We can predict the existence of edge states of quantum walks
by using knowledge of topological insulators.
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PT Symmetry in non-Hermitian system

e Non-Hermitian system: [/ 7£ [{]L

Generally, energy becomes complex (£ € C).

® Non-Hermitian system with P symmetry [Bender and Boettcher, PRL ('98)]

P :Parity operator r— —&
T :Time-reversal operator t — —t

PTH(PT)' =H
PTI) = e[¢)

p» FcR

® |[nteresting phenomena which never occur in closed systems.

® PT symmetric systems are realized by using classical lasers.

® However, no experiment in quantum regime.




Non-unitary QWs wit aln & Loss

Mochizuki, Kim, Obuse, PRA 93, 062116 (2016).

* (phenomenological )gain & loss operators:
(9 — D|R)

=X oo (%) U) IR L )
g>1 'L g~ L))

truncate Y
(1—g~")|L)
e Non-unitary time-evolution operator:

Uy = G 1SC(05)GSC(0;)

PT symmetry (PT)U. (PT) ' =U. "
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Floquet Topological Phases in QWSs

T

e Unitary two-step QW

Topological numbers (g, V) :

o PT symmetric non-unitary QW U, = G~ 'SC(05)GSC(6,)

10~(0) |

T

"

_Llr_l} &

Oy 0F L-n @y

I 7T |
'-_(_—1,—1) N (1,1) ¢

-1 Ny

4

T-1. 107 (-11) LI
/(1,-1) \ 1.1) N
—m
—TT 0 T
01

topological numbers
(VO?VW)

Im(L)

U = SC(0y) - SC(6;)

| ' | ' |
1 £ :quasi-energy
- ;/L“‘n\ -
0 _._.,,__:L___-______-ir__-______,_.":,H___
4 \:_’ -
| il |
-1 0 1
Re(A)

|psi(x)I~2

bulk-edge correspondence

probability distribution

“(=1,-1): (1,1)
. h -

1041} |

10~{-2]

-50

ime:d2 ——

enhancement of
wavefunction amplitude
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Experiment physics e ARTICLES
p Observation of topological edge states in

_ parity-time-symmetric quantum walks
a pa 1 Of e n ta n g I ed p h Oto n S L. Xiao', X. Zhan', Z. H. Bian', K. K. Wang', X. Zhang', X. P. Wang, J. Li', K. Mochizuki?, D. Kim?,

beta barium borate N. Kawakami?, W. Yi%5, H. Obuse?, B. C. Sanders56”8 and P. Xue'%*

<Hﬂ>m/ﬁ Ull — L,SC(QZ)LSO(Ql)

time step

™ Raw probability
4 #detected photons A

\_ 913 927[ — 08, 064/ Prow(x, t) = at x and t

# photon pairs
N P P

/Parameters:

/

up to 6 time step

Delayed-choice of the initial state
for entangled photon pairs

~10,000 photons




- (1 —1)|L) : truncate

e Non-unitary time-evolution operator:
Uy = L'SC(0,)LSC(6,)

e Shifting origin of imaginary energy:

g
€ OUH — Ugl



Experimental result : edge states

C(8,")
5 6 3 H TR %
- o 4 e _
cm“ﬁ- 2 e i i
L. L LN -

)) outer region inner region outer region
(e'l (n),ezini] (01 = ; 92")) (01 (ulnezm)

- -5 -4 3 2 <1 0 1 2 3 4 e T 8 x

Topological numbers (v, Vx )|:

10 (a) ¢

27 I
TN o

10 -05 00 05 1.0
Rel) ~ ]

o | Survival prob. for bulk states : 3%

0.5(-

02/TT

-0.51 1,-




01 }

Pra,w (33, t) T

-0.5&// \ f
a0l O I\ = 0.9893...
-10 05 00 05 1.0
Rel) ~ ]

Survival prob. for bulk states : 3%
[#°/2 = 0.8%°/2 ~ 0.03

The higher prob. at x=4 originates from
PT symmetry breaking of edge states.
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o NRODHIIBHEAEDERNQAFEEN EFIA—TVDIYIREBLFIRL TIS.

o FMEFRICBIIZDRRZ., PT WIEDHEIHNSERE - HIEHTES

o NROAVAHILHDERIHEIENICKY . = FINREE XD AT 8E

PRB 84, 195139 (2011). PRA 93, 062116 (2016).
PRB 88, 121406(R) (2013). [1S 23, 95 (2017) [arXiv:1608.00719]
PRB 92, 045424 (2015). arXiv:1609.09650.

Nature Physics 13, 1117 (2017)




