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Why are QWs important for PT symmetry?




Why are QWs important for PT symmetry?

® Experiment for PT symmetric QWs is possible in quantum
regime. (entanglement exists!)

Nature Physics 13, 1117 (2017).

® By photonic PT symmetrlc QWs mth lasers,
large scale experlment IS p055|ble in classical regime.
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Regensburger Et al Nature 488 167 (2012)

® PT symmetry can be easily defined for
time-dependent systems (periodically driven Floquet systems).

(PT)U(PT) ' =U"
nU-1n=t =UT
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® [ntroduction of quantum walks (QWSs)

® How to identify symmetry of unitary QWs

® How to construct PT symmetric non-unitary QWSs

® Experimental result



Quantum Walk



Definition of Discrete-Time QW in 1D

1.Basis: o §
® position space & Internal states f @:|L) = (1) §  |R) = (0):
| : = ; —
2)®[s) TE€L N 0 t,
s=L,R T T T TS T m oo -
2. Defining elemental unitary operators:
® Coin aperator s .
e Z 2) (x| ® R[O(x) : C -
| S+ 9 |

- ( cos() —sin(0) \ . o . ,
R(9) = ( sin(f)  cos(6) ) =e 0 T



1.Basis:

® position space & Iinternal states

z)@[s) zTEL
s=L,R
2. Defining elemental unitary operators:
® Coinoperator: ()

Clo(x)] = ) |z) (x| ® RIO()]

R(6) = ( Z?E% " oon(®) ) =

® Shift operator: §
S=" (le+ 1l @|RNR
Ha = 1) (o] @ |L)(L))

f / dk|k) (k| @ e'*73

I . . O S O I S B B S B B B S e O s . e

_— e e e e e o o o e e e o o o

“move left r "y move right,

' 1 | A Position |

: e ¢ :

| | |
1

_— s s s s S s S S s S S s S S S S S s s s Emm = =



7
g Defining elemental unitary operators:

® Coin operator C P R R .
Z ) (x| @ R[O(x)] : é C ® +§ i
B cos() — sin(f) \  _igo, R X
R(0) = ( sin(6) cos(6) ) —-¢ 0 TTTTTTTTTTTTTTTTo
® Shift operator: § P
$=> (lz+1(l®R)R “move IeﬁIr ./ move right
| A Position
- +o = 1)(z| @ [L)(L|) l © ® ;
tkos : ' | | | | |
% /dk\k}(k\ e S T
3. Building up time-evolution operators
by products of elemental operators:
® Time-evo. operator for single-time step : ® quantum state attime ¢t (¢ Z™)
single-step: U = SC(0) (t)) = U (0))

two-step: 7 = SC(6,) - SC(6,)

periodically and stroboscopically
driven Floquet systems
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® Time-evo. operator for single-time step : ® quantum state attime ¢ (¢ Z™)
single-step: U = SC(0) (t)) = U (0))
two-step: U = SC'(02) - SC(61) periodically and stroboscopically
driven Floquet systems
Quantum dynamics can be defined by U. 02
» No Hamiltonian is explicitly defined. 5 019
U = e IF .
® Continuum limit Dirac operator f . |
U=SC() —s Hp=7pos+0(x)os D [
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Quasi-energy

® Stationary states (eigen states of U/):
Uly) = Al) U = e HrF

& 1 I

/\ — 6—15 1B ! I t band gap
£ :quasi-energy _ o: _/_\ IS 0.5 \‘{_
(27 periodicity) ok ] \E\)\ 0 |- andeap_
® For unitary QWs, o5k \/ _ 05 /\_
‘}“ =l1=c€eR L L1 _1-1 ::::5 ibanlgapl
-1 05 0 05 1
® For non-unitary QWs, Re(\) k/ﬂ-

et = cc C



® Stationary states (eigen states of U/):

Uly) = Al) U = e HrF
\ — e—?:E 1
£ rquasi-energy ~ 05
(27 periodicity) R
® For unitary QWs, ~ 05
AN =1=c€clR 1

® For non-unitary QWs,

et = c € (C

® For PT symmetric non-unitary QWs,

unbroken phase:
N=1=c€clR
broken phase:

Dbt = c € C
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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



Experiment: optical fiber loop with laser

Regensburger, Bersch, Miri et al., Nature 488, 167 ('12)

Optical fiber loops:
a (coherent classical laser)

Laser Dectectors G=1,p,=0 G=14,4p,=0 G =14, 2p,=02391 G =14 2p,=0411
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A way to define symmetry of unitary QWs



Symmetry for topological phases

® Time-reversal symm. @ Particle-hole symm. @ Chiral symm.
THT '=H =H="!'=_—-H FTHT'=—H
T : anti-unitary —= : anti-unitary [ : unitary

T2 = +1 = =+1

Classification table:

universality class TRS PHS chiral symmetry d=1 d=2 d=3
Standard A 0 0 0 - 7 -
(Wigner-Dyson) Al +1 0 0 - - -
All -1 0 0 - Zn Zo
Alll 0 0 | 7 - 7
BDI +1 +1 l 7. i
Cll -1 —1 1 7 - 75
BdG D 0 +1 0 Zo Z
C 0 —1 0 - 7
DIII —1 +1 | Zg Zg Z
Cl +1 —1 | - 7




Symmetry relations for QWs

® Time-evolution operator & Hamiltonian

U = exp(—tHp)
, |
_ 1-@HF—§H§+%H§;+---
1 .
1 +iHp - 5 H} - %Hf’; 4= exp(+iHp) = U™

® Time-reversal symmetry (TRS)

THT '=H = TUT '=U"
® Particle-hole symmetry (PHS)

=HE"'=-H wp ZUE'=U

® Chiral symmetry

THI ' =—-H wp I'UI'''=0U""!



Naive approach for single step QWs
U = SC(6)

® Particle-hole symmetry:

Clo(z)] = ) _ |z)(z| @ R[O()]

OB G

5= (lo+ Dl®|B)NR
’ Ha = 1)(z] @ |L)(L))

= — Z z)(x| @ K  Global operator
v K : complex conjugation
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== — Z\:z: Wz| ® K  Global operator

K : complex conjugation
® Time-reversal symmetry / chiral symmetry:

TUT ' =U""
TST - TCO)T '=C'(6) -5

= 7ST ' =C'(0)

B 7 =) |[2/)zlts(0)K  Local operator

Problem: &%
Local operator is fragile for local perturbation.




ldentify chiral symmetry of QWs

Sing|e-5tep; U — SC(Q) — S+S_C(9) Asboth, HO, PRB 88 121406 ('13)
Sp =D |e)e| @ |L)(L| + 2 + 1) (2] @ [R)(R
S =3 lz— 1)e| ® [L)(L| + |} (] © [R)(R

S=5_95 {

e Symmetry time frame shifting the origin of time!

C b, [ S C S ls_ |C |58 | C L
t =0 =1 t =2 t =3
U’ = C(6/2)SC(0/2)

Chiral symmetry : ry'r—! =y

LHS:  (CC(6/2)T~1)(TST~1)(rC(/2)r 1)
RHS: CY0/2)-8~'-C7'(6/2)
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Chiral symmetry: TU'T ! = /!

LHS: (TC(9/2)L ) (TST ) (rC(§/2)T 1)
RHS: C7'(8/2)-S1-C™'(6/2)

1. Condition for the coin op. (2. Condition for the shift op.\

rC(Or = C1 LST™ =57
COr=c0) ] 2 0 /
N — Z z) (x| ® oy [0(95)* z E;:D
T=TE=) |2)(z|®0K U = SC()

Global operators! belongs to class BDI



Assuming

U=A-B
A, T are given
Then

B=TA'T""! givesU = A - B with chiral symmetry.
U '=1Ar'.TBr'=B1t. 4 1=y



PT symmetric non-unitary QWs



Non-unitary QWs with Gain & Loss

e (phenomena logical )gain & loss operators:

(9 —1|R)
_]_ - - - = =TT = = = = = I
G=) lu)(z|® (go 8) : R) Y ~ g|R) |
g G o
(g >1) 'l L) ~g L))
trLTngat_e - _, ______

(1—g~")|L)



Non-unitary QWs with Loss

e | 0ss operators:




Non-unitary QWs with Loss

¢ | 0ss operators:

(1 —=10)|L) : truncate
e Non-unitary time-evolution operator:

Uiy= L'SC(60,)LSC(6,)



e Non-unitary time-evolution operator:

U = L’SC(QQ)LSC(Ql)

Exp eriment Nature Physics 13, 1117 (2017)

a pair of entangled photons  Peng Xue's group (Southeast U., China)

beta barium borate

(HEH) + [VV))/v3 Entanglement: delayed choice method

time step
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ldentifying PT symmetry

Uy = L'SC(02)LSC(6;)
* Shifting origin of imaginary energy: U/;; —s Ugl
Uy = G~ 1SC(62)GSC(6;)

xe“0(=1/¢)

* Shifting origin of time: Uy — U,
(symmetry time frame)



a| o o wmmety

e condition of P77 symmetry
P=> |-a)(z®P
(PTYHPT)  =H B (PT)U(PT) ' =U"
exp(—iH)=U

® Fitting to the symmetry time frame:

v |e|slclcl|s|alels e
r

t=0 ' t=1 time
* U l=Gg s tctgs—tc

j1/2 0
=S loalo (Y )
C 5‘(¥|C S |G

1 o

Ut =0C6,/2)" 'S 'GC0:) 'GS 1C(6,/2) !

e In the momentum space (homogeneous system)

_ _ibeo
C(0) =e PT U"(PT)—l — U1 Presence of PT symmetry!
G = e’

S(k)zeikcrg PT:Z‘—$><$|®03K




Experimental result



Experi ment Nature Physics 13, 1117 (2017)

a pair of entangled photons
beta barium borate

OHId 1y = L'SC(6,)LSC(6,)

(1=0[V)

time step
Parameters: Raw pr;)bablllty §
#detected photons
91; 92;[ — 08j 0.64 Prow(x,t) = atxand t
_ # photon pairs p

up to 6 time step

Delayed-choice of the initial state
for entangled photon pairs

~10,000 photons



Result: homogeneous systems

Exceptional point
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Floquet Topological Phases in QWs
U=SC(0)-SC(

m

e Unitary two-step QW

01)

(-1 -1\ (1) — 08 —— Em—
!
41, —1.1 (—1,1)4 _ o4
o (—1,1) - _ (_1!_1): (1?1)
ﬂ ; 03t I
92 0 (_11: _1) (1"1) |—|E E . |
+-0% (1, —1) .-+ | 4 o |
1.-1 (1,1) — D | | | |
- T | 0 I . 1 'ﬂ'i'_{e E ) 05 1 450 100 50 f 50 100 150
0

Topological numbers (g, Vs ):

e PT symmetric non-unitary QW U, = G~ 'SC(0,)GSC(6)

TT : : , : ' ! ) r. i J e [ time:30
(-1, 1) 1,1) £ :quasi-energy
1} -
J1L -1 (1,-1) 1, -1) fd"" !
NECED ) T T S S — S -
T-1.1) MR (-1 1) (—1,1] i p
) _1 | \I._---‘” -
Y S SNV . | .
-n 0 n -1 0 1 A 0
6, Re())

enhancement of
wavefunction amplitude

topological numbers

( 1o, Vr ) bulk-edge correspondence



Experimental result : edge states

!

)) outer region inner region l

lo'l ) loi'n}l {G‘I mlaiml (B‘I ln},ozto})
-8 5 -4 -3 2 -1 0 1 2 3 4 5 5] T 8 > 4

SN o

10 05 00 05 1.0
Re) ~ 1

04/ | | Siirvival nroh. for hiilk states - -



0] | = 0.9893...

10 05 00 05 10
o
Rel) ~ 1

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

The higher prob. at x=4 originates from
PTsymmetry breaking of edge states.
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e Theory : Identifying symmetries & developing a theory for Floquet
topological phases in unitary QW and P77 symmetric non-unitary QWs.

e Experiment : Observation of the edge states by using
PT symmetric/pseudo-unitary photonic QW with loss
In quantum regime.

e Nice agreement between theoretical predictions and experimental results.

QWs are useful to study open quantum systems

unitary QW: PT symmetric non-unitary QW:
PRB 84, 195139 (2011). PRA 93, 062116 (2016).
PRB 88, 121406(R) (2013). IIS 23, 95 (2017) [arXiv:1608.00719]
PRB 92, 045424 (2015). arXiv:1609.09650.

Nature Physics 13, 1117 (2017)



