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* Non-Hermitian particle-hole symmetry and
anti-PT symmetry



ma IS anti-PT symmetry:

LG and Tureci, PRA 88, 053810 (2012)
PT symmetry

n(—x) =n"(x)

n(~z) =On* (x)

Anti-PT symmetry



LG and Tureci, PRA 88, 053810 (2012)
PT symmetry
K Re[n] 4
n(—x) =n"(x)

n(—w) :G)n*(w) 0 > X

Anti-PT symmetry
p(—z) = —p(x)
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Yen et al Science 303, 1494 (04) Zhang et al PRL 94, 37402 (05) Dolling et al. Opt. Lett. 31, 1800 (06)



LG and Tureci, PRA 88, 053810 (2012)
PT symmetry
K Re[n] A
n(—x) =n"(x)

n(~z) =On* (x)

Anti-PT symmetry
p(—z) = —p(x)

Yen et al Science 303, 1494 (04)



H!a! IS an!l-!\ symme!ry l

«» “Optical potential” is anti-PT:
{PT,n(x)} = PTn(x)(H)n(x)PT = 0

* Next step: Whole system is anti-PT
{PT,Hx)} =0

S ) (A em

— The additional step: nontrivial couplings

12



ealizing anti-
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W!y anti-PT symmetry is interesting!

* It has completely different physical consequences from PT
* An example of non-Hermitian particle-hole symmetry

(XT,H} =0

the realization of a fermionic symmetry in a (non-
Hermitian) bosonic system LG, PRA 95, 023812 (2017)

* |t gives rise to non-Hermitian zero modes, analogous to
Majorana zero modes in condensed matter physics

Re[E] =0 symmetric: Bi=—FEi,
U, o« XTV,

{XT,H} =0
1 — _E§7

spontaneously broken: 1
Uy o< XT'Ws



e Non-Hermitian zero modes

15



/ero modes in Hermitian systems

e Zero modes are eigenstates of “zero” energy respect
to a well-defined energy level (e.g., Fermi level)

* In a coupled system with identical subsystems, the
zero can be chosen as the energy of a particular
interesting state of the subsystemes.

16



In Hermitian systems

* Chiral symmetry (aka. sublattice symmetry)
{H,C}=0 — {C\D’"’ = Ym,
Wy = —Wm

Zeromodes: 1 =m — w, =0
— Easy to achieve in lattice systems, e.g., 1D SSH model

} (C: a linear operator)

ASB.-A B A B
o .- -
w w w (0))



In Hermitian systems

* Chiral symmetry (aka. sublattice symmetry)
{H,C} =0 — {C\P” = WY,
Wy = —Wm

Zeromodes: 1 =m — w, =0
— Easy to achieve in lattice systems, e.g., 1D SSH model

} (C: a linear operator)

t t’

_ BCROECECE

— When t>t’, no zero modes (“dimerized” chain)

— When t<t’, two zero modes

18



!xample Ol Zero mo!es

e 1D Su-Schrieffer-Heeger (SSH) model

2
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Mode number
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In Hermitian systems

* Particle-hole symmetry (with C and complex
conjugation K):

{H,CK} =0 — {CK\IJ” - \Ijm’}
Wy, = —Wim
Zero modes: n=m — w, =0

— More restrictive (e.g., superconductors)

20



(e.g., photonics)

._\\-19—u

nature
.
photonlcs PUBLISHED ONLINE: 9 DECEMBER 2012 | DOI: 10.1038/NPHOTON.2012.302

ARTICLES

Strain-induced pseudomagnetic field and photonic
Landau levels in dielectric structures

Mikael C. Rechtsman'*, Julia M. Zeuner?’, Andreas Tuinnermann?, Stefan Nolte?, Mordechai Segev’
and Alexander Szameit? -0.7

<— L1

-

.

All originate from the chiral symmetry of
the underlying Hermitian systems!

_/

ARTICLE

Received 29 Jul 2014 | Accepted 19 Feb 2015 | Published 2 Apr 2015 OPEN =
Selective enhancement of topologically induced g2
interface states in a dielectric resonator chain "0
Charles Poli', Matthieu Bellec?, Ulrich Kuhl?, Fabrice Mortessagne? & Henning Schomerus' 0
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unigue to non-Hermitian system

* Particle-hole symmetry:

Zero mode: Wp = —Wyy, (Hermitian case)
(non-Hermitian case)

Oftr # Yiriti¥rirsr o % (SRR i N— vk EE—
3 12 *2
W | 3 W 4 3 | 4
E R S | PO
| £ g 2 K % *ﬁ'ﬁ:ﬁﬁ* *
4 0 4-4 0 44 0 4
Rele]/g, Rele]/g, Rele]/g,

LG, PRA 95, 023812 (2017)



particle-hole (NHPH) symmetry

e Use existing photonic platform

e Should be straightforward to implement
non-Hermitian perturbations experimentally

e Candidate: loss and localized pump on a lattice that
forms two sublattices LG, PRA 95, 023812 (2017)

A B A B A B -
_______ . ZDA T \I/A
———o—o °o—e—— o H\If_<TT iDB> (qu)

w-iIK W -IK w-_iK wW-iK w-IK w
+iy

-iK _

27



!ey questions

Q: Can photonics zero modes be used for topological
guantum computing as their condensed matter
counterpart (e.g., Majoranas)?

A: Too early to tell ...

Q: Can photonic zero modes inspire a better design and
enable new functionalities of photonic systems?

A: Yes!

24



profiles

* Building block: optical microcavities (micro-disk,
micro-ring, micro-toroid, etc.)

O L
>
ke
=
=
05!
. 05 0 0.5
|'F4] Rele]/g,

29

LG, PRA 95, 023812 (2017)



profiles

* Building block: optical microcavities (micro-disk,
micro-ring, micro-toroid, etc.)

* Different pump configurations lead to zero modes
lasing with different spatial profiles

0 __________________________
X
K
0,
1=
05! |
- 0.2 0 0.2
|\ Relel/g,

30
LG, PRA 95, 023812 (2017)



profiles

Advantages:
* May be used for spatial encoding in telecommunication
 Symmetry protection against position and coupling

disorders . iDx T v,
~\T" iDg) \Up

* Robust single-mode performance
* Robust against cavity detuning and higher-order
couplings
LG, PRA 95, 023812 (2017) 32



OpOoIOogICal INSuIator iaser

Lasing Mode Harari et al. Science (2018)

1
1

NHPH symmetry provides the symmetry protection of
the chiral edge mode.
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* Non-Hermitian flat bands and defect states

29



dl IS aTlad

« Dispersionless: w(k) = const

* One example: A Lieb lattice

A A

GCIJ JI 5
L S .- -
B C B C 1

Energy E/G
(=

1
—_—

Baboux, LG et al, PRL 116, 066402 (2015)




dl IS aTlad

« Dispersionless: w(k) = const
* One example: A Lieb lattice

A A

G( J
L S .- -
B C B C

Baboux, LG et al, PRL 116, 066402 (2015)

dNa:

Power
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Wavevector k / (n/a)

3
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Energy E/G

ocalization In a tlat-band system

Typical: one localization minimum in a band gap
Anomalous: more than one such minimum
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LG, Ann. Phys. 527, 201600182 (2017)
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Potential

Eigenvalue 3

symmetry induce

-
\\
B
\‘\ g (b)

el 0.5 0 0.5 1

Bloch wave number

i1 -0.5 0 0.5 1

Bloch wave number

Makris, El-Ganainy, and Christodoulides, PRL 100, 103904 (2008)
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symmetry induce
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LG et al. PRL 120, 093901 (2018)
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induced flat band

0 1 D
Defect A/t

© o
N—

B -2

o

S 4t

2 |

5 1 3 5

Unit cell index N

“Stretchable chain” with a soft link and a rigid link
35
LG et al. PRL 120, 093901 (2018)



induced flat band

@

(™ 4 Anomalous spin alignment

Hs =t(1+coska)o, —tsinkao,+iyo, = —h o
h(v) = [-t(14+cos ka), tsin ka, —i7]

Yit

ollllllmm IHHH

1 251 25 1 2
Unit cell index N

36
LG et al. PRL 120, 093901 (2018)



on-AHermitian tlatban

 What if we require Im|w (k)] is also flat?

— Trivial case: uniform loss (or gain) on a Hermitian lattice with
a flat band: w(k) - w(k) + iy

— Interesting case: with a Wannier function W, (x) thatis also
an eigenstate of the whole H [not Hg;y-, (k)]

b 8 T Zez’/eajwn(x _ja) k: wave vector

j: lattice site index
J n: band index

Hy¥,(x; k) = @,(k)Y,,(x; k)

37

LG, Photon. Res. 6, A10 (2018)



on-nermitian riatoan

* Power increase can be polynomial in time: as a
result of exceptional points

min

38

LG, Photon. Res. 6, A10 (2018)



e Linear localization

39



Anderson localization

Introduce disorder

40



OCallZed zero modade

SSH model: When tg<t,, two zero modes

tg Ty
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non-Hermitian reservoir

A B

A

+ B A B

tA (B Pt g :
[.=:—' > —o—o ] arXiv:1804.00579
] l G [ G

System

2

I', 1 \

l' \
0— —

\ 1

‘\‘ /

\ o /7

"2 0 /2

wavenumber k

Reservoir

Reservoir

1 10
lattice site number n

19
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non-Hermitian reservoir

A B A B A B

tA (B Pt g :
[.=:—' > —o—o ] arXiv:1804.00579
] l G [ G

System Reservoir
2 ;
1) |
Reservoir
A — 2]\'-3\'1
4 A
10 |, 18

9 .
‘ 0
TT/2 0 /2 1 10 19
wavenumber kK . _
lattice site number n 43



non-Hermitian reservoir

A B A B A B

tA (B Pt g :
[.=:—' > —o—o ] arXiv:1804.00579
] l G [ G

System Reservoir
1
- (c) e
Reservoir
o 0 3
2 0 /2 0 | '
1 10 19

wavenumber k : _
lattice site number n 1



non-Hermitian reservoir

X (um) arXiv:1804.00579
2 1 ' |
(b) ﬂ Reservoir
=
. _E
T 0 W
o L_Ll—x
, | NRL
T2 0 /2 oL ' '

0 10 20 30
X (um) *

wavenumber Kk



non-Hermitian reservoir

* Linear localization is NOT given by
an exceptional point!

(@) (b)

46

LG, Photon. Res. 6, A10 (2018)



!ummary

* Non-Hermitian particle-hole symmetry and
anti-PT symmetry
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e Linear localization
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