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Topological photonics: from microwaves to the visible

Photonic (Floguet) topological insulators disorder-robust routing and localization of light flows

Theory: A. Slobozhanyuk, et al. Nature Photonics 11, 130-136
(2017)

Experiment: Y. Yang, et al. Nature 565, 622-626 (2019)

Bulk-boundary correspondence

Reviews on the topic:

T. Ozawa et al, Rev. Mod. Phys. 91, 015006 (2019).

L. Lu, et al. Nature Photonics 8, 821-829 (2014)

- L. Lu, et al. Nature Physics 12, 626-629 (2016)

A.f_:,. Khanikaev, et al. Nature Materials 12, A.B. Khanikaev, G. Shvets. Nature Photonics 11, 763-773
233-239 (2013) (2017).

B. Xie, et al. Nature Reviews Physics 3, 520-532 (2021).
and many other...

)

l

M. Hafezi, et al. Nature Physics 7, 907-912 (2011).
M. Hafezi, et al. Nature Photonics 7, 1001-1006 (2013) 2



Topological photonics: enabling novel functionalities

Topological waveguides

e

PO

—

S. Barik et al, Science 359, 666 (2018). Disorder-robust routing
T. Ma, et al. Phys. Rev. Lett. 114, 127401 (2015)

Topological lasers

pumped

Topological lasing mode

Topological resonators

B. Bahari, et al. Science 358, 636-640
(2017)

S. Barik et al, Phys. Rev. B 101,
205303 (2020)

Theory: G. Harari et al, Science 359, eaar4003 (2018)
Experiment: M. Bandres, et al. Science 359, eaar4005 (2018)

Further developments:
A. Dikopoltsev, et al. Science 373, 1514 (2021)



Topological protection of quantum light: first theoretical proposals

Can topology protect quantum states of light including nontrivial correlations?

Transport through edge states preserves temporal
correlations of entangled photons

Topological protection of photonic path
entanglement (spatial correlations)
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M. C. Rechtsman et al, Optica 3, 925

(2016) S. Mittal et al, Opt. Express 24, 15631 (2016)



Topological protection of quantum light: experiments

Robustness of spatial correlations, experiments

topological protection of the spatial correlations and More on topological protection of spatial correlations
the propagation constant of biphoton states
A Spatially gled topological system B /Spatially gled non-topological system
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A. Blanco-Redondo et al, Science 362, 568-571 (2018)
M. Wang et al, Nanophotonics 8, 1327-1335 (2019)

Review on quantum topological photonics

Q. Yan et al, Adv. Optical Mater. 9, 2001739 (2021)



Topological protection of quantum light: spectral correlations
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S. Mittal et al, Nature 561, 502-506 (2018)

Could topology be useful for superconducting quantum processors?




Superconducting qubits and their arrays
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Theoretical description of the qubit array See Monday lecture by Prof. John Martinis

1. Circuit Lagrangian via flux variables

C, .. . Dy — o )2 b — ha)? . .
L= —gf_p‘f + E4 cos ¢ — (1 — 2) — (¢1 — ¢3) + Ejcos (¢ — ¢4) + Ejcos (¢ — ¢5)
2L 2L
s L " ) L Y J
inductance Josephson junction

capacitance

node flux variable  ¢% = [* V. (¢')dt/

oL _
2. Circuit Hamiltonian conjugated variables (charges) T = 0— = Cy0;
i
2 - L \2 - ) \2
m - (1 — ¢2) (p1 — ¢3) - - . -
H=-—2 —E,cos¢, + — ' + ' — FEjcos(pr — ¢py) — Ejcos — @5
2, 4 COS O 5T 5T Jcos (@1 — ¢4) — Ejcos (o1 — ¢s)
3. Quantize the circuit elementary excitations are polaritons
creation and annihilation operators Keep dominant nonlinearties via Taylor series expansion
_ [z L N SR I
i =\ gl +ai), m=iy/5=(a; —a) cos(pi — ¢;) = 1= 5(di — ¢;)" + 57(i — 9))



Theoretical description of qubit array (continued)

ﬁ = z Wm ﬁm + z Um ﬁm(ﬁm - 1) - z,/m (ajnam+1 + ajn+1am)
m m m

== o -

qubit eigenfrequency  qubit anharmonicity qubit anharmonicity

Bose-Hubbard model
Also appears in the context of cold atoms in optical lattice (see Monday talk by Martin Zwierlein)

But: qubits offer a greater flexibility in engineering on-site and coupling potentials. E.g. density-dependent
coupling, cross-Kerr interaction, direct two-particle hopping, etc.

New physics in extended Bose-Hubbard models!



Current experiments with qubits

Temporal modulation of 5
qubit couplings >complex ¥ o0l
effective couplings
—artificial magnetic field -
directional circulation of

photons 02 O
b (magnetic field)

P. Roushan et al, Science 358, 1175-1179
P. Roushan et al, Nat. Phys. 13, 146-151 (2017) (J. Martinis group)
(2017) (J. Martinis group)
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Resolving energy levels of interacting photons

7 b oad g 7 by tracing the temporal evolution
Axs1 ) oo
4 y ‘ JJ
% | = Topological single-photon excitations in 1D qubit
— array+measurement of topological winding numbers
B
W. Cai et al, Phys. Rev. Lett. 123, 080501 (2019)
= c.?_:" = (Tsinghua Univ., Beijing, L. Sun group)
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Two-photon Bose-Hubbard model in a simple 1D lattice

- A=w
-~
P

Attractive interactions, U/J=-3

Zn —jZ(ﬁT&j+1+a+l J)+UZ J(n

U < 0 attractive interaction
U > 0 repulsive interaction

Repulsive interactions, U/J=3

scattering 6
2L i
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Winkler, et al. Nature 441, pp. 853-856 (2006)
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Su-Schrieffer-Heeger model: the simplest topological lattice

J, J, Heeger. Phys. Rev. Lett. 42, 1698
(1979).
bandstructure
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W. P. Su, J. R. Schrieffer, and A. J.
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What is special about Su-Schrieffer-Heeger model? Disorder-robustness of the mode
frequency and profile
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But there is no free lunch! _ . . :
Random disorder in the eigenfrequencies

The frequency of the edge mode is no longer stable
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What happens if two photons travel in the Su-Schrieffer-Heeger array?

Bose—Hubbard Hamiltonian
search for the two-

H = w, Z fm + UZ A (A, — 1) — ;Uﬁé’m-l@m + J,83,8m41) — H.C. particle states in this
m m ; model

|
alternating coupling amplitudes, SSH

photon number is conserved —ansatz for the wave function
T N, |> 1\
o W)= ) B hal 10)

: mn

ist ;“‘—“—"‘— 1 — @2 7@ [ e @ el
___\,'”_‘d *"~ f" ~__ Bethe ansatz method

5t ;_/\ o - i -
i | T E ﬂmrr = /2 (mtn) [Cj(m.rr) C)U{/—(”ﬂm + Cj(m.rr) e[}(/_(nfm)]
i T i ] |

S e _ relative motion of photons

_m: ] M.A. Gorlach & A.N. Poddubny, Phys. Rev. A 95, 053866 (2017)
: N R T R R R M. Di Liberto, et al. Phys. Rev. A 94, 062704 (2016)



What happens if two photons travel in the Su-Schrieffer-Heeger array?

Quasi-independent photons One-photon edge state Bound photon pair

ho _ oWF @V

&/1,=5.736 & /J=20.912

correlation in photon positions

Doublon edge state

GIoY| Topological
A invariant, 2 photon
scenario

M.A. Gorlach & A.N. Poddubny, Phys. Rev. A 95, 053866
(2017). 16




One step forward: interaction-induced topological states of photon pairs

Switch the topological properties due to interactions

Extended Bose—Hubbard model

A =00 ) fim =] ) @hlmer + Busa@n) +U ) A (i = D
m m m

> AomAomAom+192m+1 T Aam+1A2m+1%2mAom)

(S

J

P — direct two-photon hopping

But: no single-photon edge
states
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Dispersion:
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Edge state
:_Ei_ulk states ]
P/J=-0.5
U/J=6
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k

Interaction-induced topological transition happens.
Need extended Bose-Hubbard model

A. Stepanenko & M. Gorlach, Phys. Rev. A 102, 013510 (2020)




What about qubits?

(LI [LI) L]

R A

- - FHEE FHHE SHE FHE A e
Q @ Q& Q Q& Q& Q& Q& Q Qo Q

readout microwave line —q@ frequency control DC line

I-H transmon
— readout resonator =@ excitation microwave line

Can excite the qubits at the edge and measure (n) in all
qubis

I.S. Besedin, M.A. Gorlach et al, Phys. Rev. B 103, 224520 (2021) E. Kim, et al

Bose—Hubbard & SSH Hamiltonian

Heu/h =) [fq g + ﬁq (g — 1)}
g=1
(N—-1)/2
+ Y g, +hingdh, ]+ He.
g=1

Sh
|

= (3.73 + 3.82) GHz
8, = —155 MHz

Jy = 55.1 MHz

J, = 17.1 MHz

. Phys. Rev. X 11, 011015 (2021) (O. Painter group)
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Single-photon excitations: measurement results

Calculated Numerical Experimental
bands simulations data
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How topological origin is manifested ) 5L L J

excitation and readout from the same qubit D | ][ | | ][ | | ][ | | }[ | | ][ | | ] e
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I.S. Besedin, M.A. Gorlach et al, Phys. Rev. B 103, 224520 (2021) 20



TWO-phOtOﬂ case — measurements
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(a)

@

o

o
I

3.65

3.67 /-\

3.64

7 qubit array

(d)
0
i 0

30
20
10

ed

-7/2 0 /2

Wave number, &

0.2 0.6 1.0
Photon number, (n)

I.S. Besedin, M.A. Gorlach et al, Phys. Rev. B 103, 224520 (2021)
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Extensions of Bose-Hubbard model in qubit arrays

o . INL + 1,0, Ng)
auxiliary harmonic
resonator detuned in - )
frequency Nr,1,Ng)

INL.0, Np + 1)

L C R We do the perturbation theory
____________ excluding the redundant degree of
(b) T freedom
U ¢ - Il “ U U

w‘ J, ‘w J, 'w Effective density-dependent coupling arises

)
N[~

{&I(nl + n,)a, + &;r(nl + nz)dl}

A.A. Stepanenko, M.D. Lyubarov, and M.A. Gorlach, Phys. Rev. Applied 14, 064040 (2020) -



Extensions of Bose-Hubbard model in qubit arrays: results

Extended Bose—Hubbard model

=00 ) fim =] ) @hlmer +Boss@n) +U ) A (i —
m m
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i coupling enables interaction-
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A.A. Stepanenko, M.D. Lyubarov, and M.A. Gorlach, Phys. Rev. Applied 14, 064040 (2020)
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Inducing higher-order topology by interactions

Extended version of Bose-Hubbard model

H=2xfgy itgn+V;+Vp,

L1

‘:’?J = Z !JL(ag:.n)Taﬁz,n +JJZ(ag:.n)Taﬁz’.n':|
m'.n

m,n,a#f

V=2 i, —1)

m.n.a

T
+ 5 Z (agg’nagg’n) T&ﬂ.’ '.&}ﬂn’,ﬂ’

m'n

JjP nar . ~ .
N \/5 E ﬂ(am‘n)f(nm*" + nﬂi"ﬂ")aﬂr‘,m
mpm' n a

Extra terms: density-dependent coupling JP, direct two-photon 1 ek Z A mﬁﬁ, 5
tunneling T, cross-Kerr interaction E O P e

More flexibility compared to cold atoms: Dutta, et al. Rep. Prog. Phys. 78, 066001 (2015)

A.A. Stepanenko, M.D. Lyubarov, and M.A. Gorlach Phys. Rev. Lett. 128, 213903 (2022) 24




Structure of the eigenstates
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Interaction-induced corner state

photon number expectation Sy

+z00 of other exotic modes: bulk-corner,
bulk-edge, edge-corner

Almost insensitive to disorder in linear couplings (L)
Fully insensitive to disorder in Josephson energies (E)

Feels disorder in grounding capacitances (C) and
Josephson energies (Ej)
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What these modes are good for?

As an illustration, consider a boson sampling in a 1D topological array

Topological mode TW 1. Prepare initial state in a high-Q resonator.
A 2. Transfer the prepared state to the chosen

qubit of the array.

3. Turn on the couplings between the qubits.
Then turn off after some time At.

4. Read the populations of the qubits.

fo = 3.8 GHz, E¥ = —277.5 MHz, ], = 10 MHz, ], = 100 MHz

Launch an excitation in the trivial edge mode

1.00 o 03
5=0 0=0. 0=0.3
0.75 & quantifies the
£ 0.50 strength of the
0.25 coupling disorder
n o | I
1 4 7 10 13 1 4 7 10 13 1 4 7 10 13

Number of qubit



What these modes are good for?

As an illustration, consider a boson sampling in a 1D topological array

Nopological mode W
A 5= i[A, 5]

________________ T AN (AP — (@hanp + Phan)/2]
m

fo = 3.8GHz, EF = —=277.5 MHz, J; = 10 MHz, J, = 100 MHz, y, = 1 MHz

Launch an excitation in the topological edge mode

6 quantifies the
1.00 s strength of the
0.75 §=0 Z 5=0.3 | 5203 | coupling disorder
. ] 1 1 The results are stable with
025 l ] l : l : respect to the coupling
0.00 ' ] ' disorder

1 4 7 10 13 1 4 7 10 13 1 4 7 10 13
Number of qubit
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How to probe this physics® Hly) = €ly)
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Features that correspond to the two-particle topological states
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f, kHz

Retrieving the topological invariant

Uoublon spectroscopy
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The impact of disorder on the boson sampling

Topological
Bose—Hubbard model with disorder roof T
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A.A. Stepanenko, M.D. Lyubarov, and M.A. Gorlach Phys. Rev. Lett. 128, 213903 (2022)
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Topological transitions driven by quantum statistics

Two-anyon quantum system Localization of eigenstates

Hubbard model extended (@) PR
by direct two-particle hopping -
l N Nl —~ 107
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N.A. Olekhno et al, Phys. Rev. B 105, 205113 (2022) 35



Emulating anyonic topological transitions

Electrical circuit schematics
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Impedance spectra and maps
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