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Possible long-time steady states in
closed many-body Floguet systems?
Integrability, many-body-localization, OprethermalizationO, and all thatE
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Spontaneous breaking of the
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Time crystals!
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Topological band structures

symmetry-protected band insulators/superconductors
(time-independent case)

gapped bulk with groundstate
characterized by a topological
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Topological band structures

symmetry-protected band insulators/superconductors
(time-independent case)

In-gap boundary states

gapped bulk with groundstate ™ robust againstsymmetry-preservinglocal
characterized by a topological perturbations which donOt close the bulk gap
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Topological band structures

symmetry-protected band insulators/superconductors

(periodically driven case)
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T. Kitagawaet al., Phys. Rev. B82, 235114 (2010)
N. H. Lindneret al., Nature Phys.7, 490 (2011)




F|Oquet theOI') !Gaston Floquet (1847-1920)

applied to a time-periodic Hamiltonian J. H. shirley, Phys. Rev138, 979 (1965)
H({t)= H{t+ T)

OFloquet statesO:
" ()" =exp(! 1#)|u(t)”

N .

OquasienergiesO eigenstates of the time-evolution operatorU (t) = T e o H(D)dt
2#[T | _ .
depned mod Ut t + T)|u(t)" = exp(! i#T)|u(t)

ju(t)” = Ju(t+ T)"
full time evolution: U (t) = P(t)e! iH gt
Pt+T)=P(t)

OstroboscopicO time evolutiotd (NT) = e e n=1,2 ..



Topological band structures

symmetry-protected band insulators/superconductors
(periodically driven case)

ToL

OstroboscopicO picture: in-gap Floguetboundary states

gapped DUlK characterized robust against symmetry-preserving local
by a topological invariant perturbations which donOt close the bulk gap
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Topological band structures

symmetry-protected band insulators/superconductors
(periodically driven case)

U=
by analyzing thefull time evolution™

one bnds that theanomalous gap
may support Floquet boundarys states,
coded by a second (winding number)
topological invariant

L. Jiang et al., Phys. Rev. Lett.106, 220402 (2011)
T. Kitagawaet al., Nat. Commun. 3, 882 (2012)
M. S. Rudneret al., Phys. Rev. X3, 031005 (2013)
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(periodically driven case)

by analyzing thefull time evolution™

one bnds that theanomalous gap
may support Floquet boundarys states,
coded by a second (winding number)
topological invariant

L. Jiang et al., Phys. Rev. Lett.106, 220402 (2011)
T. Kitagawaet al., Nat. Commun. 3, 882 (2012)
M. S. Rudneret al., Phys. Rev. X3, 031005 (2013)
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gapless Floquetboundary states

robust against symmetry-preserving local
perturbations which donOt close the bulk gap




Observation of Floquet-Bloch
States on the Surface of a
Topological Insulator

Y. H. Wang,* H. Steinberg, P. Jarillo-Herrero, N. Gedikt
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Photonic Floquet topological insulators

Mikael C. Rechtsman, Julia M. Zeuner, Yonatan Plotnik, Yaakov Lumer, Daniel Podolsky, Felix Dreisow, Stefan Nolte,
Mordechai Segev & Alexander Szameit

Nature 496, 196-200 (11 April 2013)  doi:10.1038/nature 12066
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\ time-periodic perturbation
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periodically driven Floquet topological insulator
Ho(t) = Ho(t+ T)



Robustness of Floguet topological boundary states

O. Balabanov and H. J., Phys. Rev B26, 035149 (2017)

H(t) = Ho(t)+ V(1)

\ time-periodic perturbation
V()= V({E+T)

periodically driven Floquet topological insulator
Ho(t) = Ho(t+ T)

Case study: Periodically driven spinlessSu-Schrieffer-Heeger (SSH) model

!N 11 #
Ho(t) = — ($1 —Vv(t))Cpj Cg; + (2 + V(t))Cz; Caj 4y T H.C. , V(L) ~cos( t)
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Time-independent SSH model

W. P. Suet al., Phys. Rev. Lett.42, 1698 (1979)

N
-
$ J Y% &
C
= e cap )(Mx(R)ox + hy(R)oy) ™"

| - D
-

Ho(k)




Time-independent SSH model
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Time-independent SSH model

W. P. Suet al., Phys. Rev. Lett.42, 1698 (1979)
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Time-independent SSH model

N
—
$ J Y% &
C
= lcax gy ) hx(k)ox + hy(k)oy) Cg’t
=
Ho(k)
the SSH model haschiral symmetry
o.Ho(k)o. = ! Ho(k)
zero-energy level of
% localized boundary states
E all single-particle eigenstates have
v a partner with opposite energy

two-fold degenerate zero-energy boundary
level protected against local perturbations by
chiral symmetry



Periodically driven SSH model

IN #
Ho(t) = — ($1 —V(t))cyj Cg; +($2+ V(1))Cgj Caj 4y +H.Co , V(L) ~cos(t)
j=1

chiral symmetry
% &,
% Uo(k;0,T)% = U(!) 1(k;O,T) Uo(kito,t)= Texp !'i  dtHp(k,t)

to
J. K. Asb—thet al., Phys. Rev. B90, 125143 (2014)

sufbcient condition: %eHo(k,t1)% = ! Ho(k,! t)
O. Balabanov and H. J., Phys. Rev B26, 035149 (2017)

How does the chiral symmetry-protectionplay out in the time-periodic case?



Quasienergy spectrumon the periodically driven SSH model
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Ime-independent SSH model
subject to (chiral)Symmetry-preserving time-periodic perturbations

The boundary states are expected to be robust under local time-
periodic perturbationsV(¢) = V(¢ + T) satisfyingl’'VvV(t)I'=1! V(! t)

L (LA#A|! |, B#$B )
i



Ime-independent SSH model
subject to (chiral)Symmetry-preserving time-periodic perturbations

The boundary states are expected to be robust under local time-
periodic perturbationsV(¢) = V(¢ + T) satisfyingl’'VvV(t)I'=1! V(! t)

L (LA#$ A |i,B#$.B )
]
examples

time-periodic spatialdisordering of the SSH
hopping amplitudes close to a boundary:

#i % #i,j f(t), | = 1,2; j =1,...n& N
f@+T)=f(@), f(t)=f(t)

')21'{‘“](0 /2""/( )

[\/\‘\/\‘\/\]

boundary bulk boundary
V1,5 “,](t) 7= U<t)




Ime-independent SSH model
subject to (chiral)Symmetry-preserving time-periodic perturbations

The boundary states are expected to be robust under local time-
periodic perturbationsV(¢) = V(¢ + T) satisfyingl’'VvV(t)I'=1! V(! t)
" (LA#S AL 1B #$B )
j
examples

time-periodic spatialdisordering of the SSH
hopping amplitudes close to a boundary:

#i %#i,j f(t), i:1,2;j =1,...n& N

fA+T)=f(), f(t)="~(t)
adding a time-periodic disordered
chemical potential close to a boundary

In
+ g(t) %, (CA,J' Caj T Cg; Cgj ), N <N
j=1

g(t+ T)= 9o(t), g(* t)="19(1)



Numerical diagonalization (truncated Hamiltonian in frequency domain):

The disordered#y,, and A amplitudes vary randomly €[—0.29, 0.2)] in the Oboundary regionQ =1, ..., 10,
bulk intracell hopping #;, = 0.152, bulk driving v(t) = 0.2 cos{t), chain length N =40

DO | =
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The robustness of the boundary states depends critically
on the relative phase between bulk driving and perturbation.



Time-independent SSH model
subject to (chiral) symmetry-preserving time-periodic perturbations

Energy spectrum

energy




guasienergy

Time-independentSSH model within Floquet theory
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Time-independentSSH model within Floquet theory
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periodically
driven SSH model




What about robustness of boundary states in the
ordinary time-independent SSH modelsubject to
local time-periodic perturbations?



What about robustness of boundary states in the
ordinary time-independent SSH modelsubject to
local time-periodic perturbations?

Since thereOs no bulk driving and hence no constraint from
a relative phase, one expects that the boundary states are

robust against a much larger class of perturbations

*  provided there is at least one reference timéy

for which the perturbation is chiral symmetric
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Numerical diagonalization (truncated Hamiltonian in frequency domain):

The disordered#y,, and A amplitudes vary randomly €[—0.29, 0.2)] in the Oboundary regionQ =1, ..., 10,
bulk intracell hopping #;, = 0.152, bulk driving v(t) = 0.2 cos{t), chain length N =40
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symmetry-breakingerturbations (ordinary SSH)



Boundary states of chiral-invarianstatic systems are
robust againstall time-periodic perturbations which
respect chiral symmetry forsome reference time.



Time-independent SSH model
subject to (chiral)symmetry-breakingtime-periodic perturbations

Consider local boundary perturbations of the form

V()= V,cos@t+ $p)

n

wheree'n ( N:!'V,! = £V, and $n ( R

L (L A#$A]! |i,B#$B )
]

This class of perturbations generically break chiral
symmetry forall choices of reference timeg :

"V(to+ )" =1 V(te! t), #to



Floquet SSH model

Numerical diagonalization (truncated Hamiltonian in frequency domain):

The disordered#,,, and " amplitudes vary randomly ' [! 0.5#, 0.5#] in the Oboundary regionQ =1, ..., 10,
bulk intracell hopping #; = 0.15#, bulk driving v(t) = 0.4 cos¢t), chain length N =40

Perturbations

#, COSfHtt) + #1 Sin(2#1) #, cos(2t) + A cos(2At) " sin(#t) + #, sin(2#1)

B ek

e[Q2]

DD b




Floquet SSH model

Static SSH model

Numerical diagonalization (truncated Hamiltonian in frequency domain):

The disordered#,,, and " amplitudes vary randomly ' [! 0.5#, 0.5#] in the Oboundary regionQ =1, ..., 10,
bulk intracell hopping #; = 0.15#, bulk driving v(t) = 0.4 cos¢t), chain length N =40

Perturbations
#, COSt) + #1 sin(2#t) #, cos(2t) + A cos(2Lt) " sin(#t) + # sin(2#t)

B ek

e[Q2]

DD b




Floguet perturbation theoryfor a static chiral-invariant system

First- and second-order quasienergy corrections to
any nondegenerate level due to a time-periodic perturbatiol (t)

o .
i $OT 1$O(D)V (1) |#°(t)"dt%

0% 0

PoT
(R P GVOER ORI
0

||!:!

12(1)", [8°(t)" unperturbed Floquet states associated with quasienergie€$ and "?

V(t) = ' VhcosQt+ $,) 'n( N:!1V,! = +V,

n

the prst- and second-order contributions to the
unperturbed zero-quasienergy level'? = 0 vanish identically!



Numerical test of leading order scaling of quasienergy shifts

Perturbations
#jsin("t)+ 9 sin(2" t) 1 cos("t)+ ! ; cos(2't)
0.04'0.7
[ L
o <
@] —
e =3
5l /M
:H: L
n
O 0
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N . . ,
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0.27
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Floquet SSH model




The perturbative results are not the full storyE

E the resilience against chiral symmetry-breaking perturbations
sometimes holds also in the nonperturbative regime, and also for
many other types of perturbations!
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The perturbative results are not the full storyE

E the resilience against chiral symmetry-breaking perturbations
sometimes holds also in the nonperturbative regime, and also for
many other types of perturbations!

How is this possible?

Because of the freedom of choice of reference
time ¢y for a time-independent model!

|solate the manifestly symmetry-breaking part
of the perturbation! Choosety so that this part
gets minimized! This choice ofty puts a bound
on the effect of the perturbation.



Transport signatures of symmetry protection
In 1D Floguet topological insulators

O. Balabanov and H. J., arXiv:1902.01268

Case study:
periodically driven SSH model
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The hybridization of the boundary states
in a small system opens a transport channel

Can it be used to probe the symmetry VA . e
protection of the boundary states? V V VNNV Y

1 Position 20




ToolboxX: Nonequilibrium Green®s functions in Floguet-Sambe space

O. Balabanov, arXiv:1812.01268

Landauer-BYitiker formula
P

% &
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Transmission spectrum
TO$) =T G% G /<°> ($), !',1*=L,R

HO | 11 H® HO

4k Kok R Kk —

GreenQOs function
G=[$*I1! H! B! E] * H = HCD  HO H® -
H( 2 HCD HO 4 11 -
)
LT 1n) 0 0 : THMj#= T2 dte™! UiH ()] 4
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0 0 " (81 .- H. Sambe, Phys. Rev. A7 2203 (1973)



Finite-size dependence of the transmission

! <y [ w=0 (b) w = hQ2/2
x
~~ x
é/ x
s| "
l‘\ % x
% i X *
R Xx
& X, . °x x*
0 wxXX . XX " X YL, S
1 N 40 1 N 40

Topological boundary states from
the Onormal gapO transmit more!

"10= 0.9 and "20=1.1, V(t) =0.4 COSQ t) ;$|_,A 1= $R,BN

=0.05



Unperturbed transmission spectrum

! (a) 1o =20 (b) vy =1
vy =20 vy =0
3|
@ 1
L) wy=0 (d) vp =1
vy =1 | vy =1
3| _
f\ l l
U LTI

(a) "1,0 = 0.75, "2,0 = 0.45; (b) "1,0 = 0.45, "2'0 = 0.75;
(€) "10=1.2,"20=0.8; (d) "10=0.8,"20=1.2

9 dimers v(t) = 0.4cos(3), $,a1= $ren =0.1



Unperturbed transmission spectrum

(a) "1,0 = 0.75, "2,0 = 0.45; (b) "1,0 = 0.45, "2'0 = 0.75;
(€) "10=1.2,"20=0.8; (d) "10=0.8,"20=1.2

9 dimers v(t) = 0.4cos(3), $,a1= $ren =0.1



Transmission spectrum
with local time-independent perturbations
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Time-independentperturbation of the 0.6
hopping amplitude at one of the boundaries 3
(chiral) symmetry preserving { I
0 A VY ‘ L

Adding a localtime-independent
chemical potential term at one of
the boundaries

(chiral) symmetry breaking

3’10 = 0.8, "2,Q = 1-2 v(t) =0.4cos(3) $La1= $rany =0.1



Transmission spectrum
with local periodically drivenperturbations

1 1i
714,18 cos(§2t) s
- 2
3
0 . 1

H1A,1A cos(2t) .

Periodically drivenperturbation of the
hopping amplitude at one of the boundaries

(chiral) symmetry preserving 3|

L

Adding a local periodically driven
chemical potential term at one of
the boundaries

(chiral) symmetry breaking

5"1,0 = 0.8, "2,Q = 1-2 v(t) =0.4cos(3) 3$L,A 1= $R,BN =0.1



Transmission spectrum
with local periodically drivenperturbations

changing the phase

1i
1.5¢
2i

V14,18 sin(Qt)

Periodically drivenperturbation of the
hopping amplitude at one of the boundaries

(chiral) symmetrybreaking

5"1,0 = 0.8, "2,Q = 1-2 v(t) =0.4cos(3) 5$L,A 1= $R,BN =0.1



Transmission spectrum
with local periodically drivenperturbations

changing the phase

1i
1.5¢
2i

V14,18 sin(Qt)

changing the phase

1
1.5
2

Periodically drivenperturbation of the f114,14 sin ()
hopping amplitude at one of the boundaries I

(chiral) symmetrybreaking

L]

Adding a local periodically driven
chemical potential term at one of
the boundaries

(chiral) symmetrypreserving

5"1,0 = 0.8, "2,Q = 1-2 v(t) =0.4cos(3) 3$L,A 1= $R,BN =0.1




Realizations of the time-independent SSH model

E1D optical lattices
M. Atalaet al., Nat. Phys.9, 795 (2013) \ | g
D.-W. Zhanget al., Phys. Rev. A92, 013612 (2015) L \® : ~A

________________

— a0 —
E vacancy dimer arrays in chlorine monolayers ifise s o cx SRR Sas 0n;
R. Drostet al., Nat. Phys.13, 66875 (2017) b -

E photonic crystals
X.-F. Zhouet al., Phys. Rev. Lett.118, 08360 (2017)
Q. Chenget al., arXiv:1804.05134

Realizations of a Floguet SSH model?

E1D optical lattice (proposal)
W. Zheng and H. Zhai, Phys. Rev. 89, 061603(R)(2014)

E photonic crystal
Z. Cherpakovaet al., arXiv:1807.02321




SummarizingE

The effect of time-periodic local perturbations of a chiral-invariaribpological
Floquet insulatordepends critically on the relative phase between the drive of
the system and that of the perturbation.

No such constraint for a chiral-invariant time-independent topological insulator.

A time-independent topological insulator generically exhibits aanhanced resilience
against periodically driven symmetry-breaking perturbations.

The symmetry protection of 1D topological Floquet boundary states may (in principle)
be probed by transport measurements. The transport channel due to hybridization

of boundary states from the Oanomalous gapO appears to be more fragile against
symmetry-breaking local perturbations.

O. Balabanov & H. J., Phys. Rev. B 96, 0351492017)
O. Balabanov & H. J., arXiv:1902.01268much improved version soon to be posted!)
O. Balabanov, arXiv:1812.01268



