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Abstract: Periodically driven (Floquet) systems can display entirely new many-body phases of matter that have no analog in stationary systems. One
such phase is the Floquet time crystal, which spontaneously breaks a discrete time-trandation symmetry. In this talk, | will survey the physics of
these new phases of matter. | explain how they can be stabilized either through strong quenched disorder (many-body localization), or aternatively
in clean systemsin a"prethermal” regime which persists until atime that is exponentially long in asmall parameter.
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@ Landau phases: spontaneously broken symmetry

@ Topological phases:

e Fractional quantum Hall effect, spin liquids, topological insulators ...
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Aspects of topological phases

Symmetry action on the
boundary

lRestnict

‘ Restrict
[

w(g1, g2, 93) ¢ J(1)

DVE and Nayak, PRB '14
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Understanding crystalline
topological phases by “gauging”
spatial symmetries.

Thorngren and DVE, 1612.00846
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Systems out of equilibrium

Thermal equilibrium
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Isolated systems

@ Thermalization
Isolated system

_ & A
Psteady — ?(

Deutsch, PRA 91
Srednicki, PRE 94, J. Phys. '99

Rigol et al, Nature '08

@ Non-thermalization

(1)) = e~ |\ (0)) Pricady 7

Send t — oo, look at local

e Integrable systems
observables 9 4

e Many-body localization
e Prethermalization
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Floguet systems

Isolated system

@ Thermalization

1
)steady — _H
/ st 1(1‘\ D

System

@ Non-thermalization

1
“Floquet” Psteady 7£ EH

d|W(t)) = e Integrable systems
T H(t)|¥), e Many-body localization
e Prethermalization

l

H(t+1T)=H(t) @ Floquet systems have entirely

Send t — oo, look at local new phases of matter!
observables
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Section 2

Floguet time crystals
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Time crystals
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Time crystals

Time crystal A system in which time translation symmetry is

spontaneously broken. Wilczek: BEL 1

Shapere and Wilczek, PRL '15
@ Time translation symmetry «<» Hamiltonian H is time-independent.

@ Time crystal: In thermal equilibrium, the state of the system still
oscillates in time.

@ No-Go Theorem: wWatanabe and Oshikawa, PRL '13
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Spontaneous symmetry breaking out of equilibrium

@ Consider the long-time (t — oo) state of an isolated many-body
system.

@ Spontaneous symmetry breaking (SSB)

Time-translation symmetry

Ising symmetry

Alo?)
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Floquet time crystals

@ “Floquet” system.

a
/(hlf_> H(T)I!)

H(t+T)= H(t)

@ Discrete time-translation symmetry
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Floquet time crystals

@ “Floquet” system.
\No SSB

a

H(t+T)= H(t)

@ Discrete time-translation symmetry
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Key features of time crystals

Q Many-body.®
.= : otor
@ Rigid Oscillations
e Infinite coherence time.
@ tLasers
e Stable to perturbations

@ Reversible. (No entropy generation)
o Damped-driven-pendutum
@ Doesn’t piggy-back on other spontaneously broken
symmetries.
o Frictionlesspendulum
o AG-Josephsonetfeet.
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Spontaneous symmetry breaking in quantum systems

@ Transverse-field quantum Ising model

H=-J;; Z o;0; +h er;,—". K< J

(i,7) l
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Spontaneous symmetry breaking in quantum systems

@ Transverse-field quantum Ising model

Hf ,,Zﬁ(r +/zZrT

(2,9)
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Spontaneous symmetry breaking in quantum systems

@ Transverse-field quantum Ising model

H=-J;; Z o;0; +h er;,—". K< J

(i,7) l

Ising symmetry-breaking
\E
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Spontaneous symmetry breaking in quantum systems

@ Transverse-field quantum Ising model

H=-J;; Z o;0; +h er;,—". K< J

(i,7) l

Ising symmetry-breaking
N

s e Lo o)
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Spontaneous symmetry breaking in quantum systems

@ Transverse-field quantum Ising model

H=-J;; Z o;0; +h er;,—". K< J
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Spontaneous symmetry breaking in quantum systems

@ Transverse-field quantum Ising model

H=-J;; Z o;0; +h er;,—". K< J

(i,7) l

Ising symmetry-breaking
\E
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Spontaneous symmetry breaking in quantum systems

@ Transverse-field quantum Ising model
(,7) t
@ Floquet systems

T
(Tf'T(l/' H(f)(/f)
J0

@ Eigenvalues of UU; are of the form ¢'“'; w is the quasienergy.

Ising symmetry-breaking
Y

Lor/T

I— =0y
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Spontaneous symmetry breaking in quantum systems

Ur=T (z / H(r)r/r)
J0O

@ Eigenvalues of U/, are of the form ¢'“’'; w is the quasienergy.

@ Floguet systems

Ising symmetry-breaking
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Spontaneous symmetry breaking in quantum systems

Ising symmetry-breaking Time crystal
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Spontaneous symmetry breaking in quantum systems

Ising symmetry-breaking Time crystal

L(|o) — | - o))

V
2T 2T

(o) +1-0))
§)

@ Time Crystal Paradox: Eigenstates of U never exhibit period
doubling.

@ Resolution: Eigenstates are unphysical!
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Spontaneous symmetry breaking in quantum systems

Ising symmetry-breaking Time crystal

L(|o) — | - o))

3T 2T
(o) +1-0))
§)

@ Time Crystal Paradox: Eigenstates of U never exhibit period
doubling.

@ Resolution: Eigenstates are unphysical!

Q
Ur o o) (=0 +| = o) (o] + - -
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0-spin-glass and 7-spin-glass

Khemani et al, PRL '16
@ Take an MBL Hamiltonian D which has an Ising symmetry
X =1]], o] and spontaneously breaks it (“spin glass”).

O-spin-glass r-spin-glass

: o D <t < T2
H(t)=D Hit) = ¢ T
12405 T/2<it<]
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0-spin-glass and m-spin-glass
Khemani et al, PRL '16

@ Take an MBL Hamiltonian D which has an Ising symmetry
X =[], o and spontaneously breaks it (“spin glass”).

Z J; j0%07 [H,X] =

O-spin-glass T-spin-glass
[I :(—.’I.)] {’ = ‘\(—JI)I
Z(lo) = | - a))

V2

97
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0-spin-glass and m-spin-glass
Khemani et al, PRL '16
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Numerical results

DVE, Bauer and Nayak, PRL '16

T. — o—itoHo Y e ' AP s o, S T T
® Up =« X, Ho=-)oJoiar—Yilha;— ) 50,
® J; €[0.5,1.5], hi € [0,1], hi € [0,0.3]

|

74 &
—
B

Figure: TEBD simulation for a 1-D chain of length 200. (Disorder- and
spatially- averaged.)
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Experimental realizations of Floquet time crystals

Theoretical proposal: Yao, Potter, Potirniche, Vishwanath, PRL 17
Experimental realization (in cold atoms):

LETTER

doi:10.1038/ nalure21413

Observation of a discrete time ¢

rystal

psx!, A, Kyprianidis!, P Becker!, A | e, G, Pagana', 1=0, Potirniche?, A, C. Potter?, A, Vishwanath®*
1

A different system (NV centers):

LEFIER

doir10.1038/nature 2 1426

Observation of discrete time-crystalline order in a
disordered dipolar many-body system

nwon Chai'*, Joonhee Choi'2*, Renate Landig"*, Georg Kucsko', Hengyun Zhou!, Junichi Isoya®, Fedor Jolezko®
Shinobu Onada®, Hitoshi Sumiya®, Vied ikca Khemant', Curt von Keyserlingk’, Norman V. Yao®, Eugene Dember® &
Mikbatl D, Lukm’

Theoretical explanation (“critical time crystals”):
Ho, Choi, Lukin, Abanin, PRL '17
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Section 3

Floquet topological phases
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A general picture: stationary phase

A (stationary) topological phase has a unique, gapped ground state.

@ Implies short-ranged correlations, area law for entanglement
entropy, ...)

Introduce a space (2 of “good” states.
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@ Phase of matter <+ connected component of ().
@ 7o(€2).
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A general picture: Flogquet phases

Consider some eigenstate |\V) of the Floquet evolution operator

7
Urs="Texp ( i / U(f):/f) :
Jo

Then |W¥(t)), t € [0,7T] defines a loop in ).

V)
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A general picture: Floquet phases

Consider some eigenstate |\W) of the Floquet evolution operator

]
Us =T exp (i / H(f}(/f) :
Jo

Then |W(t)), t € [0,T] defines a loop in 2.

‘l]f) |‘U)

O
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The Floguet equivalence principle

A general framework based on topological quantum field theory
(TQFTS)

Thorngren and DVE, 1612.00846

Floquet equivalence principle

Floguet phases of matter
(_>
Stationary phases with an internal Z symmetry

DVE and Nayak, PRB '16
Potter, Morimoto, Vishwanath, PRX '16

@ Connection to symmetry-protected topological (SPT) or
symmetry-enriched topological (SET) phases.
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Floquet pumping

DVE and Nayak, PRB '16

@ Bosonic Floquet-SPT’s (with unitary symmetries) classified by

HI+Y(Z x G,U(1)) =(H™* (G, U())x(HA(G, U1)))

Stationary classification  Stationary classification
in d dimensions in d-1 dimensions

Wd+1 Wd

@ Interpretation: a lower-dimensional SPT gets pumped to the
boundary at each time step.

1 time
step
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The Floquet bootstrap

DVE and Nayak, PRB 16

The “Floguet bootstrap” is a general way to construct models realizing
Floguet phases of matter.

@ H has an internal Zy symmetry generated by X.
o U = Xe—iHT,

Dominic Else Floquet phases of matter
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Section 4

Prethermal Floquet phases
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Prethermalization in Floguet systems

Can we stabilize Floguet phases without MBL?

Prethermalization:

Kuwahara et al, Ann. Phys. '16
Abanin et al, Commun. Math. Phys. 17

@ If w > .J, then there exists an
effective Hamiltonian H.g such
that Uy ~ e~ et §

@ Approximation valid until times 2

J/w

o e

PPTTTY BT

10° 107 107 10° 10
t (1/J)

Machado, Meyer, DVE, Nayak, Yao, 1708.01620
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Prethermal stability of the Floquet bootstrap

The bootstrap construction:
r=Xe ", N.Dl=I X" =]
—z_\'l}'f'_

This implies that U/¥ = ¢

DVE, Bauer, Nayak, PRX '16
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Prethermal stability of the Floquet bootstrap

The bootstrap construction:
r=Xe ", N.Dl=I X" =]
—z_\'l}'f'_

This implies that U/¥ = ¢

DVE, Bauer, Nayak, PRX '16
@ Now add a time-dependent perturbation

H(t) = Ho(t) + V(2)

e Let./ =local energy scale of ), A = local energy scale of V (7).

Dominic Else Floquet phases of matter
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Prethermal stability of the Floquet bootstrap

The bootstrap construction:

=X, X Dl=il X" =1
This implies that U = e~V PT,
' DVE, Bauer, Nayak, PRX '16
@ Now add a time-dependent perturbation

H(t) = Ho(t) + V(2)

e Let./ =local energy scale of ), A = local energy scale of V (7).

Theorem
If ./ < w, then there exists a local unitary rotation ¢/ such that

u[';uT — —iDT L ()(r,—;;/.f)

~— A~

D=D +0O(x], [|D X]=0
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There exists a (time-independent) unitary ¢ such that
T

UUU' = X 'T('x])(—i /
Jo

where D is local and [D, X| = 0; D, I are independent of time; and

[l)+l;‘+\'(f)]f/f)

[Vln. <

£ ]|

The exponent n, is given by

f\u._;‘f/\ R (K1 ]2
1+ log(Mo/N)3° "° 7 72(N +3)(N +4)T

Ne =

Furthermore,
ID = V|n. <p(A%/X0), p=209,
where
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Prethermal Floquet time crystal

DVE, Bauer and Nayak, PRX '16

UTUt = Xe='PT 4 O(e/)

\ @ f, is exponentially
| I » t (Log scale) long in JT'.

1 T

f1)[(\—Ih|‘[uml o (prethermal)
Floquet time

(2n L
crystal

Prethermal
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Thank you!

At Microsoft Station Q | ) ¥
Bela Bauer Chetan Nayak

At Berkeley

Ryan Francisco Gregory
Thorngren Machado Meyer
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