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H(t) = Zﬁ:l JS%5%, 1 +hS% fort € [0,T/2] mod T
N 25:1 95;3 for t € [T/2,T] mod T

Q> Jh,g
= alsorption of a single driving quantum requires
multiple simultaneous local processes
- energy absorption exponentially suppressed ~ exp|—£1/c]

long pre-thermal window: ideal for Floquet engineering
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Floguet theory

-» Floquet’s theorem U(t,0) = P(t) exp(—itHp)PT(0)

e N

time-periodic P(t+T) = P(t) Floquet Hamiltonian,
time-independent
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Understanding the pre-thermal plateau
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Stage Ill: the onset of heating: many-body resonances
(not captured by inverse-frequency expansion)
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Stage Ill: the onset of heating: many-body resonances
(not captured by inverse-frequency expansion)
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Stage lll: the onset of heating: many-body resonances

(not captured by inverse-frequency expansion)
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Finite-size effects limit energy absorption

only 100% safe method to study thermalization is (still) ED
but see also Ye et al., arXiv:1902.01859

many-body bandwidth scales with system size L

finite system size limits the number of resonance peaks

discrete spectrum: finite-size gaps close to GS

appropriate order of limits: lim lim hard to achieve
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can we avoid these issues?
which feature(s) can we sacrifice?
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Berkeley A crucial feature of the step drive

= want exponentially long times in a chaotic system!
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O. Howell, Weinberg, Sels, Polkovnikov, and M.B., PRL 122, 010602 (2019)



A crucial feature of the step drive

= want exponentially long times in a chaotic system!

H(t) = Zf:l JS%25%, 1 +hS% fort € |0,T/2] mod T
N Zf:l gS;U for t € [T/Q, T] mod T’

= solve Hamilton’s EOM exactly: S;(¢T) = [r, 0]  (S;(0))

5% cos(k;T/2) — S sin(k;T/2)] S7
71(S;) = | SFsin(k;T/2) + S cos(r;T/2) 72(S;) = | S cos(gT'/2) — S sin(gT/2)
S% S7 sin(gT'/2) + S cos(gT/2) |

ki =J(S; 1 +S71)+h

O. Howell, Weinberg, Sels, Polkovnikov, and M.B., PRL 122, 010602 (2019)



-nsemble pre-thermalization

= time-averaged energy
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-nsemble pre-thermalization

= time-averaged energy
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- |nitial state ensemble: GS + noise in initial rotor angle on-site

O. Howell, Weinberg, Sels, Polkovnikov, and M.B., PRL 122, 010602 (2019)



-nsemble pre-thermalization
= time-averaged energy

ave — Z JSZSZ_|_1 + hSZ + gSm

- |nitial state ensemble: GS + noise in initial rotor angle on-site

= measure energy absorption and its fluctuations
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(QUT)) =

Classical Floguet pre-thermalization
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Classical Floguet pre-thermalization
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Related phenomenon: subdiffusion
= coupled kicked pendula:
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= coupled kicked pendula:

L T 2 + o0
Hit) =Y % — Koos(d; — b)) > O(t—mT)

j=1

m=—aoco

Related phenomenon: subdiffusion
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= schematic stability diagram

Notarnicola, et al, PRE 97, 022202 (2018)
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Can we use the inverse-frequency expansion?
- apply classical Magnus expansion: —il-, ] — {+, -}

T
HY =71 / dtH ()
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T t1
HY ~/ dtl/ dto[H (t1), H (ts)]
0 0

O. Howell, Weinberg, Sels, Polkovnikov, and M.B., PRL 122, 010602 (2019)



Can we use the inverse-frequency expansion?

- gpply classical Magnus expansion: —il-, ] — {+, -}
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-nsemble-averaged observables

captured by Magnus expansion

= time-averaged magnetization
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-nsemble-averaged observables
captured by Magnus expansion

= time-averaged magnetization
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-nsemble-averaged observables
captured by Magnus expansion

= time-averaged magnetization
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But why does Magnus work®

classical equations of motion are nonlinear!

Higashikawa, Fujita, Sato, arXiv:1810.01103 (2018) Mori, PRB 98, 104303 (2018)
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= consider proof for guantum systems:

holds for spin-1/2 particles
take large-S limit and decompose into many spin-1/2’s
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But why does Magnus work®

= consider proof for guantum systems:
holds for spin-1/2 particles
take large-S limit and decompose into many spin-1/2’s

- alternative viewpoint: p(t) ={pt),H(t)}
Liouville equation linear in superoperator space

= mportant caveat:

agreement not exponentially long for single trajectories due to chaos
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Higashikawa, Fujita, Sato, arXiv:1810.01103 (2018) ; Mori, PRB 98, 104303 (2018)



|s the prethermal plateau fully thermal?

= numerical experiment

= cvolve Initial ensemble into prethermal phase

= restart ensemble: measure energy mean and width of ensemble and
draw new thermal (Gaussian) ensemble every 1000 cycles

(0)
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(@™ (¢T))

0.8 1
Hg)+1)

H }OH) restarting

no restarting
restarting

" no restarting
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O. Howell, Weinberg, Sels, Polkovnikov, and M.B., PRL 122, 010602 (2019)



Outlook

=» Wwhat is quantum about (Floguet) prethermalization”
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Outlook

what is quantum about (Floguet) prethermalization”

how can we use Floguet engineering in classical systems?

what do the different variants of the inverse-frequency
expansion correspond to, classically?

cold atoms: also boson systems — so far no rigorous proof

PRB 93, 155132 (2016), PRL 122, 010602 (2019)



Outlook

what is quantum about (Floguet) prethermalization”

how can we use Floguet engineering in classical systems?

what do the different variants of the inverse-frequency
expansion correspond to, classically?

cold atoms: also boson systems — so far no rigorous proof

QuSpin: htip://weinbe58.github.io/QuSpin
python package for ED & many-body dynamics (with P. Weinberg, BU)

PRB 93, 155132 (2016), PRL 122, 010602 (2019)



Heating transition 1d Ising: H =—J» 0j0;41, o€ {1}
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Heating transition 1d Ising: H =—J» 0j0;41, o€ {£1}
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Heating transition 1d Ising:
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- KAM theorem

H(I,¢) = Ho(I) +eH1(I, )

- Arnold diffusion

regular dynamics = localization
chaos = diffusion

KAM:. many solutions to nearly integrable Hamiltonian systems persist under a
perturbation for all time.

Arnold diffusion: some solutions do not stay close to their integrable
counterparts for all time.




Phase space picture Qf heting

- KAM theorem

H(I,¢) = Ho(I) + eH1(1, ¢)

e !':._4._{ 'S
() 05

= Arnold diffusion . L
regular dynamics = localization

chaos = diffusion

KAM:. many solutions to nearly integrable Hamiltonian systems persist under a
perturbation for all time.

Arnold diffusion: some solutions do not stay close to their integrable
counterparts for all time.

- Nekhoroshevs estimates

all solutions stay close to their integrable counterparts for an exponentially
long time. These estimates restrict how quickly solutions can become unstable.




Phase space picture Qf heting

- KAM theorem

H(I,¢) = Ho(I) + eH1(1, ¢)

- Arnold diffusion

regular dynamics = localization
chaos = diffusion

KAM:. many solutions to nearly integrable Hamiltonian systems persist under a
perturbation for all time.

Arnold diffusion: some solutions do not stay close to their integrable
counterparts for all time.

- Nekhoroshevs estimates

all solutions stay close to their integrable counterparts for an exponentially
long time. These estimates restrict how quickly solutions can become unstable.
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Berkeley

UNIVERSITY OF CALIFORNIA

Finite size dependence
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-nsemble noise dependence
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-OM integration error

x 1070
- 155(t) =1
(.25 S
5 C;(¢T) = |S;(¢T)|?
O 050] ) =3.00 — Q=440
VT — Q=350 — Q=460 C({T) = max |1 — C;(T)
— 0 =4.00 — Q= 4.80 ’

—0.797 g =490 — Q= 5.00

100 10° 107108 10° 10
(

O. Howell, Weinberg, Sels, Polkovnikov, and M.B., PRL 122, 010602 (2019)



