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We study the effects of local perturbations on the dynamics of disordered fermionic systems in order to
characterize time irreversibility. We focus on three different systems: the noninteracting Anderson and
Aubry-André-Harper (AAH) models and the interacting spinless disordered #-V chain. First, we consider
the effect on the full many-body wave functions by measuring the Loschmidt echo (LE). We show that in
the extended or ergodic phase the LE decays exponentially fast with time, while in the localized phase the
decay is algebraic. We demonstrate that the exponent of the decay of the LE in the localized phase diverges
proportionally to the single-particle localization length as we approach the metal-insulator transition in the
AAH model. Second, we probe different phases of disordered systems by studying the time expectation
value of local observables evolved with two Hamiltonians that differ by a spatially local perturbation.
Remarkably, we find that many-body localized systems could lose memory of the initial state in the long-
time limit, in contrast to the noninteracting localized phase where some memory is always preserved.
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Introduction.—The second law of thermodynamics
imposes strong constraints on the time reversibility of
nonadiabatic processes between thermodynamic states.
However, the applicability of the second law requires, in
general, ergodicity, which is absent for closed many-body
localized (MBL) systems [1-13]. This has recently also
been shown experimentally [14—18]. Consequently, after a
nonadiabatic process, such MBL systems do not inherit a
thermodynamic description, leading to a major question: To
what extent does this breaking of ergodicity influence time
reversibility?

In this work, we probe the time reversibility of closed
quantum many-body systems with disorder. Specifically,
we study the sensitivity of the nonadiabatic dynamics due
to weak local perturbations in three fermionic systems
including the Aubry-André-Harper (AAH) as well as the
Anderson model with and without interactions. We char-
acterize time reversibility by noticing that the faster the
departure of the perturbed and unperturbed trajectories,
the stronger the sensitivity of quantum motion and therefore
the stronger time irreversibility. In this work, the quantifi-
cation of the distance of the two time-evolved systems is
based on two complementary measures: First, we study the
sensitivity in terms of the Loschmidt echo (LE) [19,20],
which quantifies the deviation on the basis of the full
quantum many-body wave function; second, we introduce a
quantity which measures the closeness of only local proper-
ties instead of global wave functions, by measuring the local
densities, representing a less strict measure as compared to
the LE. We find numerical evidence corroborated by
analytical arguments that the various distinct phases of
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our fermionic models can be detected and characterized by
studying the long-time dynamics of these measures. Our
predictions can be tested experimentally, because both of
the studied quantities are, in principle, experimentally
accessible for ultracold atoms in optical lattices and trapped
ions where signatures of MBL have been already observed
recently [14-18]. In systems of ultracold atoms, local
densities can be measured with the use of quantum gas
microscopes [21,22] and LE by interferometric techniques
[23-25]. The local control of trapped ions provides direct
access to local densities, and LE has been already measured
in recent experiments [26,27].
Models and methods.—We study the Hamiltonian

¢ (L/2)-2 (L/2)-1
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(L/2)-2
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where Ei(éx) is the fermionic creation (annihilation)
operator at site x and ﬁx =i, —% with 71, = 816)(, L the
system size, and N = (L/2) the number of fermions.

We consider three different cases: (i) The noninteracting
Aubry-André-Harper (AAH) model, obtained from H
with V=0, t, =2, and h, = Wcos(2zx¢ + a), where
¢ = (1 ++/5/2); a is a random phase uniformly distrib-
uted in [0,27]. The AAH model has a metal-insulator
transition at W, =2 (extended phase for W < W, and
localized phase for W > W _.). The localization length close
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to the transition diverges as &, ~ log=!(W/2) [28]. (ii) The
noninteracting Anderson model [29], given by V =0,
t, = 1, and {h,} independent random variables uniformly
distributed in [-W,W]. In the Anderson model, all the
single-particle eigenstates are exponentially localized, and
Eloe ~ W2 in the weak disorder regime [30]. (iii) The spinless
disordered -V chain, obtained from the Anderson model by
turning on the interaction with V = 1. This #-V chain is
believed to have a MBL transition at a critical disorder strength
W. = 3.5 [49,10,31] (extended or ergodic for W < W, and
localized for W > W) at an infinite temperature.

To study a spatially local perturbation of the Hamiltonian
H, we define

H, = H + 2eny, (1)

with € > 0. A central object studied in this work is the LE
[32-37], which in related forms has already been studied in
disordered systems [11,38-41]:

£1) = [yl e

)l ()

To understand how states deviate in their local properties if
evolved with H and H,, we study the difference of the local
density profile (DLDP) [41,42], defining

D(t) =) [dp(x.1)] (3)

with

itH, ﬁxe—thE

w). (4)

Moreover, we are interested in the long-time behavior of
D(t), which quantifies the long-time relative temporal
fluctuations

Sp(x,1) = (wle™ e [yr) — (yle

[T
Dy, = Th_r&? | dsD(s). (5)

For the initial state |y), we choose a product state in the
occupation basis (JY_, ¢} |0)) (charge density wave state),
which is easy to realize in experiments [14]. The strength of
the perturbation ¢ is set equal to 0.1, so € < {#;,, W, V}. We
would like to emphasize that, in contrast to Refs. [41,42],
we consider sudden quenches at infinite temperatures,
which as we will show exhibit very different physics.
The average over disorder is indicated with an overline
[43], e.g., f)(t).

Noninteracting models.—In this section, we study the
LE and the DLDP for the AAH and Anderson models. We
compute the LE for these models using a free fermion
technique [44], which permits us to inspect large system
sizes for long times. Figures 1(a)-1(c) show the LE in the
two phases of the AAH and in the Anderson model. In the
extended phase of the AAH model (W = 1.5), the LE
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FIG. 1. (a),(b) Behavior of —log £(¢) for the AAH model in the
extended phase (W = 1.5) [L(t) ~e™"] and in the localized
phase for several values of W [L(¢) ~ t77]. In the localized phase,
t and L(t) have been properly rescaled to underline the time scale
on which the decays starts and the behavior of the exponent of the
algebraic decay f. (c) —log L(t) for the Anderson model for
several values of W; here also a rescaling has been done on ¢ and
L(t). (d),(e) The approximate formula £,(¢) for the two non-
interacting models and for the same values of W. The averages
have been performed over 5000 random configurations of disorder.

decays exponentially as £(t) ~ e, revealing the strong
effect of local small perturbations. In the localized phase for
both models (AAH and Anderson model), the LE decays
algebraically in time as L(f) ~ 7. Note that, in both
phases, the long-time saturation value is exponentially
small in system size, i.e., £(t — oo) ~ e, Still, the
two phases can be distinguished through the decay of
the LE as a function of time.

For the localized phase, Figs. 1(b) and 1(c) also show the
relation between the exponent f and the microscopic
parameter of the Hamiltonian (W), with a good collapse
of the curves. For the Anderson model, we observe
p « W2, indicating that 8 is proportional to &, at least
in the weak disorder limit. For the AAH model, we find the
scaling # o« [Wlog(W/2)]~!. Thus, f3 is again proportional
to the localization length &,. on approaching the metal-
insulator transition to leading order. The rescaled time in
the LE deserves particular attention: The time scale for the
onset of the algebraic decay is proportional to the locali-
zation length, which on approaching the metal-insulator
transition shifts to infinity in the thermodynamic limit.
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We now present an analytical argument supporting the
algebraic decay of the LE in the localized phase. In the
Lehmann representation, the LE reads

(5)> 2

£6) =" twln)nlme) fmlyeEED L (6)

where E, (|n)) and EY (Im,)) are the eigenvalues (eigen-
vectors) of A and H ., respectively. The simple picture is that,
in the localized phase, the local perturbation causes an
exponentially weak dephasing of the energies of the unper-
turbed Hamiltonian with respect to the perturbed one,
inducing the decay of the LE. The following approximations,
which are equivalent to a first-order expansion in € [45],
permit us to estimate the behavior of the LE and relate the
power-law exponent S to the localization length. We con-
firmed this relation close to the metal-insulator transition
with exact numerics. First, we assume that the behavior of
the LE is not affected by the choice of the initial product
state. Our second approximation is that the perturbation
affects only the eigenenergies but not the eigenstates.

The first approximation allows us to replace the overlap
with the initial state |y) in Eq. (6) with a normalized trace
over the entire Hilbert space. The second approximation
implies (n|m.) = &, ,. Finally, evaluating the energy differ-

ence £, — E,(f) using the first-order perturbation theory in €,

E,—EY ~ e(n|fg|n), we can express the result in a closed
form:

La(t) = [ ] cos?[elp; (0) 1], (7)
=1

where {¢;(0)} are the single-particle wave functions evalu-
ated at the center of the chain. The subscript A underlines
that this is an approximate formula. Since all single-particle
eigenstates are exponentially localized, after an appropriate
relabeling of the index j, we assume that [¢;(0)|* ~

[e=U/8) /£]. Thus, the only factors that contribute signifi-
cantly are the ones where €|¢;(0)|*t ~ 1:

&log (et/€)

La(t)~ H

J=1

cos? [elp; (0)[21] ~ (%’) “ow®)

with ¢ > 0. The last row of Figs. 1(c) and 1(d) shows the
algebraic decay with time of the LE from Eq. (7) as
L4(t) ~ t7P4 for the two models and several values of W.
Surprisingly, despite being a perturbative expansion in e,
L 4 () reproduces the algebraic decay of the LE also for long
times. The exponents 4 and  have the same dependence on
the microscopic parameter W in the vicinity of the critical
point, namely, 3,34 ~ W2 as W — 0 for the Anderson model
and f,B4~log™'(W/2) as W—2 for the AAH model.
Indeed, as shown in Figs. 1(d) and 1(e), 4 is proportional
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FIG.2. D(t) for the AAH model in the two phases for different
L.(a) W = 1.5, D(1) ~ 1%, while its inset shows Dy, as a function
of L (Dy, ~/L). (b) W = 2.5, D(t) ~ log” t, and its inset shows
D, ~ L. The averages have been performed over 2500 random
configurations of disorder.

to the localization length (B4  &). For the Anderson
model, the deviation with increasing disorder strength W is
just a sign that the perturbative expansion for &, is breaking
down. Moreover, the approximate formula Eq. (8) describes
well the rescaling of time, given by ¢ — (et/¢).

Next, we probe the effect of local perturbation on the
dynamics of local observables by studying D(t). Figure 2
shows D(t) for two different values of W for the AAH
model. In the extended phase with W = 1.5, D(t) shows an
algebraic growth with time, D() ~ 1%, a ~ 0.6 for W = 1.5.
The saturation point in time of D(¢) is consistent with the
scale v/L [inset, Fig. 2(a)] with the system size, indicating
that in the long-time limit the average over index sites of the
DLDP (D, /L) relaxes algebraically with the system
size [46].

In the localized phase, D(t) has a loglike slow growth,
D(t) ~log*t with a= 1.3 for W = 2.5, so the effect of
local perturbations on the dynamics is exponentially slow
in time. Moreover, Dy, ~ L [inset, Fig. 2(b)], so that the
relaxation of D, /L never takes place.

Spinless t-V chain.—Having shown that the LE captures
the salient features of the metal-insulator transition in the
AAH model, we now study £(z) for the interacting spinless
t-V chain that has a MBL transition. We perform the time
evolution using full diagonalization for small system size
L < 16 and using the Chebyshev integration technique [47]
for larger L (18 < L < 24). Figure 3 shows the behavior of
the LE for the interacting model for different values of
disorder strength W. The enhanced decay compared with
the noninteracting problem is also shown in Fig. 3.
Nevertheless, in the localized phase, the LE still decays
algebraically as in the localized phase of the noninteracting
models. For W = 6, the function —[log £(¢)/1] [inset,
Fig. 3(c)] does not present any systematic dependence
on the system size, indicating that the algebraic decay could
be the asymptotic thermodynamic behavior. In the ergodic
phase with W = 1, the LE decays at least exponentially

with time, and the function —[log £(¢)/¢] does not decay for
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FIG. 3. The panels show —log £(¢) for different values of disorder strength W. (a) The system is in the ergodic phase W = 1, and the
LE decays at least exponentially fast with time. (b) An intermediate disorder strength W = 2, —log £(¢)/t (inset) forms a plateau with
time which is enlarging with the system size, showing that the range of times for which the LE decays exponentially fast is expanding.
(c) The system is in the localized phase W = 6, and the LE decays algebraically with time. We also show the LE for the noninteracting
case (V = 0) for the largest system size in each panel (L = 24 for W = 1,2 and L = 20 for W = 6). The averages have been performed

over 10* random configurations for system size L < 14 and 5000 for L = 16 and 2500 for larger system sizes.

times in which the decay of the LE is not affected by finite
size effects [inset, Fig. 3(a)]. Figure 3(b) also shows an
intermediate disorder value W = 2, at which the function

—[log L(1)/1] develops a plateau with respect to 7, like in
the extended phase, after which a slower decay sets in. This
plateau is enlarging with increasing system size, which may
indicate that in the thermodynamic limit ergodicity will be
completely restored and the LE will decay exponentially
with 1.

We now study the effects of perturbations in the dynamics
of local observables by studying the DLDP. Figure 4 shows
D(t) in the interacting model for two values of W. We give
evidence that the behavior of D(¢) in the ergodic phase for
long times is drastically different from the noninteracting
case: @(t) is not a monotonic function of ¢ [inset, Fig. 4(a)].
For short times, D() grows to a maximum value from which
it starts to decay to a finite L-dependent value. The non-
monotonic behavior is intimately connected with the ther-
malization of the system. Indeed, the long-time expectation
values of local observables for thermal systems at an infinite

0@ w=1 (b) W=6

~0— L=8 L=20
—-— L=12 L=24
—o— L=16 " A
-1 & o—Orov0
S -2 4
B . # S
—_ & 8
¢ Eos g =z
-3 —0.9L4 5 6 7 8 9 10
B (TR - log()
t P
1.2 —t— L=10 -+ L=14
o 107 10 102 107 10° 108

t t

FIG. 4. D(t) for the spinless disorder ¢-V chain for different L
and two values of W. (a) W = 1; the inset shows D(t) for L = 24
to underline its nonmonotonic dependence on ¢. (b) W = 6; the
inset shows D, /L as a function of L, and it decays exponentially
fast with L, (D /L) ~ (%)7". The averages have been performed
over 10* random configurations for system size L < 14 and 5000
for L = 16 and 2500 for larger system sizes.

temperature should be unchanged if the system is locally
perturbed. The average time in which the decay of D(¢) starts
defines a time scale 7; this is roughly the time at which D(t)
changes concavity and starts to decrease. For times much
larger than 7z, the expectation value of a local observable is
given by the expectation value over a many-body random
state (eigenstate thermalization hypothesis at an infinite
temperature), so that [5p(x, 1 3> 7)| ~ (L) ~ e(r1oe 2L,
In the localized phase, the finite size effects become
more important, and for smaller system sizes it could seem
that D(¢) [48] has an unbounded slow growth similar to the
localized phases for the noninteracting models. However, a
careful analysis shows that the saturation value is merely an
exponential decay such as in the extended phase, consistent
with Dy, ~ L(L)7 [inset, Fig. 4(b)]. Compared with the
ergodic phase, in the localized phase the exponent y is
small, so that, for the considered system sizes, the behavior
of D, is dominated by the linear prefactor L. In the
thermodynamic limit, we expect that the final shape will be

similar to the one in the ergodic phase, so that D(¢) will
eventually also decay with time at long times. Note that the
time scale at which this decay will take place is extremely
large; the limitation on the system size does not allow us to
estimate an upper bound of the time scale z, which leaves
open the possibility that  might shift to infinity with
increasing L. The behavior of Dy, in the localized phase is
reminiscent of the long-time “volume-law” saturation of
the entanglement entropy S(¢) after a quantum quench. The
distinction between the ergodic and the MBL phase lies
only in the numerical value of the prefactor in front of the
saturation value of S(7) [49,50], while the scaling with L is
the same in both phases (volume law).

Conclusion.—In this work, we probed the effects of
local perturbations on the dynamics of several disordered
systems by studying the LE and the DLDP. First, with a
combination of analytical arguments and exact numerical
simulations, we showed that the LE in the localized phase
decays algebraically in time. Furthermore, we found,

016802-4



PRL 119, 016802 (2017)

PHYSICAL REVIEW LETTERS

week ending
7 JULY 2017

for the noninteracting models, that the exponent of the
algebraic decay is proportional to the single-particle locali-
zation length, which diverges at the metal-insulator tran-
sition. In the extended phase, the LE decays exponentially
fast with time. The faster exponential decay in the extended
phase compared with the algebraic decay in the localized
phase implies that time irreversibility is more strongly
manifested in the extended phase than in the localized
phase, at least for local perturbations. Second, we studied
the DLDP for the same models, and we found that the long-
time behavior saturates algebraically with the system size in
the extended phase of the Aubry-André-Harper model,
while it never relaxes for the noninteracting localized
phase. For the DLDP in the spinless disordered #-V chain,
the relaxation is exponential in system size in both phases:
In the ergodic phase this is due to thermalization, while in
the MBL phase it could be due to the interaction-induced
dephasing mechanism, which also explains the long-time
saturation values of the entanglement entropy after a
quantum quench. The study of the change in the expect-
ation values of local observables when the system is
perturbed gives a different perspective concerning time
irreversibility as opposed to the LE. Indeed, the long-time
expectation value of local observables in a thermal system
at an infinite temperature should be unchanged if the
system is locally perturbed. We give numerical evidence
that this also happens in the MBL phase.
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Burin, T. Grover, J.-M. Stephan, S. Roy, and S. Tomsovic
for several illuminating discussions. This work was
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through Grants No. PO 1370/2-1 and by the Deutsche
Forschungsgemeinschaft via the Gottfried Wilhelm Leibniz
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Note added.—Recently, we have become aware of related
works on the LE in the MBL phase [51,52].

[1] D. Basko, I. Aleiner, and B. Altshuler, Ann. Phys.
(Amsterdam) 321, 1126 (2006).

[2] 1. V. Gornyi, A.D. Mirlin, and D. G. Polyakov, Phys. Rev.
Lett. 95, 206603 (2005).

[3] M. Znidari¢, T. Prosen, and P. Preloviek, Phys. Rev. B 77,
064426 (2008).

[4] A. Pal and D. A. Huse, Phys. Rev. B 82, 174411 (2010).

[5] E. Canovi, D. Rossini, R. Fazio, G. E. Santoro, and A. Silva,
Phys. Rev. B 83, 094431 (2011).

[6] A.D. Luca and A. Scardicchio, Europhys. Lett. 101, 37003
(2013).

[71 Y. Bar Lev and D. R. Reichman, Phys. Rev. B 89, 220201
(2014).

[8] J. A. Kjill, J. H. Bardarson, and F. Pollmann, Phys. Rev.
Lett. 113, 107204 (2014).

[9] S. Bera, H. Schomerus, F. Heidrich-Meisner, and J. H.
Bardarson, Phys. Rev. Lett. 115, 046603 (2015).

[10] D.J. Luitz, N. Laflorencie, and F. Alet, Phys. Rev. B 91,
081103 (2015).

[11] D. Roy, R. Singh, and R. Moessner, Phys. Rev. B 92,
180205 (2015).

[12] R. Singh, J. H. Bardarson, and F. Pollmann, New J. Phys.
18, 023046 (2016).

[13] A.L. Burin, Phys. Rev. B 92, 104428 (2015).

[14] M. Schreiber, S.S. Hodgman, P. Bordia, H. P. Liischen,
M. H. Fischer, R. Vosk, E. Altman, U. Schneider, and I.
Bloch, Science 349, 842 (2015).

[15] J. Smith, A. Lee, P. Richerme, B. Neyenhuis, P. W. Hess, P.
Hauke, M. Heyl, D. A. Huse, and C. Monroe, Nat. Phys. 12,
907 (2016).

[16] J.-y. Choi, S. Hild, J. Zeiher, P. Schauf}, A. Rubio-Abadal, T.
Yefsah, V. Khemani, D. A. Huse, I. Bloch, and C. Gross,
Science 352, 1547 (2016).

[17] P. Bordia, H. P. Liischen, S.S. Hodgman, M. Schreiber, L.
Bloch, and U. Schneider, Phys. Rev. Lett. 116, 140401 (2016).

[18] H.P. Liischen, P. Bordia, S. Scherg, F. Alet, E. Altman, U.
Schneider, and 1. Bloch, arXiv:1612.07173.

[19] A. Peres, Phys. Rev. A 30, 1610 (1984).

[20] T. Gorin, T. Prosen, T.H. Seligman, and M. Znidari¢,
Phys. Rep. 435, 33 (2006).

[21] W. S. Bakr, J. I. Gillen, A. Peng, S. Folling, and M. Greiner,
Nature (London) 462, 74 (2009).

[22] J.F. Sherson, C. Weitenberg, M. Endres, M. Cheneau, I.
Bloch, and S. Kuhr, Nature (London) 467, 68 (2010).

[23] M. Knap, A. Shashi, Y. Nishida, A. Imambekov, D. A.
Abanin, and E. Demler, Phys. Rev. X 2, 041020 (2012).

[24] A.J. Daley, H. Pichler, J. Schachenmayer, and P. Zoller,
Phys. Rev. Lett. 109, 020505 (2012).

[25] H. Pichler, L. Bonnes, A.J. Daley, A. M. Luchli, and P.
Zoller, New J. Phys. 15, 063003 (2013).

[26] E. A. Martinez, C. A. Muschik, P. Schindler, D. Nigg, A.
Erhard, M. Heyl, P. Hauke, M. Dalmonte, T. Monz, P.
Zoller, and R. Blatt, Nature (London) 534, 516 (2016).

[27] P. Jurcevic, H. Shen, P. Hauke, C. Maier, T. Brydges, C.
Hempel, B. P. Lanyon, M. Heyl, R. Blatt, and C. F. Roos,
arXiv:1612.06902.

[28] S. Aubry and G. André, Ann. Isr. Phys. Soc. 3, 133 (1980).

[29] P. W. Anderson, Phys. Rev. 109, 1492 (1958).

[30] B. Derrida and E. Gardner, J. Phys. (Paris) 45, 1283 (1984).

[31] G. De Tomasi, S. Bera, J. H. Bardarson, and F. Pollmann,
Phys. Rev. Lett. 118, 016804 (2017).

[32] F. Pollmann, S. Mukerjee, A.G. Green, and J. E. Moore,
Phys. Rev. E 81, 020101 (2010).

[33] B. Déra, R. Lundgren, M. Selover, and F. Pollmann, Phys.
Rev. Lett. 117, 010603 (2016).

[34] B. Doéra, F. Pollmann, J. Fortdgh, and G. Zarand, Phys. Rev.
Lett. 111, 046402 (2013).

[35] P.R. Levstein, G. Usaj, and H. M. Pastawski, J. Chem. Phys.
108, 2718 (1998).

[36] F. M. Cucchietti, D. A.R. Dalvit, J. P. Paz, and W. H. Zurek,
Phys. Rev. Lett. 91, 210403 (2003).

[37] P. Jacquod, P. G. Silvestrov, and C. W.J. Beenakker, Phys.
Rev. E 64, 055203 (2001).

[38] Y. Adamov, I. V. Gornyi, and A. D. Mirlin, Phys. Rev. E 67,
056217 (2003).

016802-5


https://doi.org/10.1016/j.aop.2005.11.014
https://doi.org/10.1016/j.aop.2005.11.014
https://doi.org/10.1103/PhysRevLett.95.206603
https://doi.org/10.1103/PhysRevLett.95.206603
https://doi.org/10.1103/PhysRevB.77.064426
https://doi.org/10.1103/PhysRevB.77.064426
https://doi.org/10.1103/PhysRevB.82.174411
https://doi.org/10.1103/PhysRevB.83.094431
https://doi.org/10.1209/0295-5075/101/37003
https://doi.org/10.1209/0295-5075/101/37003
https://doi.org/10.1103/PhysRevB.89.220201
https://doi.org/10.1103/PhysRevB.89.220201
https://doi.org/10.1103/PhysRevLett.113.107204
https://doi.org/10.1103/PhysRevLett.113.107204
https://doi.org/10.1103/PhysRevLett.115.046603
https://doi.org/10.1103/PhysRevB.91.081103
https://doi.org/10.1103/PhysRevB.91.081103
https://doi.org/10.1103/PhysRevB.92.180205
https://doi.org/10.1103/PhysRevB.92.180205
https://doi.org/10.1088/1367-2630/18/2/023046
https://doi.org/10.1088/1367-2630/18/2/023046
https://doi.org/10.1103/PhysRevB.92.104428
https://doi.org/10.1126/science.aaa7432
https://doi.org/10.1038/nphys3783
https://doi.org/10.1038/nphys3783
https://doi.org/10.1126/science.aaf8834
https://doi.org/10.1103/PhysRevLett.116.140401
http://arXiv.org/abs/1612.07173
https://doi.org/10.1103/PhysRevA.30.1610
https://doi.org/10.1016/j.physrep.2006.09.003
https://doi.org/10.1038/nature08482
https://doi.org/10.1038/nature09378
https://doi.org/10.1103/PhysRevX.2.041020
https://doi.org/10.1103/PhysRevLett.109.020505
https://doi.org/10.1088/1367-2630/15/6/063003
https://doi.org/10.1038/nature18318
http://arXiv.org/abs/1612.06902
https://doi.org/10.1103/PhysRev.109.1492
https://doi.org/10.1051/jphys:019840045080128300
https://doi.org/10.1103/PhysRevLett.118.016804
https://doi.org/10.1103/PhysRevE.81.020101
https://doi.org/10.1103/PhysRevLett.117.010603
https://doi.org/10.1103/PhysRevLett.117.010603
https://doi.org/10.1103/PhysRevLett.111.046402
https://doi.org/10.1103/PhysRevLett.111.046402
https://doi.org/10.1063/1.475664
https://doi.org/10.1063/1.475664
https://doi.org/10.1103/PhysRevLett.91.210403
https://doi.org/10.1103/PhysRevE.64.055203
https://doi.org/10.1103/PhysRevE.64.055203
https://doi.org/10.1103/PhysRevE.67.056217
https://doi.org/10.1103/PhysRevE.67.056217

PRL 119, 016802 (2017)

PHYSICAL REVIEW LETTERS

week ending
7 JULY 2017

[39] J. D. Bodyfelt, M. C. Zheng, T. Kottos, U. Kuhl, and H.-J.
Stockmann, Phys. Rev. Lett. 102, 253901 (2009).

[40] M. Serbyn, M. Knap, S. Gopalakrishnan, Z. Papié, N.Y.
Yao, C.R. Laumann, D. A. Abanin, M. D. Lukin, and E. A.
Demler, Phys. Rev. Lett. 113, 147204 (2014).

[41] D.-L. Deng, J. H. Pixley, X. Li, and S. Das Sarma, Phys.
Rev. B 92, 220201 (2015).

[42] V. Khemani, R. Nandkishore, and S. L. Sondhi, Nat. Phys.
11, 560 (2015).

[43] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.119.016802 for addi-
tional data on the dependence of the initial state and on
the perturbation strength e.

[44] 1. Peschel and V. Eisler, J. Phys. A 42, 504003 (2009).

[45] N.R. Cerruti and S. Tomsovic, J. Phys. A 36, 3451
(2003).

[46] In Supplemental Material [43], we provide an analytical
argument of a lower bound of the scaling with L for Dy,.

[47] A. WeiBe, G. Wellein, A. Alvermann, and H. Fehske, Rev.
Mod. Phys. 78, 275 (2006).

[48] See Supplemental Material at for additional data for D(¢) in
the ergodic and MBL phase.

[49] J. H. Bardarson, F. Pollmann, and J. E. Moore, Phys. Rev.
Lett. 109, 017202 (2012).

[50] M. Serbyn, Z. Papi¢, and D. A. Abanin, Phys. Rev. Lett.
110, 260601 (2013).

[51] M. Serbyn and D. A. Abanin, arXiv:1701.07772.

[52] J. Yang and A. Hamma, arXiv:1702.00445.

016802-6


https://doi.org/10.1103/PhysRevLett.102.253901
https://doi.org/10.1103/PhysRevLett.113.147204
https://doi.org/10.1103/PhysRevB.92.220201
https://doi.org/10.1103/PhysRevB.92.220201
https://doi.org/10.1038/nphys3344
https://doi.org/10.1038/nphys3344
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.016802
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.016802
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.016802
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.016802
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.016802
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.016802
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.016802
https://doi.org/10.1088/1751-8113/42/50/504003
https://doi.org/10.1088/0305-4470/36/12/334
https://doi.org/10.1088/0305-4470/36/12/334
https://doi.org/10.1103/RevModPhys.78.275
https://doi.org/10.1103/RevModPhys.78.275
https://doi.org/10.1103/PhysRevLett.109.017202
https://doi.org/10.1103/PhysRevLett.109.017202
https://doi.org/10.1103/PhysRevLett.110.260601
https://doi.org/10.1103/PhysRevLett.110.260601
http://arXiv.org/abs/1701.07772
http://arXiv.org/abs/1702.00445

