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Ergodic inclusions in many-body localized systems
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We investigate the effect of ergodic inclusions in putative many-body localized systems. We consider the
random field Heisenberg chain, which is many-body localized at strong disorder and we couple it to an ergodic
bubble, modeled by a random matrix Hamiltonian. Recent theoretical work suggests that localized systems are
unstable to ergodic bubbles, driving the delocalization transition. We tentatively confirm this by numerically
analyzing the response of the on-site purities to the insertion of the bubble. For a range of intermediate disorder
strengths, this response decays very slowly, or not at all, with increasing distance to the bubble. This suggests
that at those disorder strengths, the system is actually delocalized in the thermodynamic limit. However, the
signal is quite weak and artefacts in the numerics cannot be ruled out conclusively.
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Introduction. The discovery that noninteracting particles
in a disorder potential can become completely immobile by
Anderson in 1958 [1] has created a new field of study, which
became enormously active in the last decade after it was
predicted that this localized phase could persist in the pres-
ence of interactions, leading to a perfect insulator at any
temperature [2—7]. While it is difficult to realize such sys-
tems in condensed matter experiments due to the presence of
phonons, many-body localized (MBL) systems were realized
in synthetic quantum matter [8—10]. It was first suggested
that the interplay of interaction and disorder gives rise to a
nonequlibrium phase transition between a thermal phase at
weak disorder, which satisfies the eigenstate thermalization
hypothesis (ETH) [11-14] and a many-body localized phase
at strong disorder. Such a transition would be unparalleled
in equilibrium [15-22]. A large body of theoretical work
now supports the picture that the many-body localized phase
is characterized by an emergent complete set of quasilocal
integrals of motion [23,24], which are fully consistent with
the observed phenomenology of area law entanglement in all
many-body eigenstates [25-27], as well as with the logarith-
mic post-quench entanglement production [28-31].
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Recently, however, the stability of the insulating phase in
the thermodynamic limit has been put into question, gen-
erating a debate on MBL as a phase of matter [32-45].
Some works suggest that the critical disorder might be way
higher than what was expected [37,38,46-48], others even
predict an infinite critical disorder in the thermodynamic limit
[35,39,40,43,49]. As a matter of fact, quantum simulations
have shown MBL signatures in systems with a few tens of par-
ticles [8,10,50,51], thus today’s experiments can only access a
MBL regime that asymptotically, in time and system size, may
or may not thermalize. One central aspect in this debate is the
delocalization transition mechanism and the crossover behav-
ior in finite systems, whose understanding is still incomplete.
In the vicinity of the transition, anomalously slow dynamics
was observed [52-56], which was related to anomalous ther-
malization behavior [26,57-60], and a theoretical description
based on rare insulating inclusions was proposed [16,61,62].
It remains, however, unclear how this picture can be recon-
ciled with the observation of slow dynamics in quasiperiodic
potentials [19,55,63]. It was also proposed that the many-
body resonances are driving the slow dynamics in this
regime [64].

It was pointed out in Ref. [65] that many-body localized
systems are unstable under certain conditions toward thermal
inclusions by a mechanism dubbed “avalanche” [66,67], and
such a transition as a function of the localization length was
confirmed numerically in idealized models [68,69], also tai-
lored to address implications for the instability of MBL in
higher dimensions [65,70,71]. Current activities now focus
on the identification of this mechanism driving the transition
in more realistic models [40,72—75] and experiments [76,77].
This is challenging and so far direct evidence for the avalanche
mechanism in standard MBL models is still lacking. In this
work, we directly address the issue of avalanches in a standard
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FIG. 1. System setup: A spin chain (blue) is coupled to an er-
godic bubble (red). The spins at site 0 and L — 1 are both coupled
to the bubble with coupling strength g, such that both “ends” of the
chain are symmetric. In order to make the bubble perfectly thermal,
its Hamiltonian is given by a random GOE matrix, while the spin
chain corresponds to a XXZ spin 1/2 model in the presence of
a random field coupled to local S’f operators and nearest neighbor
interactions.

MBL model and consider a thermal inclusion coupled to a
disordered spin chain.

Model. We study the random field XXZ chain, modeled
by the Hamiltonian Hxxz (“the chain”) coupled to an ergodic
(or “thermal”) bubble with Hamiltonian Ry. The setup for the
model is illustrated in Fig. 1. The total Hamiltonian is of the
form

[-7 = ﬁXXZ X 1 + 1 ® ﬁo + choupling~ (1)

Here the first factor of the tensor product refers to the chain
and the second factor refers to the thermal bubble. The XXZ
Hamiltonian acts on L spins labeled by i =0, ..., L — 1;

L-2 L—1
o =93 (35750 + 8750) + M85 ]+ Y hss.
i=0 i=0

@)

where we have taken the random fields i; € [—W, W] drawn
from a box distribution. We consider the isotropic point A =
1. All parameters are measured in J = 1 units. The coupling
term reads

Hcoupling = (Sé ® 1) . (:i ® ﬁ]) . (3‘271 [ '/1\)
+iSteoh-doR) -G, @1)+Hel, (3)

where the matrices Ifll,l =0, 1,2 are independent random
matrices from the Gaussian Orthogonal Ensemble (GOE),
with a scaled bandwidth defined by

4
2
where norm(0,1) are normal random variables with zero mean
and unit variance. The dimension ngog of the random matrices
controls the power of the ergodic bubble; here we use ngog =
3,4,5,6, 8. B is areal variable that controls the band width of
the random matrices and is chosen such that the level mixing
(reflected in the overall gap ratio) is maximal for the largest
possible range of parameters (see the Supplemental Material
(SM) in [78] for more details).

Note that the ergodic bubble is coupled to spins O and
L — 1, thus closing the chain into a ring. Therefore, both ends
of the chain are symmetric and the longest distance from the
bubble corresponds to the spin situated at the middle of the
chain i = |L/2]. We also note that the coupling in Eq. (3) of

Ri = = (A +AT) g Rooexnaoe - A = norm(0,1),  (4)

the bubble to the chain is chosen such that all terms preserve
the total spin S, = Zf;ol S’f in the chain. This allows us to re-
strict our study to the largest sector of the Hilbert space, given
by S, =0 for L even and S; = 1 for L odd, with a Hilbert
space of dimension d = d(L, ngog) = nGOE(l_LI;Z J). We per-
form massively parallel shift-invert diagonalization [79,80]
for computing eigenstates close to the exact spectral center
of each sample given by (Emax + Emin)/2, With (Emin)Emax
being the (anti)ground state energy. We confront results for
our system with a thermal bubble, Eq. (1) with the isolated
XXZ chain Eq. (2).

Numerical protocol. We consider two types of observ-
ables. First, we compute the r, parameter of adjacent
energy gaps in the middle of the spectrum given by r, =
min($,, 8,+1)/max(8,, §,+1) [5], with §, = E,+; — E,. Here
E, 1,E, E,.1 are consecutive energy levels of the XXZ
chain, and the system with a bubble, respectively. This param-
eter is useful to distinguish the ergodic and localized phase in
a simple way.

Second, we use the single site purity y; = Tr(p?), where
pi = Tryz—y(|n)(n]) is the reduced density matrix on a single
site i for a given eigenvector |n). Due to the U (1) symmetry
of the model, y; can be conveniently expressed via the matrix
element (n|S7|n) as (a brief analysis of these matrix elements
is presented in the SM in [78])

vi = 2(n|S¢n)* + 1. S

In a fully ergodic system, the ETH and random matrix theory
predict that y; — 1/2 ~ d~"/? where d is the total Hilbert
space dimension d ~ O(el), for states |n) chosen at maximal
entropy [14]. The matrix elements (n|S7|n) by themselves
show qualitative signatures of thermalization, see the SM in
[78] for a short discussion.

In models where ergodicity is induced from boundary ef-
fects, as it presumably happens in the case investigated here,
one should be more careful and write y; — 1/2 ~ de_ff'l/ % where
defr,; 1s the effective dimension, see [26] and the SM in [78].
In contrast, in a localized system, we expect y; to depend
substantially on the state |n) and the disorder realization, and
we expect the average j; to be given by a volume-independent
value, tending to one as W — oo. For each disorder realiza-
tion, we use 50,...,100 eigenstates |n) and for each set of model
parameters at least 2000 disorder realizations of the fields A;
and bubble Hamiltonian R;.

Shift of MBL transition in the interacting chain. In an
infinitely long disordered chain, it should not matter whether
we add a thermal bubble or not, because thermal Griffiths
regions acting as ergodic patches are expected to be present
anyhow. In a chain of moderate size, we expect that a substan-
tial fraction of samples appears to be localized simply by lack
of ergodic regions. This would lead to a shift of the apparent
critical disorder value W, for short chains if one compares the
isolated chain to our model where we add a bubble by hand.
In Fig. 2, we compare the disorder averaged gap ratio 7 of ad-
jacent energy gaps in the middle of the spectrum given of the
isolated XXZ chain (right) to the XXZ chain-bubble system
(left) as a function of disorder strength W for different system
sizes L. Using the crossing of 7 of size L and L + 2 as a proxy
for the apparent critical point at this length scale, the inset
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FIG. 2. Average gap ratio [5] 7 for the disordered field XXZ spin
chain of size L coupled to a thermal bubble of size ngor = 4 (left)
and the same system without bubble and chain length L 4 2 (right).
Inset: Pairwise crossing of gap ratio 7(W) as function of 1/L for both
systems.

suggests that it is indeed the case that the crossings appear at
slightly larger disorder strengths in the presence of the bubble.
However, due to large statistical uncertainty, it is far from clear
whether this is a significant signal. Even if it were significant,
finite-size effects render the crossing analysis an unreliable
way to pin down the critical point precisely.

Change of local ergodicity in interacting chains. We inves-
tigate the one-site purities y; as a measure of local ergodicity.
Throughout this paper, we consistently use the labels “lo-
calized” and “thermal” as inferred from the crossing point
of 7 (see Fig. 2), i.e., with the critical point at W =~ 3.5—4,
even though recent works locate the transition at larger W
[37,38,43,47]. Inspecting the average purities in the presence
and absence of the thermal bubble (see Fig. 3) is clear that
the effect of the bubble at long distance is rather small and
subtle. Therefore, it is useful to first map out what the theory
of quantum avalanches predicts.

Theoretical background. For a simple avalanche model of
our setup, we assume the existence of an apparent localization
length &, describing the system in absence of the bubble, and
anumber p giving the probability that the bubble can kickstart
a thermalization process in its near vicinity, see Ref. [69] for
a detailed discussion and arguments why p < 1 in our setup.
A simple model, based on an unrealistic dichotomy between
ergodicity and localization, leads (see the SM in [78]) to the
following very rough prediction:

7 —1/2)~ (1 = p)(1 — e ) (Fxxz10) + pdg 2. (6)

with j; the average purity at site i and yxxz the average purity
in the bubbleless system. For p = 0, we recover a perfectly
localized system, whereas for p = 1, the system is ergodic but
the average purity still increases with i, because the effective
dimension d.g; depends on the distance to the bubble. This
effective dimension is defined as

deff,i = 6—21'/5 diherm » @)
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FIG. 3. Purity y; as function of the distance from the bubble for
different disorder strengths W. Left (Right) panel shows system size
L =16 (L = 18) and ngog = 4. Horizontal shaded areas correspond
to the yxxz in the absence of the bubble with L + 2 chain length
compared to the bubble-chain system.

with diperm the total Hilbert space dimension of the thermal
region, given by

1
1-§/6x
— ] "GoE

if
dtherm - ! g = f*

ZLYZGOE lfé: > f*,

where &, = 1/log?2 is the critical localization length. Accord-
ing to the above formula Eq. (6), there are two regimes in
which yxxz — 7; does not decay to zero, or only very slowly.

(i) & > &,. Here, the bubble thermalizes a fraction p of
samples, resulting in a shift yxxz — % which remains finite
as i — oo, even though it decreases due to the decrease of
e,

(ii) & approaches &, from below. Then yxxz — 7 — 0 at
large i, but the decay is arbitrarily slow when £ — &,, because
the decay of deg; is arbitrarily slow.

In practice, (i) and (ii) are of course hard to distinguish.
Large distance behavior. In Fig. 3, we indeed see a sign of
influence of the bubble that does not, or only very slowly,
decay with distance from the bubble. We observe that the
purity in the presence of the bubble seems to tend to an
asymptotic value that is significantly lower than the value
for the bubbleless system. This seems to be the case up to
disorder strength W = 5.6—6, after which the signal, i.e., the
difference yxxz — 7:, becomes comparable to the error bars.

Combining this with the theoretical analysis above, we see,
hence, that our results are compatible with disorder strengths
up to W = 5.6—6 being in the delocalized regime. Since this
delocalization is realized only in a small fraction of samples,
i.e., p < 1, there is no surprise that our crossing analysis does
not exhibit any sizable shift.
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FIG. 4. Average purity y; at fixed distance i = 5 from the bubble
plotted as function of system size L for different disorder strengths
W. Left panel: XXZ spin chain of length L with bubble of size
neoe = 4. Right panel: XXZ Heisenberg chain of size L. Average
is taken over disorder realizations and eigenstates.

We will analyze this further below, but let us first note that
it is far from clear whether our system sizes are large enough
to speculate about the limit i — oco. Indeed, in Fig. 4, we
investigate the dependence of the purity at fixed distance on
increasing system size L. We see that for disorder values at
and above W = 5.2, the purity ys is actually increasing with
increasing system size. This is an effect that is not even ac-
counted for in our model equation and it should be interpreted
as a sign that finite-size effects are still important (see the SM
in [78] for further analysis).

Another way to look for thermalization induced by the
bubble is through correlations between different sites of the
chain. In that spirit we look at statistical correlations between
two purities y; and y;. Those are defined as

Cr) = (vo — y;?iyr - Vr)’ @®)

where y; — j; captures the purity fluctuations around its mean
and O'l-2 = (y; — ¥;)?* is the variance of the purity at site i. The
quantity C(r) is the Pearson correlation coefficient between
purities at sites next to the bubble (i = 0) and sites at dis-
tance r from that spin with » =0, 1, ..., L/2. This quantity
for different disorder and system size is shown in Fig. 5.
Interestingly, for W = 4.4 the bubble seems to be enhancing
correlations compared to the bubbleless case. This effect is
even growing with system size and it persists for W = 5.2
and, up to some extent, for W = 6.0. The latter is possibly a
quantitative witnessing of a small fraction p of avalanching
samples. Certainly, the purity correlation C(r) seems to be

L=16

L = 14 bubble |
‘B L=18
+ L =16 bubble
T L=20

-+ L =18 bubble |

FIG. 5. Average purity correlation C(r) as function of the dis-
tance from the bubble for disorder strengths W = 4.4, 5.2, 6.0, 8.0.
Dashed lines correspond to bubbleless system of size L + 2 while
solid lines to bubble-full system of size L.

better in capturing the weak correlations due to avalanching
samples than the bare purity ;.

Since the signals that we observe, the difference in yxxz —
7; and the correlations in Fig. 5, are rather small; there is
the concern that they might be caused by some artefact. For
example, even in a well-localized system, in the absence of
any avalanches, the purity-purity correlation C(r) from Eq. (8)
has a nonzero limit as » — oo of order % with C # in
the high-disorder limit W — oo, see the SM for more details.
While we do not see any clear mechanism how this might
pollute our analysis, we find it hard to exclude it.

Conclusion. We have studied the effect of ergodic inclu-
sions modeled by local random matrices in disordered spin
chains of up to 20 sites. We report little or no drift of the
thermal-to-localized transition in the average level spacing
compared to the bubbleless case, which was also observed
in similar settings [72]. We also investigate long distance
effects of the bubble by looking at functions of the local
magnetization expectation value, in this case the purity and its
fluctuations. There, we have numerically witnessed a poten-
tially divergent, long wavelength, response of an apparently
localized chain (as estimated by ED studies like [79]) to an
ergodic bubble. The effect is weak and not unambiguous, but
it is compatible with the avalanche theory proposed in earlier
works. Importantly, such weak correlations may be influenced
by spurious long-range correlations due to the U (1) symmetry
(see the SM in [78]), although we can not confirm this from
our numerics.

Recent studies also point out weak but persisting correla-
tions produced by many-body resonances in the same disorder
regime we study [37,47]. Our results suggest that the bubble is
effectively enhancing such weak correlations when the system
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looks well localized in average. However it is yet not clear
how to directly relate the observed signal with the many-body
resonances.

Acknowledgments. L.C. gratefully acknowledges funding
by the U.S. ARO Grant No. W911NF-21-1-0007. All state-
ments of fact, opinion, or conclusions contained herein are
those of the authors and should not be construed as repre-
senting the official views or policies of the US Government.

This project was supported by the Deutsche Forschungsge-
meinschaft (DFG) through the cluster of excellence ML4Q
(EXC 2004, Project ID 390534769). We further acknowl-
edge support from the QuantERA II Programme that has
received funding from the European Union’s Horizon 2020
research innovation programme (GA 101017733), and from
the Deutsche Forschungsgemeinschaft through the project
DQUANT (Project ID 499347025).

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

[2] L. Fleishman and P. W. Anderson, Phys. Rev. B 21, 2366
(1980).

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

[4] D. M. Basko, L. L. Aleiner, and B. L. Altshuler, Ann. Phys. 321,
1126 (2006).

[5] V. Oganesyan and D. A. Huse, Phys. Rev. B 75, 155111 (2007).

[6] J. Z. Imbrie, J. Stat. Phys. 163, 998 (2016).

[7]1 J. Z. Imbrie, Phys. Rev. Lett. 117, 027201 (2016).

[8] M. Schreiber, S. S. Hodgman, P. Bordia, H. P. Liischen, M. H.
Fischer, R. Vosk, E. Altman, U. Schneider, and 1. Bloch,
Science 349, 842 (2015).

[9] H. P. Liischen, P. Bordia, S. S. Hodgman, M. Schreiber, S.
Sarkar, A. J. Daley, M. H. Fischer, E. Altman, 1. Bloch, and
U. Schneider, Phys. Rev. X 7, 011034 (2017).

[10] 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).

[11] J. M. Deutsch, Phys. Rev. A 43, 2046 (1991).

[12] M. Srednicki, Phys. Rev. E 50, 888 (1994).

[13] M. Rigol, V. Dunjko, and M. Olshanii, Nature (London) 452,
854 (2008).

[14] L. D’Alessio, Y. Kafri, A. Polkovnikov, and M. Rigol,
Adv. Phys. 65, 239 (2016).

[15] R. Nandkishore and D. A. Huse, Annu. Rev. Condens. Matter
Phys. 6, 15 (2015).

[16] R. Vosk, D. A. Huse, and E. Altman, Phys. Rev. X 5, 031032
(2015).

[17] D. A. Abanin and Z. Papié, Ann. Phys. 529, 1700169 (2017).

[18] J. Z. Imbrie, V. Ros, and A. Scardicchio, Ann. Phys. 529,
1600278 (2017).

[19] D. J. Luitz and Y. B. Lev, Ann. Phys. 529, 1600350 (2017).

[20] K. Agarwal, E. Altman, E. Demler, S. Gopalakrishnan, D. A.
Huse, and M. Knap, Ann. Phys. 529, 1600326 (2017).

[21] F. Alet and N. Laflorencie, C. R. Phys. 19, 498 (2018).

[22] D. A. Abanin, E. Altman, I. Bloch, and M. Serbyn, Rev. Mod.
Phys. 91, 021001 (2019).

[23] M. Serbyn, Z. Papi¢, and D. A. Abanin, Phys. Rev. Lett. 111,
127201 (2013).

[24] D. A. Huse, R. Nandkishore, and V. Oganesyan, Phys. Rev. B
90, 174202 (2014).

[25] B. Bauer and C. Nayak, J. Stat. Mech. (2013) P09005.

[26] D. J. Luitz, Phys. Rev. B 93, 134201 (2016).

[27] X. Yu, D. J. Luitz, and B. K. Clark, Phys. Rev. B 94, 184202
(2016).

[28] G. D. Chiara, S. Montangero, P. Calabrese, and R. Fazio, J. Stat.
Mech. (2006) PO3001.

[29] M. Znidarié, T. Prosen, and P. Preloviek, Phys. Rev. B 77,
064426 (2008).

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

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

[32] D. A. Abanin, J. H. Bardarson, G. De Tomasi, S.
Gopalakrishnan, V. Khemani, S. A. Parameswaran, F.
Pollmann, A. C. Potter, M. Serbyn, and R. Vasseur, Ann. Phys.
427, 168415 (2021).

[33] R. K. Panda, A. Scardicchio, M. Schulz, S. R. Taylor, and M.
Znidari¢, Europhys. Lett. 128, 67003 (2020).

[34] R. Ghosh and M. Znidari¢, Phys. Rev. B 105, 144203 (2022).

[35] M. Kiefer-Emmanouilidis, R. Unanyan, M. Fleischhauer, and J.
Sirker, Phys. Rev. B 103, 024203 (2021).

[36] D. J. Luitz and Y. B. Lev, Phys. Rev. B 102, 100202 (2020).

[37] A. Morningstar, L. Colmenarez, V. Khemani, D. J. Luitz, and
D. A. Huse, Phys. Rev. B 105, 174205 (2022).

[38] D. Sels, Phys. Rev. B 106, L020202 (2022).

[39] D. Sels and A. Polkovnikov, Phys. Rev. E 104, 054105 (2021).

[40] D. Sels and A. Polkovnikov, Phys. Rev. X 13, 011041 (2023).

[41] P. Sierant, D. Delande, and J. Zakrzewski, Phys. Rev. Lett. 124,
186601 (2020).

[42] J. guntajs, J. Bonca, T. Prosen, and L. Vidmar, Phys. Rev. B
102, 064207 (2020).

[43] J. Suntajs, J. Bon&a, T. Prosen, and L. Vidmar, Phys. Rev. E
102, 062144 (2020).

[44] P. Sierant, M. Lewenstein, and J. Zakrzewski, Phys. Rev. Lett.
125, 156601 (2020).

[45] P. Sierant and J. Zakrzewski, Phys. Rev. B 105, 224203 (2022).

[46] F. Weiner, F. Evers, and S. Bera, Phys. Rev. B 100, 104204
(2019).

[47] P. Crowley and A. Chandran, SciPost Phys. 12, 201 (2022).

[48] E. V. H. Doggen, F. Schindler, K. S. Tikhonov, A. D. Mirlin,
T. Neupert, D. G. Polyakov, and I. V. Gornyi, Phys. Rev. B 98,
174202 (2018).

[49] F. Evers, I. Modak, and S. Bera, Phys. Rev. B 108, 134204
(2023).

[50] S. Kondov, W. McGehee, W. Xu, and B. DeMarco, Phys. Rev.
Lett. 114, 083002 (2015).

[51] M. Gong, G. D. de Moraes Neto, C. Zha, Y. Wu, H. Rong,
Y. Ye, S. Li, Q. Zhu, S. Wang, Y. Zhao, F. Liang, J. Lin, Y.
Xu, C.-Z. Peng, H. Deng, A. Bayat, X. Zhu, and J.-W. Pan,
Phys. Rev. Res. 3, 033043 (2021).

[52] Y. Bar Lev, G. Cohen, and D. R. Reichman, Phys. Rev. Lett.
114, 100601 (2015).

[53] K. Agarwal, S. Gopalakrishnan, M. Knap, M. Miiller, and E.
Demler, Phys. Rev. Lett. 114, 160401 (2015).

LO81117-5


https://doi.org/10.1103/PhysRev.109.1492
https://doi.org/10.1103/PhysRevB.21.2366
https://doi.org/10.1103/PhysRevLett.95.206603
https://doi.org/10.1016/j.aop.2005.11.014
https://doi.org/10.1103/PhysRevB.75.155111
https://doi.org/10.1007/s10955-016-1508-x
https://doi.org/10.1103/PhysRevLett.117.027201
https://doi.org/10.1126/science.aaa7432
https://doi.org/10.1103/PhysRevX.7.011034
https://doi.org/10.1038/nphys3783
https://doi.org/10.1103/PhysRevA.43.2046
https://doi.org/10.1103/PhysRevE.50.888
https://doi.org/10.1038/nature06838
https://doi.org/10.1080/00018732.2016.1198134
https://doi.org/10.1146/annurev-conmatphys-031214-014726
https://doi.org/10.1103/PhysRevX.5.031032
https://doi.org/10.1002/andp.201700169
https://doi.org/10.1002/andp.201600278
https://doi.org/10.1002/andp.201600350
https://doi.org/10.1002/andp.201600326
https://doi.org/10.1016/j.crhy.2018.03.003
https://doi.org/10.1103/RevModPhys.91.021001
https://doi.org/10.1103/PhysRevLett.111.127201
https://doi.org/10.1103/PhysRevB.90.174202
https://doi.org/10.1088/1742-5468/2013/09/P09005
https://doi.org/10.1103/PhysRevB.93.134201
https://doi.org/10.1103/PhysRevB.94.184202
https://doi.org/10.1088/1742-5468/2006/03/P03001
https://doi.org/10.1103/PhysRevB.77.064426
https://doi.org/10.1103/PhysRevLett.109.017202
https://doi.org/10.1103/PhysRevLett.110.260601
https://doi.org/10.1016/j.aop.2021.168415
https://doi.org/10.1209/0295-5075/128/67003
https://doi.org/10.1103/PhysRevB.105.144203
https://doi.org/10.1103/PhysRevB.103.024203
https://doi.org/10.1103/PhysRevB.102.100202
https://doi.org/10.1103/PhysRevB.105.174205
https://doi.org/10.1103/PhysRevB.106.L020202
https://doi.org/10.1103/PhysRevE.104.054105
https://doi.org/10.1103/PhysRevX.13.011041
https://doi.org/10.1103/PhysRevLett.124.186601
https://doi.org/10.1103/PhysRevB.102.064207
https://doi.org/10.1103/PhysRevE.102.062144
https://doi.org/10.1103/PhysRevLett.125.156601
https://doi.org/10.1103/PhysRevB.105.224203
https://doi.org/10.1103/PhysRevB.100.104204
https://doi.org/10.21468/SciPostPhys.12.6.201
https://doi.org/10.1103/PhysRevB.98.174202
https://doi.org/10.1103/PhysRevB.108.134204
https://doi.org/10.1103/PhysRevLett.114.083002
https://doi.org/10.1103/PhysRevResearch.3.033043
https://doi.org/10.1103/PhysRevLett.114.100601
https://doi.org/10.1103/PhysRevLett.114.160401

COLMENAREZ, LUITZ, AND DE ROECK

PHYSICAL REVIEW B 109, L081117 (2024)

[54] D.J. Luitz, N. Laflorencie, and F. Alet, Phys. Rev. B 93, 060201
(2016).

[55] H. P. Liischen, P. Bordia, S. Scherg, F. Alet, E. Altman, U.
Schneider, and I. Bloch, Phys. Rev. Lett. 119, 260401 (2017).

[56] T.L.M. Lezama, S. Bera, and J. H. Bardarson, Phys. Rev. B 99,
161106 (2019).

[57] D.J. Luitz and Y. Bar Lev, Phys. Rev. Lett. 117, 170404 (2016).

[58] S. Roy, Y. B. Lev, and D. J. Luitz, Phys. Rev. B 98, 060201
(2018).

[59] L. A. Colmenarez, P. A. McClarty, M. Haque, and D. J. Luitz,
SciPost Phys. 7, 064 (2019).

[60] M. Znidari¢, A. Scardicchio, and V. K. Varma, Phys. Rev. Lett.
117, 040601 (2016).

[61] S. Gopalakrishnan, K. Agarwal, E. A. Demler, D. A. Huse, and
M. Knap, Phys. Rev. B 93, 134206 (2016).

[62] A. C. Potter, R. Vasseur, and S. Parameswaran, Phys. Rev. X 5,
031033 (2015).

[63] Y. B. Lev, D. M. Kennes, C. Klockner, D. R. Reichman, and C.
Karrasch, Europhys. Lett. 119, 37003 (2017).

[64] D. M. Long, P. J. D. Crowley, V. Khemani, and A. Chandran,
Phys. Rev. Lett. 131, 106301 (2023).

[65] W. De Roeck and F. Huveneers, Phys. Rev. B 95, 155129
(2017).

[66] W. De Roeck and J. Z. Imbrie, Philos. Trans. R. Soc. A 375,
20160422 (2017).

[67] T. Thiery, F. Huveneers, M. Miiller, and W. De Roeck,
Phys. Rev. Lett. 121, 140601 (2018).

[68] D. J. Luitz, F. Huveneers, and W. De Roeck, Phys. Rev. Lett.
119, 150602 (2017).

[69] P. J. D. Crowley and A. Chandran, Phys. Rev. Res. 2, 033262
(2020).

[70] P. Ponte, C. R. Laumann, D. A. Huse, and A. Chandran,
Philos. Trans. R. Soc. A 375, 20160428 (2017).

[71] L-D. Potirniche, S. Banerjee, and E. Altman, Phys. Rev. B 99,
205149 (2019).

[72] M. Goihl, J. Eisert, and C. Krumnow, Phys. Rev. B 99, 195145
(2019).

[73] G. De Tomasi, I. M. Khaymovich, F. Pollmann, and S. Warzel,
Phys. Rev. B 104, 024202 (2021).

[74] Y.-T. Tu, D. Vu, and S. Das Sarma, Phys. Rev. B 107, 014203
(2023).

[75] Y.-T. Tu, D. Vu, and S. D. Sarma, Phys. Rev. B 108, 064313
(2023).

[76] A. Rubio-Abadal, J.-Y. Choi, J. Zeiher, S. Hollerith, J. Rui, I.
Bloch, and C. Gross, Phys. Rev. X 9, 041014 (2019).

[77] J. Léonard, S. Kim, M. Rispoli, A. Lukin, R. Schittko, J.
Kwan, E. Demler, D. Sels, and M. Greiner, Nat. Phys. 19, 481
(2023).

[78] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.109.L081117 for details about the numer-
ical calculations, analysis on additional data, details about
the avalanche theory prediction in our model and analytical
calculation of the purity correlaton in the infinite disorder
limit.

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

[80] F. Pietracaprina, N. Macé, D. J. Luitz, and F. Alet, SciPost Phys.
5, 045 (2018).

LO81117-6


https://doi.org/10.1103/PhysRevB.93.060201
https://doi.org/10.1103/PhysRevLett.119.260401
https://doi.org/10.1103/PhysRevB.99.161106
https://doi.org/10.1103/PhysRevLett.117.170404
https://doi.org/10.1103/PhysRevB.98.060201
https://doi.org/10.21468/SciPostPhys.7.5.064
https://doi.org/10.1103/PhysRevLett.117.040601
https://doi.org/10.1103/PhysRevB.93.134206
https://doi.org/10.1103/PhysRevX.5.031033
https://doi.org/10.1209/0295-5075/119/37003
https://doi.org/10.1103/PhysRevLett.131.106301
https://doi.org/10.1103/PhysRevB.95.155129
https://doi.org/10.1098/rsta.2016.0422
https://doi.org/10.1103/PhysRevLett.121.140601
https://doi.org/10.1103/PhysRevLett.119.150602
https://doi.org/10.1103/PhysRevResearch.2.033262
https://doi.org/10.1098/rsta.2016.0428
https://doi.org/10.1103/PhysRevB.99.205149
https://doi.org/10.1103/PhysRevB.99.195145
https://doi.org/10.1103/PhysRevB.104.024202
https://doi.org/10.1103/PhysRevB.107.014203
https://doi.org/10.1103/PhysRevB.108.064313
https://doi.org/10.1103/PhysRevX.9.041014
https://doi.org/10.1038/s41567-022-01887-3
http://link.aps.org/supplemental/10.1103/PhysRevB.109.L081117
https://doi.org/10.1103/PhysRevB.91.081103
https://doi.org/10.21468/SciPostPhys.5.5.045

