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Probing the onset of quantum avalanches in a many-body—localized system
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Strongly correlated systems can exhibit unex-
pected phenomena when brought in a state far
from equilibrium. An example is many-body lo-
calization, which prevents generic interacting sys-
tems from reaching thermal equilibrium even at
long times [1, 2]. The stability of the many-
body—localized phase has been predicted to be
hindered by the presence of small thermal inclu-
sions that act as a bath, leading to the delocal-
ization of the entire system through an avalanche
propagation mechanism [3H8]. Here we study the
dynamics of a thermal inclusion of variable size
when it is coupled to a many-body—localized sys-
tem. We find evidence for accelerated transport
of the thermal inclusion into the localized region.
‘We monitor how the avalanche spreads through
the localized system and thermalizes it site by
site by measuring the site-resolved entropy over
time. Furthermore, we isolate the strongly cor-
related bath-induced dynamics with multipoint
correlations between the bath and the system.
Our results have implications on the robustness
of many-body localized systems and their critical
behavior.

One of the founding principles of statistical physics is
that a generic macroscopic system can equilibrate on its
own. This means that local fluctuations of energy, mag-
netization, or particle density can relax towards thermal
equilibrium because interactions allow different parts of
the system to serve as reservoirs to each other. This uni-
versal picture has been challenged by the idea of many-
body localization (MBL), which suggests that systems
with strong disorder can evade thermalization even in the
presence of interactions [II, 2, OHT5]. In one-dimensional
systems, a stable MBL phase can be argued as follows:
matrix elements of local operators decay exponentially
with separation between two points, whereas the density
of states increases exponentially with the system size.
For strong disorder, matrix elements can thus be argued
to decay faster than the density of states increases, ulti-
mately inhibiting relaxation.

However, the existence of MBL remains a subject of
debate, since it is unclear when those conditions are ful-
filled [I6H24]. For instance, by introducing a small re-
gion with weak disorder, part of the system may be de-
localized and thus give rise to local operators with non-
exponential decay [25H36]. Those local weakly disordered
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FIG. 1. Bath-induced quantum avalanches. a, Two sce-
narios at an interface of a thermal bath (clean) and a localized
(disordered) region: the bath penetrates logarithmically slow
and localization remains robust (left), or an avalanche ther-
malizes the disordered region site by site (right). b, Fluores-
cence pictures of a two-dimensional Mott insulator at unity
filling, and of the initialized one-dimensional system of L sites.
Projected optical potentials isolate the system and apply site-
resolved offsets onto the disordered region (blue). ¢, Proto-
col. The initial state is brought far from equilibrium through
a quantum quench by abruptly enabling tunneling along all
neighbouring links, then evolved under the Hamiltonian, un-
til we detect the site-resolved atom number with a fluores-
cence picture. d, The system’s dynamics are governed by
the Bose-Hubbard model with tunneling energy J and on-site
interaction energy U, extended by a disorder potential with
amplitude W in the disordered region.

regions occur naturally in randomly disordered systems,
when potential offsets on consecutive lattice sites acci-
dentally coincide [25] 28] 29| 37, [38]. The dynamics in
MBL systems in the presence of a thermal region have
been predicted to occur in so-called quantum avalanches,
which imply that these regions grow by absorbing nearby



disordered regions [3H7]. Under which conditions quan-
tum avalanches can arise, run out of steam, or propa-
gate without halt determines the fate of MBL at long
evolution times. Their understanding is thus closely con-
nected to discerning thermalization in interacting many-
body systems.

Perturbative bath-induced relaxation can often be cap-
tured in the context of Fermi’s golden rule (Fig. [Th, left).
In this picture, the relaxation rate I'; = g2 ppasn of site
1 is given by the product of the bath’s density of states
Pbath and the coupling rate g; Je*i/&“, where &joc
is the localization length of the MBL system, and J is
the tunneling rate between neighbouring sites. Conse-
quently, within a perturbative description MBL remains
robust against a local bath, with a bath penetration into
the MBL region that increases logarithmically in time.

Quantum avalanches, in contrast, are predicted to
emerge from dynamics beyond this simple picture (Fig.
, right). A more accurate description ought to take into
account that the density of states of the bath grows when
the first disordered site thermalizes and hence merges
with the bath. This feedback effect enhances the relax-
ation rate I'; for the next MBL sites, giving rise to accel-
erated bath penetration into the MBL region faster than
a logarithmic in time. Eventually, these non-perturbative
relaxation processes may lead to a full delocalization of
the system if the density of states grows faster than the
decay in the coupling rates.

Studying quantum avalanches within disordered sys-
tems remains a challenge due to both the statistical
rareness of a sufficiently large thermal inclusion, and the
large time scales over which the inclusion spreads through
the system. Consequently, theoretical approaches of-
ten consider disordered systems that are locally coupled
to a thermal bath that represents the rare region [5].
Within this canonical setting, several signatures have
been proposed to identify quantum avalanches through
their short-term dynamics, including a speedup com-
pared to a logarithmic spreading [7], and a backaction
on the bath [3]. However, high demands in local control
have so far hindered their experimental observation.

In this work we explore the dynamics of an MBL sys-
tem coupled to a thermal inclusion (Fig. and observe
phenomena that suggest the presence of non-perturbative
avalanche processes. Our experimental protocol starts
by preparing a Mott-insulating state with one 3"Rb
atom on each site of a two-dimensional optical lattice
(Fig.[Tb) (SI). The system is placed in the focus of a high-
resolution imaging system through which we project site-
resolved repulsive potentials on individual lattice sites.
We isolate a one-dimensional system of L lattice sites
from the Mott insulator and add potential offsets to the
lattice sites. At this point, the system remains in a prod-
uct state of one atom per lattice site. We then perform a
quantum quench by abruptly reducing the lattice depth
(Fig.). The subsequent non-equilibrium dynamics are

described by the Bose-Hubbard Hamiltonian:

H=—T) (ajam + h.c.)
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where ! (a;) is the creation (annihilation) operator for a
boson on site 4, and n; = a}ai is the particle number op-
erator. The first term describes the tunneling between all
neighboring lattice sites, and the second term represents
the on-site repulsive interactions. The last term intro-
duces a site-resolved energy offset. We set h; = 0 for all
lattice sites in the clean region of size Ljean, whereas the
energy offsets in the disordered region of size Lg;s follow
a quasi-periodic disorder distribution h; = cos(278i + ¢)
with 1/8 =~ 1.618, phase ¢ and amplitude W. The quasi-
periodic distribution avoids nearby lattice sites to co-
incidentally have similar energy offsets, which inhibits
the presence of secondary rare regions within the disor-
dered region (SI) [39]. After a variable evolution time,
we read out the site-resolved atom number by fluores-
cence imaging. The applied unitary evolution preserves
the initial purity of 99.1(2)% per site [13], [40]. All ob-
servables are averaged over 200 disorder realizations with
different ¢. The tunneling time 7 = A/J = 4.3(1) ms
(with the reduced Planck constant %), the interaction
strength U = 2.87(3) J, and the number of disordered
sites Lgis = 6 remain constant in all experiments.

We first use the full site-resolved readout of our mi-
croscope to investigate the local transport dynamics in
the system. The connected density-density correlations
(Rifj)e = (Nifj) — (N;)(n;) detect correlations between
the particle numbers on site ¢ and j [15]. Negative val-
ues of (7;7n;). signal anti-correlated density fluctuations,
and thus particles motion between the involved sites
(Fig.). In the following, we consider a system with
Lejean = 6 at disorder strength W = 9.1 J after differ-
ent evolution times T after the quantum quench. At the
beginning of the evolution (T' = 07), we do not detect
any correlations, because the initial state is a product
state. After short evolution times (T' < 7L), we observe
the buildup of spatially dependent anti-correlations in
the system. Within the clean region all lattice sites de-
velop mutual anti-correlations, signaling delocalized par-
ticles. In contrast, the anti-correlations in the disordered
region remain short-ranged, indicating localized parti-
cles. These properties overall persist up to long evolution
times (7" > 7L). In order to quantify the separate dy-
namics in the clean and the disordered region, we extract
the mean of the off-diagonal correlations within each re-
gion (Fig.[2b). Within few tunneling times the clean re-
gion has reached its steady state and starts to act as a
thermal bath to the disordered region.

For long evolution times (T° > 7L) we additionally
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FIG. 2. Accelerated transport across the clean-disorder interface. a, Density correlations for all pairs of sites in a
system consisting of Leiean = Ldis = 6 at disorder strength W = 9.1 J. After a quantum quench, an uncorrelated initial state
(left) develops separate dynamics within each subsystem (center), followed by slow particle transport across the clean-disorder
interface (grey dashed lines) for evolution times > Leiean, Lais (right). Cuts show the total density correlations g‘® (i) of
the clean region with site 7 (i.e. average of top six rows, excluding diagonal entries), featuring homogeneous coupling among
the clean sites, and approximately exponentially decaying anti-correlations with the distance of the disordered site from the
interface. b, The mean (red data points) and the s.d. (error bars) of the off-diagonal correlations within the clean region reach
a steady state within few tunneling times. c, The decay length &4 of the total density correlations increases first logarithmically
in time and accelerates at long evolution times. For a smaller clean region of Leiean = 2, contrarily, the correlations continue
to grow logarithmically. Solid lines show the prediction from exact numerics without free parameters, shaded areas in panel b
show its s.d. (SI). Error bars in panels a and ¢ denote the s.e.m. (below the marker size in panel a).

observe the buildup of anti-correlations between lattice
sites in the clean and the disordered region, evidence for
transport dynamics across the interface (right panel in
Fig.). Each of the disordered sites is equally anti-
correlated to all clean sites, which confirms that the clean
region acts as a heat bath for the disordered region. Mo-
tivated by this picture, we extract the total correlations
of the clean region >,  (f;f;)c by taking the sum of
the correlations of each site with all clean sites (Fig.
cuts). The results are consistent with an exponential de-
cay with distance from the clean region, in agreement
with the Fermi golden rule picture of exponentially de-
caying couplings between bath and MBL.

While a static bath spectrum causes bath correlations
to penetrate MBL logarithmically in time, a signature of
the quantum avalanche is an accelerated increase, faster
than logarithmically in time. In order to test this picture,
we quantify the correlation decay into the disordered re-
gion by measuring the average distance 4 from the clean
region over which anti-correlations form (Fig.2k). At
short times the decay length &4 increases logarithmically
in time, but accelerates at long evolution times. We con-
trast this observation with a system with Leean = 2,
where the we do not find any accelerating transport dy-
namics.

We next examine the local thermalization dynamics
across the system. The site-resolved full atom number

readout enables us to measure the atom number distri-
bution on a site-resolved level (Fig.|3k). Lattice sites in
the clean region show a distribution corresponding to a
thermal ensemble, whereas lattice sites in the disordered
region show a distribution with enhanced probability for
one particle, the initial state of the system. We quan-
tify the site-resolved thermalization dynamics with the
entropy per particle s; = —3>_ p(n;)logp(n;)/(f;) on
site ¢ from the atom number distributions. We observe
reduced thermalization dynamics of the disordered sites
with increasing distance from the interface (Fig. [Bp,c).
Moreover, the data suggest that the dynamics are first
stationary until thermalization sets in with a delay that
is exponential in the site’s distance from the interface.
This picture is confirmed by our exact numerical calcu-
lations.

The accelerated transport suggests the long-term dy-
namics are driven by processes that go beyond a pertur-
bative coupling to the bath. We investigate this effect
through multipoint correlations [I5, [4I]. The presence
of non-zero three-point connected correlations (f;7;7).
signals the presence of entanglement among all involved
lattice sites, which cannot be explained in a perturbative,
semiclassical description. We evaluate the connected cor-
relations (f;7;fclean)c among two disordered sites 4, j
and a clean sites k, averaged over all possible k (Fig.).
We find a strong dependence on the involved disordered
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FIG. 3. Site-resolved thermalization dynamics. a, The
atom number probability distribution for the edge sites in
the clean region (left) and the disordered region (right), mea-
sured after 1007 in a system consisting of Lciean = Lais = 6
at disorder strength W = 9.1.J. b, Local entropy per par-
ticle s; = — Y pnlogpn/(n;) for selected disordered sites,
extracted from the atom number distribution on each site 3.
The entropy grows after a stationary evolution whose length
depends on the distance from the interface. For a smaller
clean region of L¢iean = 2, in contrast, the growth is absent.
Traces are vertically offset for better visibility. ¢, Local en-
tropy s;, offset by s;(17) for all disordered sites. Solid lines
(bars in panel a) show the prediction from exact numerics
without free parameters (SI). Error bars denote the s.e.m.
(below the marker size in panel a).

sites: close to the interface correlations correlations are
strong, whereas they become weaker for distant sites. We
quantify this behaviour by considering the correlations
as a function of the mean distance d = (i + j)/2 of the
two disordered sites from the clean region (Fig.). In-
deed, the correlations decrease with increasing distance
from the clean region, comparable to the decay length
&4. This demonstrates that the accelerated transport is
driven by many-body processes, a key property for quan-
tum avalanches. We quantify the presence of many-body
correlations at different disorder strengths by taking their
total average over all off-diagonal elements (Fig.,d).
The correlations are present throughout the covered dis-
order range with a maximum at intermediate strengths,
close to the estimated critical point of the system [I5].

In conclusion, we experimentally realized a clean-
disordered interface and studied the emerging thermal-
ization dynamics. We observed an accelerated intrusion
of the bath in the MBL system, its evolution to ther-
mal equilibrium site after site, and the many-body cor-
relations between the two subsystems — the hallmarks
of quantum avalanches. In future, our experiments can
be readily extended in many ways. For example, one
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FIG. 4. Bath-induced many-body correlations. a,

Three-point correlations (f;7;7). among pairs of disordered
sites ¢, 7 and one clean site k (summed over all clean sites
k) in a system with Lgean = Lais = 6 at disorder strength
W = 9.1J and evolution time 7" = 100(1). The presence
of multi-point correlations demonstrates non-perturbative dy-
namics: delocalization is driven through many-body processes
between the disordered region and the clean region. b, Av-
eraging over entries with equal mean distance d = (i 4 j)/2
from the clean region shows a decay of correlations with the
distance from the bath over several lattice sites, comparable
to the decay length &q. c, The average over all off-diagonal
entries displays a maximum for intermediate disorder for the
MBL-bath entanglement. Solid lines show the prediction from
exact numerics without free parameters (SI). Error bars de-
note the s.e.m.

could more systematically study the fate of quantum
avalanches as a function of bath size and localization
length. By increasing both the system size of the dis-
ordered region, one could explore the interplay at inter-
mediate disorder strengths in a quantitative way through
its scaling behaviour, i.e. by increasing the system size
at constant ratio of L¢jean and Lgis, which may provide
insight into the critical behaviour of the transition. An
interesting extension would also be the influence of the
statistical distribution of the disorder on the critical be-
haviour of the system. Furthermore, engineering other
heterostructures with quantum gas microscopes may pro-
vide an avenue to studying phenomena in the physics of
interfaces, or to building atomtronic devices.
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