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Abstract

Inspired by recent experiments on many-body localized systems coupled to an environment, we
apply a Flow Equation method to study the problem of a disorder chain of spinless fermions,
coupled via density-density interactions to a second clean chain of spinless fermions. In particu-
lar, we focus on the conditions for the onset of a many-body localized phase in the clean sector
of our model by proximity to the dirty one. We find that a many-body localization proximity
effect in the clean component is established when the density of dirty fermions exceeds a thresh-
old value. From the flow equation method we find that, similar to many-body localization in a
single chain, the many-body localization proximity effect is also described by an extensive set of
local integrals of motion. Furthermore, by tuning the geometry of the inter-chain couplings, we
show that the dynamics of the model is ruled, on intermediate time scales, by an emergent set of
quasi-conserved charges.

1. Introduction

The advent of cold gas experiments [1] has revitalized interest in fundamental questions of
quantum thermodynamics in isolated many-body systems. One of the most intriguing avenues of
research is the quest for non-ergodic phases of quantum matter. Examples range from integrable
models [2, 3] to quantum scars [4] and include the prominent example of ergodicity breaking by
strong disorder: many-body localization (MBL) [5, 6]
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MBL has been the subject of intense research activity in the last ten years; seminal works
have studied the problem both in a perturbation treatment [7, 8, 9] and with numerical meth-
ods [10, 11, 12], establishing that a localized phase, which exhibits absence of diffusion on long
time scales, can survive the presence of many body interactions. Interest in many-body localisa-
tion results from its rich phenomenology: unusual dynamical responses [13, 14], a novel pattern
of quantum entanglement [15, 16, 17, 18, 19], the possibility to host new types of order without
equilibrium counterpart [20, 21, 22, 23], and connections to the notion of quantum integrabil-
ity [15, 24, 25, 26, 27, 28, 29]. MBL systems possess an extensive set of quasi-local integrals
of motion, conserved by the unitary dynamics, and preventing full thermalization. Such local
degrees of freedom (called localized bits or 1-bits) can be constructed via a sequence of local
unitary transformations starting from a free Anderson insulator, and represents a form of quan-
tum integrability robust to perturbations. This property is at the basis of a mathematical proof
of the existence of the MBL phase for one-dimensional spin lattice systems with short-range
interactions [30].

MBL is nowadays investigated in experiments with cold gases [31, 32, 33, 34] and supercon-
ducting qubits [35]. The advent of MBL in experimental platforms poses naturally the question
of its robustness to the coupling with an external environment [36, 37]. A bath is expected to
provide sufficient energy and phase-space to facilitate the hopping in an otherwise localized sys-
tem [38, 39, 40, 41, 42, 43, 44, 45, 46]. On the other hand, a recent experiment [47] suggests that
the clean ’environment’ needs to reach a comparatively large density of particles with respect
to the dirty MBL system in order to act as a thermodynamic environment and induce ergodic
behavior. In order to render the problem treatable, the coupling between a quantum many body
system and a bath is usually assumed weak. The complementary regime, however, presents an
even more interesting scenario: when the back-action on the bath is strong, and the bath and
system are of comparable size, the *clean’ bath could localize by proximity to the dirty system —
a phenomenon called "MBL proximity effect’ [48, 49, 50].

Previous work has substantiated the existence of the "MBL’ proximity effect’ via perturbative
treatments [48, 50] and exact numerics on small system sizes [49], while to the best of our knowl-
edge there has been no attempt at constructing integrals-of-motion, or an /-bit Hamiltonian, for
"MBL proximity’ induced phases. Therefore, in this work we investigate the possibility of such a
construction by use of the Wegner-Wilson flow equation method [51]. Similar to renormalization
group approaches to the MBL problem([52, 53, 54, 55, 56, 57], the Wegner-Wilson flow equation
method[51] constructs a set flow equations implementing infinitesimal stepwise diagonalization
of the many-body Hamiltonian. When both the clean and dirty components of the system local-
ize, these equations describe a unitary transformation, in both clean and dirty components, to an
1-bit Hamiltonian which is diagonal in an extensive set of local conserved charges. By focusing
on this regime, one can make an ansatz of the 1-bit Hamiltonian that only includes a few relevant
many-body terms. Thus, in addition to being able to study regimes of strong system-bath cou-
pling, the flow equation method is also able to access system’s sizes beyond those treatable in
exact diagonalization, when disorder is sufficiently strong.

This approach allows us to establish the existence of the MBL proximity effect, and its con-
sistency with a diagonal /-bit Hamiltonian of local conserved charges, in a wide range of param-
eters. Of particular note, we identify a regime for the MBL proximity effect complementary to
the one explored in the experiment of Ref. [47]: above a certain critical density the dirty system
acts effectively as a source of disorder and induces an MBL phase into the clean component. We
also focus on novel physical regimes occurring when the geometry of the system-bath coupling
is modified. Specifically, we consider the case of a dirty chain of fermions, coupled every 6 > 1
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sites, to the clean one (see Fig. 6); the dirty chain acts as a distribution of impurities placed every
0 sites, cutting the clean chain into a sequence of emergent integrals of motions. These conserved
charges lead to non-ergodic dynamics on intermediate time scales but are destroyed when inter-
actions between conserved charges becomes effective. At these longer time scales, instead, the
dynamics cross over from non-ergodic behavior to thermal behavior.

1.1. Structure of the paper

We begin in section 2 with a review of the Wegner-Wilson flow Equation technique for a
single chain and discuss how such a technique provides access to local conserved charges and an
[-bit Hamiltonian. Then, in section 3, we generalize the approach for the two-chain problem and
detail how to identify the parameter space where the MBL proximity effect is reliably described
by an [-bit Hamiltonian. In section 4, we present the numerical solution to the flow equations
in the case of two chains of equal length. Here, we demonstrate the stability of the MBL prox-
imity effect, construct a qualitative phase diagram and present the numerically computed [-bit
couplings. In section 5, we describe in greater detail the truncations made by the two-chain /-bit
ansatz and sketch the derivation of the differential equations defining the FE unitary transfor-
mation. In section 6, we apply the method developed in the first sections to a novel geometry
for the system-bath coupling, and discuss a novel relaxation process. We conclude with a quick
overview on relevant experiments and possible future directions in section 7.

2. Flow Equation Approach For a Single Chain

The key idea of the FE approach is to introduce a family of unitary transformations, U (1),
parameterised by a "renormalization group’ scale, [, and generated by the anti-hermitian operator,
n(l), via the relation, U(l) = Tyexp ([ n(l)dl). The fixed point of the FE procedure in the
I — oo limit, is a diagonal Hamiltonian with dressed couplings. Operators, O(1), flow according
to the equation 42 = (1), O(l)]. A customary procedure for constructing () is to first separate
the Hamiltonian into its diagonal, Hy(l), and off-diagonal, V' (I) parts. Then, the generator is
constructed as n(l) = [Ho(l), V' (1)] which guarantees vanishing off-diagonal terms at the fixed
point, [ — oo [58]. Typically, the solution of an interacting quantum many-body system via
the FE approach would require a broad set of variational parameters keeping track of the nested
hierarchies of multi-particles correlations.

However, in the case of MBL systems, a guiding insight in fixing the variational ansatz for
the flow equations comes from the 1-bit picture [59, 60], which provides a method to numerically
solve the flow in an efficient way: only the first leading terms describing pairwise interactions
between the [-bits are retained, while higher order effects are truncated and discarded. This
represents an excellent description as long as the system is strongly localized. Given this ansatz
for H (1), the flow of the couplings is readily given by the solution of 42 = (), H(l)]. In other
words, the flow brings the Hamiltonian of a single disordered fermionic wire (for instance, Hy
in Eq. (2)) into an effectively diagonal one at the fixed point

H(oo) = Zhi(oo)ni +ZAij(oo)ninj. (1)

This, in turn, shows that the FE method effectively brings the Hamiltonian into an 1-bit basis, with

couplings between the integrals-of-motion that decay in space as A;;(00);; o< exp(—|i — j|/&).

The values of h;(c0) and A;;(co) depend on the specific disorder realization. Therefore, to
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Figure 1: Cartoon of the model described by the Hamiltonian (2). The MBL sector (bottom wire) acts as a source
of disorder to induce localization in the clean component (green sites). The two systems are coupled site by site via
inter-chain couplings (blue lines) of strength AZ.

consider disorder averaged quantities, the flow equations must be computed independently for
each disorder realization.

In addition to extracting the conserved charges and 1-bit Hamiltonian in Eq. 1, the FE method
can be used to approximate a crossover region from the MBL phase to a delocalized phase [60].
This region is identified with the parameter space where truncation error proliferates. These
errors indicate the departure from an MBL phase because they indicate that the true unitary
transformation must contain correlations between local degrees of freedom that are not captured
by the ansatz. Since the growth of correlation between local degrees of freedom is suggestive
of delocalization, the proliferation of truncation error is also indicative of a breakdown of the
MBL phase. In order to measure the truncation error, one calculates the so-called ’second in-
variant’ [60, 61], a quantity conserved by the exact unitary transformation. Since the truncation
breaks the unitarity of the flow, the truncation error is controlled by changes in second invariant.

By setting a small threshold for the change in the second invariant, a tight bound on the MBL
phase region can be identified with the parameter space where the truncation yields error within
the threshold. Such analysis performed on the single chain led gives a phase boundary consistent
with exact diagonalization [60]. We discuss the second invariant in detail as it pertains to the
MBL proximity effect in section 3.3.

3. Flow Equation Approach For Two Chains

3.1. The model

In this section we extend the flow equation method to the system depicted in Fig. 1. We
consider a system composed of two wires of interacting spinless fermions coupled via an inter-



chain density-density interaction of strength A’. The Hamiltonian of the system reads (cf. Fig. 1)
H = H°+H!'+H! )

H¢ = ZJZCjcjcj—i—ZAU nin
HY = ZJZ’édjd —&—ZA” 1n]d+2hn
ZAU 7 7

where the sums run over N, dirty sites in the Hamiltonian H? and over § x N clean sites (with
6 > 1) in the HamiltonianH¢. The fields, h;, are drawn from a uniform box distribution of
variance W, i.e. h; € [—W, W]; for sufficiently large W, the chain of fermions, d;, will be in
the MBL phase, and will act on the clean fermionic component, c;, as a source of disorder. Even
though we study a microscopic model that contains inhomogeneities only in the on-site fields,
h;, we write couplings in Eq. (2) with a generic dependence on spatial indices to emphasize that,
already at the first steps of integration of the flow equations, couplings can inherit an explicit
spatial dependence from the disordered fields.

HI

3.2. Two Chain Ansatz

Similar to the FE method for single chain MBL phase, the FE method for the two-chain prob-
lem aims to construct a unitary transformation, U (1) = T; exp ([ n(l)dl), that diagonalizes the
Hamiltonian Eq. 2. In both cases, an exact calculation would require keeping track of O(2V:2)
matrix elements and is therefore numerically unfeasible. As for the MBL phase in the single
chain problem, the local nature of the MBL proximity effect allows one to circumvent this issue
via an ansatz for the Hamiltonian, H(I) = UT(I)HU(l) at scale [ of the unitary transform. The
ansatz we use for the two-chain problem is H(I) = H(l) + V' (I) where

Ho(l) = H()+H()+H'(1) 3)

= ZA%(Z) ingnj Jrzi_li(l)
— k
ZA ndnd 4> R ng

k
:ZAij
ij
vy = U5 el + > I dld;,
ij ij

: A : denotes Wick Ordering [51], the fields h°(¥) are given below in Eqs. (4), and we will use
the convention that the first index in A!. refers to the clean chain. In the limit | — oo, V(1) — 0,
the fixed-point Hamiltonian, H (I — ©0), is diagonal in an extensive set of 1-bits localized on
both the clean and dirty sites.

As customary for flow equation methods [60, 51], we use Wick-ordered operators, : A :, with
respect to a reference state p. Wick ordering reduces errors in the truncated Hamiltonian H (1) for
the Hilbert space spanned by few particle excitations on top of the reference state p [5S1]. As done
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by Thomson et al. in [60], we choose a reference state with zero entanglement between local
degrees of freedom. This extreme locality condition serves a starting point for the FE unitary
transformation to capture the entanglement of the MBL proximity effect. The state p employed
is a Boltzmann distribution, p = e~ ©», with inverse temperature ©, chemical potentials
fixing particle densities (n?) and (n°), and Hamiltonian H,, = Y, (h{ — p®)n¢ — p°ng. The
choice of this state allows to easily control energy density, ©, and particle density distribution,
nd).

< l>3y Wick-ordering the Hamiltonian at flow time [ = 0, the clean and dirty chains pick up
effective fields, given by

ﬁf = h?—i—ZZAfj <n?>+ZA§z <n§>, @
; ,

J
= 30 () + AL (uf):
J J

where their distribution depends on the dirty chain density, (n?), the inter-chain coupling A,
and the disorder, W, in the dirty chain. From the expressions of the fields in Eq. (4), it is natural
to observe that, if the dirty chain is sufficiently disordered and the inter-chain couplings are
sizable, the clean chain will localize as result of the effective disordered field, i_Lf.

Note, the ansatz in (3) has the notational symmetry

c & d &)
I I
Aij > Aﬂ.

By exploiting this symmetry, it is easy to derive flow equations for operators of the dirty chain
from those of the clean one, and vice-versa. We will refer to terms (or equations) produced by
such symmetry transformations using the notion C' <+ D in the following.

3.3. Second Invariant and Phase Boundary Analysis

From the ansatz in Eq. 3, we can derive the FE generator n(l) = [Ho(l), V(l)]. Then, by
matching the truncated terms in the Heisenberg equation of motion, dH (1)/dl = [n(l), H(1)],
the truncated flow equations, a set of first order differential equations for the couplings,

T = {20 @D gD 1), kP ()}, (©)
can be derived
dar

where the 3 functions are order three polynomials in the couplings I" and their forms discussed
in detail in section 5. An [-bir Hamiltonian, H (I — o0), is retrieved by numerically evolving
Eq. 7 with initial conditions given by the bare physical couplings, evolved for large [. Deep in
the MBL proximity effect phase, these differential equations describe a unitary transform to a
diagonal Hamiltonian H (I — o0), and the unitary transformation described by 7(l), along with
the Hamiltonian H (co), can be used to predict dynamics of relevant observables [60, 51, 62].
When either chain delocalizes, the [-bit Hamiltonian ansatz will be an insufficient represen-
tation of the effective Hamiltonian, and the couplings 7(I) and H(oo) cannot be used to make
6



predictions. To detect the breakdown of the MBL proximity effect ansatz, we monitor the extent
that the truncated flow equations, Eq. 7, break unitarity. For this goal, we employ a quantity
known as the second invariant, see, for instance, previous work in Refs. [60, 61]. The second
invariant is the p = 2 case of a class of many invariants of the FE unitary transformation given
by Tr[H (I)P]. It is particularly easy to calculate for the spin systems and is given by:

Tr[HO? = > () + Q>+ AL+ Y (hp) )
ij,r=c,d k,r=c,d

We can then quantify the error made by a given ansatz by computing the change in the second
invariant:

6 =2 ] [ __) ) 9)

If 41 is small, then the MBL proximity effect ansatz in Eq. 3, and the approximations discussed
above, represent a reliable description and can be used to compute dynamics and the local con-
served 1-bits. On the other hand, when 47 is large, we have an indication that the ansatz fails and
that we cannot use the generator 7(1) nor the 1-bit Hamiltonian H (co) to make predictions.

By identifying a threshold for 1, we can find a tight bound on the phase boundary for the
MBL proximity effect. While the choice of threshold is arbitrary, by making it stringently small,
one can ensure that below that threshold the MBL proximity effect is properly captured. On the
other hand, if it is above that threshold, we must conclude that 1) the system is delocalized or, 2)
it is localized in an operator basis not captured by the ansatz. If 2) is the case, then, the operator
basis must contain either non-local operators or operators capturing stronger correlations. In
either case, a reasonably chosen threshold should yield an approximate boundary for the MBL
proximity effect.

4. Numerical Results For Equal Length Chains

4.1. MBL Proximity Effect

In this section, we present numerical results, for system sizes unattainable with exact diago-
nalization, that establish the validity of using an 1-bit Hamiltonian to describe the MBL proxim-
ity effect. . We study the model introduced in section 3.1 for two equal length chains of length
Ny = 24 (48 total sites), and numerically solve the differential flow equations, Eq. 7. For this
model, the initial couplings are given as:

(= 0) = (o
(300 - Uit
Afj(l =0) = Alsy,
TP =0) = TG00+ 0040),
rl=0) = hi+2> ALI=0) +ZA (150
J

(1 =0) = QZAfj(Z:O)<n§>+ZAij(l:O) nj>}



where h¢ is drawn from a box distribution in the interval, [~ W, W], and clean and dirty number

densities are computed with respect to the Wick ordering reference state, <nz(d)> = Tr[pnz(d)].

We focus on the limit in which the disordered system would be strongly localized and vary the
inter-chain coupling, clean chain hopping strength and reference state parameters. Therefore, we
set W = 60, A? = J% = 0.1, and vary the parameters A’, J¢, (n?)(u?) and ©. By setting
A° = 0.1, we also focus our attention to the limit in which the clean intra-chain coupling is
weak.

The exact form of the truncated flow-equations are given in AppendixC and discussed in
section 5. For a fixed configuration of h¢, the truncated flow equations are numerically evolved

for a sufficiently long flow-time such that 1) the hoppings, ij(d)(l), have become sufficiently
small, and 2) there is no appreciable change in the flow of any other coupling. The evolution
is repeated for different random instances of h¢, and we present the disorder average of the
asymptotic (I — oo) couplings.

In analogy to a single disordered chain, we define an effective disorder parameter as W¢ =
AT/2.J¢ and work in a limit in which the clean chain is expected to be strongly localized: Al =
45, J¢ = 0.1, ® = 0.3 and <nd> = 0.5 (i.,e. W° = 225). We choose such a strong effective
disorder to benchmark the method and isolate the effects of varying different parameters. Solving
the numerical flow equations (see AppendixD for details on numerical implementation), we find
that the density-density couplings, Afj(»d), are exponentially suppressed in |i — j|, as it occurs in
the applications of the Wegner flow to single disordered chains[59, 60]. In Fig. 2a, we show the
decay in space of the disorder-averaged, asymptotic, density-density couplings, Af; (I = o), on
a logarithmic scale, and they illustrate the onset of an MBL phase in the clean chain. As discussed
below, the change in the second invariant for these parameters is small for the majority of disorder
realizations and thus confirms the validity of the MBL proximity effect ansatz employed in this
ansatz.

The top panel of Fig. 2 shows that by decreasing the inter-chain coupling, the final density-
density couplings between the /-bits present a slower decay in space suggesting a departure from
the MBL proximity phase. The effective disorder parameter, W¢ = Af/2.J¢, can be used to
compare with the disordered Heisenberg chain (a prototype of MBL), which shows a transition
at W/J = 4. By considering the second-invariant, we find that the truncation produces minimal
error for W¢ 2 10 and the MBL proximity is well-established. Note that while we benchmark the
method with W€ = 225, we found the MBL proximity effect to be consistent with a /-bit ansatz
for a reasonable effective disorder strength of W¢ > 10. While for W¢ < 10, the error grows
with decreasing W ¢ and suggests that somewhere in the range ¢ < 10 the system undergoes
a transition to a delocalized phase. In this limit, we have found that the final density-density
couplings for the dirty-chain, Afj are still strongly localized while those for the clean-chain
are not. This suggests that the source of truncation error is due to the clean-chain becoming
delocalized.

The bottom panel of Fig. 2b is one of the most interesting results of our analysis. Here, differ-
ent curves correspond to different fermionic densities of the dirty component in Hamiltonian (2),
with fixed total fermionic density, (ns;) = (n?) + (n¢) = 0.5. This variation of (n?) follows a
similar logic to the experiment in Ref. [63], where a complementary situation has been consid-
ered (the melting of an MBL phase by coupling to a clean bath). There, the delocalizing effect
of the clean component on the dirty component has been experimentally observed in a mixture
of collisionally coupled ultra-cold bosons in a two-dimensional optical lattice. Above a certain
critical density of bosons, the clean component acts as an ergodic bath and destroys the features
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Figure 2: Instances of the MBL proximity effect: the plots show, in logarithmic scale, the spatial decay of the couplings
between integrals of motion in the clean sector of the system. We display results for parameters which yield both a large
and small change in the second invariant, and distinguish them using triangle and circle makers respectively. The results
for parameters that yielded a large change in the second invariant (marked with triangles) do not reflect the true I-bit
coupling but are displayed to depict how the MBL proximity effect ansatz breaks down. The final clean-chain density-
density couplings Alci—jl depicted here are averaged over 256 disorder realizations. In the top panel, we plot how the
final density-density couplings depend on W€ = Al /2.J¢ (J¢ fixed) while in the bottom panel we plot their dependence
on <nd>. In the top panel <nd> = 0.5 while in the bottom panel W¢ = 225 (Al = 45 and J¢ = 0.1). The remaining
Hamiltonian parameters are W = 60, Jd = Ad = 0.1, A = J° =0.1,© = 0.3, and (n®) = 0.1. These results
are not affected by (n¢) since they are uniformly distributed in the reference state p and do not have an impact on the
disorder of the effective fields.

of the MBL phase in the dirty sector. Complementary, we find that a critical density of dirty
fermions is required in order for the MBL systems to be sufficiently large to entail localization
in the clean component. The analysis of the second invariant identifies that the MBL proximity
effect is well-established for <nd> > (.25, and suggests that for some value of <nd> less than
0.25, the clean chain goes through a delocalization transition. It is important to note that we are
unable to identify with accuracy the point of transition since our ansatz fails close to it (see also
Ref. [60]).

We have also studied the effect of increasing the clean-chain hopping, J¢ and the energy
density parameterised by the inverse temperature, © of the reference state p. We found that the 1-
bit ansatz, Eq. 3, becomes inefficient for large clean chain hopping, J¢ > 0.5, and at large energy
densities, © < 0.05. In these limits, the clean chain couplings, Afj, begin to delocalize while
the dirty chain couplings, A?j, are unaffected. This dependence of localization on the hopping
strength is similar to a standard MBL system (the system delocalizes at strong hopping), while

9
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Figure 3: Regions of parameter space where the MBL proximity effect is established. We focus on an instance of a
strongly localized dirty chain (W = 60, Ad = Jd = 0.1), and on a clean chain with A€ = J¢ = 0.1. The thin, dashed,
black lines delimit a square where the parameters © and <nd> have been varied in our numerical trials. The region
of parameters space in which the MBL Proximity Effect is established is determined by the region where the second
invariant is below a specified threshold 6/ < §I¢ = 0.1. In the figure, we draw three different thick, curved, dashed
lines, corresponding to the values of the parameter W< =10 (gray), 30 (dark green), 200 (bright green). These lines mark
the values of © and (n) where we expect the second invariant to equal the threshold value 61 (W€, (nd) ,©) = §I¢,
and above which we expect 61(W€, <nd> ,©) < &I¢. This analysis demonstrates that the MBL Proximity Effect can
be observed for the smaller (ny) and © when W€ is larger.

(n%=0.5 (n%=0.2 (n%=0.1

1072 107!
ol

Figure 4: Histograms of the change in the second invariant as <nd> is varied across the transition (W = 60, J¢ =
A% =0.1,A° = J°=0.1,0 = 0.3,and (n¢) = 0.1).

the dependence on the energy density of the dirty chain is novel. At low energy density, the
dirty chain charge distribution in the reference state, <nz>, and, correspondingly, the effective
clean disorder fields, h{, are strongly disordered, and the clean chain localizes. While for high
energy density, the reference state has no disorder in the dirty chain densities, and the clean
chain delocalizes. Extrapolating these results, we expect that the localization of the clean chain
depends on the disorder of the dirty chain charge distribution.

We summarize our results in the portrait of Fig. 3, which shows the region of the @—(nd>
plane where the change in the second invariant is expected to be smaller than our chosen threshold
01¢ = 0.1. In addition to depicting the trends just discussed, it shows that the dirty chain densities
of the reference state must be strongly disorder to compensate for a weaker inter-chain coupling
A (W©), in order to induce MBL in the clean sector.
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Figure 5: Median change in the second invariant as a function of <nd>(right) and of W€(left). W€ is plotted on a log

scale since it varies over two orders of magnitude. The remaining Hamiltonian parameters are Al = 45 (W¢ = 225),
Jé=A%=0.1,Ac=Jc=0.1,0 = 0.3, and (n¢) = 0.1. In the left panel <nd> = 0.5, while, on the right panel,
We =225 (Al = 45).

4.2. Second Invariant

Above we used the second invariant, 67, to identify when the truncated flow equations pre-
serve the unitarity of the exact Wegner-Wilson flow and to justify the MBL-proximity effect
ansatz, Eq. 3. Because the flow equation transformation depends on the disorder realization,
01 varies from sample-to-sample. The left panel of Fig. 4 shows the distribution of 47 for a
disorder strength where the MBL-proximity effect ansatz is valid for the majority of disorder
realizations, while the right panel shows the distribution for a system where the same ansatz fails
for the majority of disorder realizations. In order to distinguish between these two situations,
we can compute the median of 47 (we don’t use the mean because it is artificially biased by the
few trials with large second invariant weight). As shown in Fig. 5, the median §7 shows that the
MBL proximity effect ansatz becomes worse for decreasing A’ and <nD > Here we see that for
W€ > 10 and for <nd> > (.25, the median second invariant is small and relatively unaffected by
changes in W€ and (n), demonstrating the validity of the MBL proximity effect ansatz. While
for small W¢ < 10 and small <nd> < 0.25, the error made by truncation is large and sugges-
tive of a transition to delocalization somewhere below these values. The large sample-to-sample
variation of the second invariant suggests the presence of regions not captured by the MBL prox-
imity effect ansatz, and future work may attempt to reduce the second invariant for these disorder
realizations by improving the ansatz.

5. Truncated Flow Equations and Truncation Error

5.1. Truncation Error for the MBL Proximity Effect Ansatz

In the previous section we have shown that the [-bit ansatz, Eq. 3, accurately describes the
MBL proximity effect phase and that the truncated flow equations, Eq. 7, imply a small error in
approximating the exact flow equation unitary transformation, U(l). In this section, we analyze
the approximations made by the truncation in Eq. 3, and we discuss, in section 5.2, the physics of
the terms contributing to the truncated flow equations. The first type of operators dropped are the
n > 2 body terms such as the three body scattering, : c;,c j,c,t, cic;cr, . Aslong as the integrals of
motion do not contain n > 3 body operators with significant weight, then truncating these terms
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will not produce significant error in the integrals of motion, FE unitary transformation, or /-bit
Hamiltonian. This is confirmed by the small second invariant presented in the previous section.
It is important to note that, despite dropping these n-body scattering operators, the ansatz does
not ignore all n-body correlations: while at scale [ the few body terms are not n > 3 body
correlated in the transformed basis, they do contain n > 3 correlations in the physical basis (i.e.
U : CI(Z)C]'(Z) : UT(1) contains n-body operators).

In addition to dropping n > 3 body scattering operators from the /-bit ansatz, we drop the
off-diagonal terms : nici cj and : C;;CZCICJ' :, which we will call correlated hopping and full
two-body scattering (F.S) respectively. Including these terms requires keeping track of O(N3)
(O(N?%) for F.S.) number of couplings and significantly increases the computational resources
required. To identify the error produced by dropping these terms we highlight how they are
produced as the flow evolves.

We identify 7 distinct operators by the 7 sums shown in Eq 3:

He(l) = A°+h° (11)
HY () = A%+ h?

HIO — Al

Vi) = Je+J

where, h¢ = ", h{ : n§ 5, J¢ = > J5() clej :, etc. (see AppendixA for explicit forms
for the remaining operators). We then classify contributions to the generator by the type of
off-diagonal operator appearing in the commutator: n = [Hy, J] = 0 + na + nr where:

m o= [ R+ [ R (12)
na = [jchc] + [jd’Ad]
ny = [jc—l-jd,AI}.

These commutators are computed using rules for Wick ordering [51] and yield:

o= Y Fj:iclej:+Ce D (13)
ij

na = erjlk cnfele; : —|—F$‘ elej:+C oD
ijk

nro= ZFfﬂk ndele; i +C o D
ijk

)

where the coefficients I' and F' are given in AppendixB. The form of the generators are either
a hopping operator, : c}cl- :, a correlated hopping (C.H) operator, : nzcgcj : or an inter-chain
correlated hopping (C.H.I) operator : niczcj ;. It will be important for quantifying the error

implied by our truncation to notice that each of the generators is proportional to .J;; or JZ-dj. In

addition, the nA generator is also proportional to Af(-d).

Taking the commutator [1(1), Ho(l) + V()] yields contributions contained both inside and
outside the ansatz, H(l), and are summarized in Table. 1. The operators outside the ansatz are
dropped and produce errors proportional to their coefficients. We expect the majority of these
coefficients to be small because we study the MBL proximity effect in a limit that the couplings
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flc(d) jc(d) Ac(d) AI
m | J0D | TP R CH. | CHI
c(d)
na | CH | A CH,ES. |3P  |3P
JED ot CH. | CHI
Je@
ij
nr | CHI| Al_CHL,ESI|3P | 3P
T p) CH. | CHI
Jed)
ij

Table 1: This table lists which terms in the commutator [r), H|] contribute to the beta function 3(T") (highlighted in blue)
and which are dropped by our ansatz (not highlighted). The rows are labeled by the terms in the sum for the generator
n = np + na + 11, and the columns are labeled by the terms in the sum for the Hamiltonian, Eq. 11. The notation for
the dropped terms is as follows: correlated hopping (C.H.) have a form n, c;r c;, inter-chain correlated hopping operators

o7

C.H.L. have a form nz c;r ¢;, full scattering terms E.S. have a form ¢; c FCRCLs and 3P terms describing three-body and

higher particle scattering. The justification for dropping the contributions to J%.C j(d) in the third and forth column is
discussed in section 5.2.

A‘;j(.d) and ij(d) are initialized as small. For example, operators appearing in the second row
and second and third column appear with coefficients that are proportional to the square of these
couplings, and since they are initialized with A9 = J¢(4) = .1 the error made is 0(0.01).

Besides these operators, there are still a few that appear linear in a small coupling and could
produce larger error. For example, [1’, ]th] produces an inter-chain correlated hopping operator,
nkcgcj, which has a coefficient proportional to .J¢(AT)2. While this off-diagonal operator is not
small, it is initialized to zero and only affects the diagonal Hamiltonian after commuting with a
generator that is also proportional to J¢. Therefore, its effect on the diagonal Hamiltonian will
remain small as long as J¢ remains small. This is confirmed by the small change in the second
invariant presented above.

This completes our analysis of the error produced by the truncation in the Ansatz, Eq. 3. In
summary, we have discussed how we expect that a small error will be produced in our truncation
scheme, as long as A°(4) and J¢(9) are initialized to small values. We then referenced results in
section 4, which demonstrate small truncation error via a small change in the second invariant,
to confirm such expectations.

5.2. Truncated Flow Equations

In the previous section, we have sketched the derivation of the FE Heisenberg equation of
motion, ¢ = [n(l), H(1)], and discussed the error produced by the truncation of the ansatz. In
this section we focus on operators in [(l), H(l)] that contribute to the ansatz and truncated flow
equations (Eq. 7). We first focus on the contribution in first row, first column of table 1. For the

clean chain it produces a term:

[n, B = Hjh] h} o= (14)
—JG (s —h)? el +.

P
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and therefore contributes to the evolution of ij:

dJs;
dl

c (1,C 7,¢\2
= —J5(hS — hS)? + ... (15)

This is the primary contribution evolving the off diagonal terms to 0, and is responsible for
the intuitive physics discussed above. If we ignore the other contributions to d.J{;/dl then the
evolution of J;; is:

JE(1) = JE (1= 0)e= P (16)

Thus, the stronger the disorder in the effective fields kS, the faster the off diagonal terms decay.

In addition to producing terms in the 3 functions that removes the off diagonal couplings J;,
the generator 7;, renormalizes he(@) and generates off diagonal hoppings Jg(d) at intermediate
scales [ of the FE evolution. These terms come from the first row, second column of table. 1 and
have a characteristic contribution, |7y, J ‘| = [ [j ‘ fALC] , J C} +. .., which produces contributions

to the truncated flow equations as:

dhe

= D2 k) + (17)
dJg o
o= DT 2k — R =) +

k

Together with Eq. 15, Eq. 17 highlights the physics contained in the unitary transformation gen-
erated by 7,,: The generator 7, is constructed to remove hoppings Jicj(d) that change the energy

of the diagonal Hamiltonian, H, due to the effective fields Bz(d). Eq. 15 shows that the contri-

bution from the commutator [7y,, ﬁc} removes off diagonal couplings, while Eq. 17 captures new
terms produced by the rotation by 7.

Similar physics occurs for the generators na and 7y, which are constructed to remove hop-
pings that change energy via the density-density interaction. In a strong interacting limit, the
exact unitaries produced by these generators will generate a Hamiltonian describing doublon
and domain wall propagation[64]. If disorder is also strong, these quasi-particle excitation may
also localize, realizing a novel MBL of correlated quasi-particles. Unfortunately, in order to
capture these effects, one needs to keep track of computationally demanding correlated hopping
operators [64] dropped by our ansatz.

While such considerations offer promising prospects for future work, they also have direct
consequences for the contributions we include in the truncated flow equations. Since the genera-
tors na and 7y transform the hopping operators, J into a set of correlated hopping operators
that commute with density-density interactions [64], the truncation above yields a transformation
which simply removes the hopping operators without producing the correlated hopping opera-
tors they transform into. If these correlated hopping operators are responsible for delocalization,
then removing them would produce an artificial localization. To avoid this false localization, we
remove the contribution to %ij(d) coming from [na, A] and [n7, AT] (respectively, second row,
third column; and third row, forth column; of table 1). Ignoring these contributions only produces
small error for the same reason dropping the correlated hopping operators produces small error:
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Figure 6: The dirty chain couples to the clean chain every 6 = 3 sites. The emergent integrals of motion are illustrated
with different colors: n‘é (blue), n‘li r—o(red) and Ny (green).

the error in J;; is proportional to ij(d) but its contribution to the /-bir Hamiltonian is (J; j(d))2.
The small error is numerically confirmed by a small second invariant as discussed above.

The remaining contributions from na and 7; are the ones in the second column of table 1
and describe delocalization processes produced by density-density interactions. A characteristic

contribution is:
(17, A9, J9, (18)
which produce a contribution to the evolution of Af; as:
dAS; . .
S =2 D JR(A - AR (19)

k#i,jl=i,j

This contribution captures how the truncated flow equations break the unitary character of
the FE transform in a delocalized limit. When disorder is small, J;; remains finite longer during
the flow equation evolution and Afj has a longer time to grow according to the contribution
in Eq. 19. This growth produces larger truncation error because, as discussed in the previous
section, truncation error is only small when Af; is small. This concludes our analysis of the
physical content of the contributions to the truncated flow equations. The full set of truncated
flow equations used in our numerics are reported in AppendixC.

6. Engineering the geometry of the inter-chain couplings

We now discuss novel effects arising by tuning the coupling geometry. In the geometry of
Fig. 6 each fermion of the dirty chain is coupled, every 4 sites, to a fermion of the clean chain.
This new geometry can still be studied using analogous flow equations to those employed above.
Since the clean chain is ¢ times longer than the dirty chain, we can label the dirty chain with
f =0...Ng — 1, and conveniently reference the sites of the clean chain (k = 0... N0 — 1)
with 7, using & = fd + r. f labels the dirty sites, and » = 0...0 — 1 is the number of
sites away from the coupled site. We can now explicitly write the initial inter-chain coupling as
Ay pr = ALSs 116, 0. This leads to an initial clean-chain effective field of I_zcﬂ, = Al (n?)éno.
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With this important modifications, we can straightforwardly evolve the couplings using the
same truncated flow equations discussed in the previous sections. We show evolution of few of
them in Fig. 7. The right panel of Fig. 7 shows the suppression of the hopping between a coupled
site f,r = 0 and an uncoupled site f,r = 1, while the left panel of Fig. 7 shows the hopping
between two uncoupled sites, f,7 = 1 and f' = f,r = 2, remaining constant. This is consistent
with the expectations given by Eq. 16: for a particle to hop on to a coupled site its energy must
change by (i_zf — }_15) ~ Al <nd>, while such a change of energy is not required for a particle
hopping between two uncoupled sites.

With the hopping between uncoupled sites remaining constant, Eq. 19 predicts the diver-
gence of the associated density-density couplings. This is depicted in the left panel of Fig. 7
and explains the failure of the MBL proximity effect ansatz. Instead of modifying the ansatz,
we propose to modify the generator, 7(l) of the unitary transformation. We define a modified
generator ' = [Hy, V'], where we choose V' to only include hoppings to coupled sites:

V()= Jf pdlbdp + T pa(chgera 4 hee) + J50 1 5oa(chges—16-1 + hec.) (20)
i f! f

Using such a generator, one can employ the same ansatz as above, but the transforma-
tion now results in a novel fixed point Hamiltonian describing transport between uncoupled
sites and conserved charges on coupled and dirty sites (n%,_, and n‘} respectively). In ad-
dition, the new generator produces a next-nearest neighbor hopping across the coupled site
(i.e Jyr=s—1,f'=f+1,,.=1). In the proceeding section we derive this hopping rate as %n =
[J¢(I = 0)]?/h¢(I = 0), which in the limit of strong inter-chain coupling, A’ is smaller than
the other timescales in the system. In this limit, relaxation occurs in two steps: first, on times
scales shorter then T,,, transport is blocked by the coupled sites, and second, on times scales
longer then 7,,, charge is allowed to diffuse across the coupled sites. In the first step, when
7 < Ty, the system relaxes to a state in which the charge on the bunches of uncoupled sites,
Ny = Zi:l n% .. is conserved. While on longer times, charge on the uncoupled sites can
fully relax via unconstrained transport. In the following two sections, we further investigate this
novel behavior by first, in section 6.1, deriving the time, 7,,, separating the two relaxation steps,
and second, in section 6.2, investigating and deriving the Hamiltonian that governs short time
relaxation.

6.1. Separation of Time Scales

To derive an estimate of the next-nearest neighbor hopping rate, we first assume A < W.
This guarantees that the flow of the dirty chain reaches a steady state before there are significant
changes in the clean one. We can then treat the clean chain as a single chain with an effective
field hs,.. We write the new generator as

n=> @1)
-

where
Ny = —Jﬁf70(c}71,571cf70 — h.c) + Jﬁﬁo(c}’Ocﬁl — h.c), (22)

with J the strength of the hopping on to the coupled site. The first term in 1y will suppress
hopping between the coupled site and its left neighbor, while the second term will enforce the
16
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Figure 7: The flow of J; ZCJ and Agj for the geometry depicted in Fig. 6. The left panel shows the flow of couplings on the
clean-chain sites that are not coupled to the dirty chain. It shows an unsuppressed hopping and diverging density-density
coupling at long flow time [. The right panel shows the flow of couplings on the clean chain sites that involve a site
coupled to the dirty chain. It shows that the hopping onto the coupled site, » = 0 (for any f), are suppressed and the
density-density coupling involving a coupled site, remains constant instead. This calculation has been performed using
an unmodified generator 7 = [Ho, V; in order to remove the divergences in A< we modify the generator to

for !
n = [Ho, V'], with V'’ given in Eq. 20.

same on the right neighbor. Since [, 1] = 0 for 6 > 2, we can focus on a single coupled site
and its neighbor.

We will label the coupled site with 0 and its left and right neighbor sites with —1 and +1.
The hopping and effective field couplings will then flow as

dhiq -
— _—2J% 2
dl J”ho, (23)
% = 27%hyq +2J%h_q,
dJ _
= = _Jh?
dl Tho,
dJs .
22— 92
dl T"ho,

where J; is the magnitude of the next-nearest neighbor hopping, J2(1) = Jfr=s—1, f/=f+1,r=1().

The flow of these couplings do not depend on the flow of the density-density coupling and
can thus be solved independently. We use the assumption that .J < h and note that the flow
of J is much faster than the flow of the other couplings. Thus, assuming % constant, we can
approximate the flow of J(I) as

J(1) = J(I = 0)e "o, (24)

Approximating hg as constant, we find

J? —2h31
Jo(l) = —=—(1 — e ="0"). (25)
ho
Thus, 7,, = ’}—g is the characteristic time when relaxation crosses over to full transport and

eventually to thermalization. A meaningful separation of time scales therefore requires hy > J2.
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In the following section we will discuss the form of the effective Hamiltonian describing the first
stage of relaxation.

6.2. Effective Hamiltonian at intermediate times: 7 < 7,

As discussed above, relaxation in the novel geometry with large inter-chain coupling, oc-
curs in two stages: first, during intermediate times, the model relaxes to a state in which the
clean-charge distribution on the uncoupled clusters is approximately conserved, while, on longer
times, the clean-charge relaxes to a homogeneous distribution. The Hamiltonian describing the
first relaxation process is obtained by dropping the next nearest neighbor hoppings from the
Hamiltonian, H(I — oo). This Hamiltonian, has 3 types of conserved charges as depicted in
Fig. 6: the first type, nﬁ, are the conserved charges on the dirty chain, the second type n , _ are

the conserved charge on the coupled site and Ny = Zi:l nf,,. is the total conserved charge on
an uncoupled cluster. For § > 2 these charges do not determine the dynamics of the charge distri-
bution within an uncoupled cluster, and we must consider the interplay between the intra-cluster
tunneling and inter-cluster density-density coupling.

There are two possibilities for such interplay: the density-density coupling between two
neighboring sets of uncoupled sites is smaller than Js, or it is larger:

o In the first case, the density-density coupling can be accurately dropped from the interme-
diate time effective Hamiltonian. This leads to each set of uncoupled sites, labeled by f,
evolving completely independently on intermediate times. The dynamics can be described
as the evolution of an effective spin, L ¢ ={Ls, Ly, L.}, of size

1/6-1 1
_Q(Nf)+2. (26)

The local map between the Ny fermions on § — 1 sites and the spin can be performed
by identifying the basis states labeled by the eigenvalues of nf% ., with the basis states
labeled by the eigenvalues of L%. Operators that are polynomial in the densities will then
be mapped to operators that are polynomial in L. The remaining terms in the Hamiltonian
describe tunneling within a set of uncoupled sites with all the same f. They describe
transition between the L3 basis states and are thus described by polynomials in L% and
L.

-

Ly

e In the second case, when the density-density interaction between the uncoupled cluster
is relevant, the local emergent spins will be coupled. Since the hopping operators at a
site f commute with those at a site f/, a Jordan-Wigner string is not required to correctly
reproduce spin statistics, and the coupled Hamiltonian can be written as:

H({n$} A7 =0}, {Ns}) = D F(L5,L3) + 27
£

> Ry(L}, L, LY),
;

where the function F' depends on the intra-chain coupling, A¢, and the function R depends

on hy, Ji, Afj, and Af;. In general, if the dirty chain or coupled sites have a disordered

distribution of charges, the local operators, Ry, in the Hamiltonian will be disordered too.
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The issue of whether the system is fully localized on intermediate times, will then depend
on any integrability present in this intermediate time Hamiltonian, or on the impact of
disorder on Ry.

In the first case, the intermediate time Hamiltonian can be diagonalized by independently diago-
nalizing the Hamiltonian of effective spins L. In the second case, when the spins are coupled,
further analysis is required to explore the dynamics at intermediate times and will be the subject
of Sec. 6.4.

6.3. Density-Density interactions between uncoupled clusters

To determine if the effective spins L ¢ are coupled or not, we compute the magnitude of the
density-density interaction between two uncoupled clusters. We focus again on one coupled site,
labeled by r = 0, and its neighboring sites, labeled by » = +1 (for any f). The flow equation
equations for the density-density couplings then becomes

dA¢
d_ll,1 = 2J2(AC_1,1 —Afq) + ZJQ(AC—M —AG 1), (28)
dAS
0L = 2J%(AC, — AG),
dl ' ’
dA°
T—lw = —2J%(A%, —Af ).

These coupled differential equations describe a rotation in a three-dimensional space at an in-
stantaneous rate 2.J(I)®. Given that A®, (I = 0) = 0, the system (28) can be solved and
yields

A% (1) = AF 4 (1 =0) |1 = elo 27O 29)
where:
l 2
J2(1=0) o2
dl'2J%(1') = S——2(1 — e~ 21y, 30
| ) = g =l - e (30)

Therefore, the amplitude of the rotation in such three-dimensional parameter space is small in
T2/R2.

We are now in place to discuss which of the two possibilities discussed in the previous section
is realized. If J5(I = 00) < A_1 1(l = 00), then an interacting Hamiltonian describes the inter-
mediate time dynamics while, if the inequality is not satisfied, a non-interacting spin chain will
describes the intermediate time dynamics. Given the assumption J < h, this inequality simpli-
fies to h < A. Thus, for the approximation made in ansatz Hamiltonian above, we must choose
h > A and conclude that the intermediate time Hamiltonian describes a set of independently
evolving spins.

Alternatively, we could assume the bare Hamiltonian has a next-nearest neighbor coupling
of the order A_; 1(I = 0) = Ag1 < h. In this case the rotation in Afj space, described by
Eq. 28, would still be of a small angle, but away from an initial vector with A_; 1 (I = 0) already
greater than J5 (I = 00). Intermediate time dynamics would then be described by a set of coupled

emergent spins of size L ¥
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6.4. Explicit form of the Hamiltonian for § = 3

As an example, we now can consider the 4 = 3 case in which there are two uncoupled
sites for each dirty site f, and discuss the effective Hamiltonian governing the intermediate time
dynamics. The local Hilbert space for these two sites is 4 dimensional and the basis vectors can
be labeled by the different ways in which 2 sites may be occupied with particles (the label ‘1’
indicates an occupied site)

{looy, Jo1), [10), [11).}, 31)

The local Hamiltonian on these sites reflects the block diagonal structure enforced by the con-
served charges:

0 0 0 0
0 AF Jh () 0
N , (32)
0 Jfp) A 0
0 0 0 ARTL

where AL ,AR, and ABR+L are functions linear in the operators nf and n§,¢ f and depend on the
intra and inter-chain couplings, and fields h¢, at the flow time | = oco. For 6 = 3 the conserved
charge Ny has eigenvalues 0, 1, and 2 that correspond to the three blocks in Eq. 32. This block
structure can be represented by two trivial spin-zero subspaces and one spin-half subspace.

We consider the case that Ny = 1 for each f, so that the local Hilbert space for the block of
interest will be spin-half. The mapping to spin-halves can be preformed via

N1 — Mg
2

N c}7lcf72 + h.c
Lf - f’

(33)

and the constraint % = Dratnge

We write down the Hamiltonian at the flow time [ = oo as follows:
H = > Hp+Y > Af, w0 ,m5,n5 . (34)
ff rr’'=1,2

Hy = Y &rnpi+ Jf(Dlehyera+choer]

+A§f,1,f,2n§f,2n§f,1a

where &y ; is an effective field that depends on the bare fields at flow time [, the couplings Af;
and A/

;j» and the eigenvalues of the conserved charges, ﬁ}i and 1% . _:

€ri =R+ D AL p A + 3 NG g oD o
! f
Applying the mapping (33) we get the spin Hamiltonian:
H =Y h;L;+hjL5+ > QppLiL; +C (35)
f

I
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with

Wy o= 273 (1) (36)
hy = &1 =&
Qpp = AF Ly +AFs po = AF ) po = AFs pr1

Here, we explicitly see how the spins are coupled by the next-nearest neighbor density-
density couplings. Thus, if the local spins are coupled at a strength less than the next-nearest
neighbor hopping, |Qy /| < Jo, the intermediate time dynamics describes independent spins
rotating around an axis in the x — z plane. While, if |2 1, f/| > J5, we have to consider the
interacting spin problem to understand the intermediate time dynamics.

If there is no disorder in the dirty and coupled site charge distributions, the z component of
the local field, h} will be null and the translationally-invariant emergent spin-model will be a
transverse field Ising model. This Hamiltonian is integrable via the Jordan-Wigner transforma-
tion:

Ly — nj—1/2 37)
LiLG, — (a}_a.f)(afﬂ +a;+1)7

which produces an exactly solvable single particle Hamiltonian in Jordan-Wigner fermions. Tak-
ing Q¢ ¢ = Q0 41, this single particle Hamiltonian is given as

th +Q( afaf+1+hc)+ﬂ(afaf+1+hc) (38)

which can be brought in diagonal form ¢ Wqlq In momentum space via a Bogolyubov rotation,

where n, is the occupation of the mode ¢ and wq \/ 1+ 2 cos(q) + h2 We therefore, in

addition to the local conserved charges, ”?,o’ nd s Np, have the conserved momentum space
modes n,. The non ergodic behavior during intermediate times after the initial relaxation period
and before 7,, will display a mixture of local conserved charges, and extended conserved charges,
’/lq.

If there is disorder in the dirty and coupled site charge distributions, the z-components of the
local field, £, given in Eq. 36 will be finite. The Jordan-Wigner transformation of L% will intro-

duce a many body operator via the Jordan-Wigner string, L} = a fe”r 2 Nr 4 pe, and the new
fermion Hamiltonian will no longer be diagonalizable via a s1ngle particle transformation. In this
case, nq Will no longer be conserved and, if h* is weak compared to the transverse field 2%, only
the local conserved charges, n?)o, n‘}, and N, will survive after the first relaxation period. If the
disorder field, hj, dominates over the transverse field, h;%, the effective Hamiltonian, Eq. 35, will
many body localize and develop a set of local conserved charges L%. We have confirmed these
expectations via exact diagonalization of the intermediate time Hamiltonian and by studying the
level spacing statistics for Ny = 8 and N; = 24 (§ = 3).

7. Conclusions

A natural direction we are currently scrutinizing consists in extending the FE method to
capture physics akin to the one reported in the experiment of Ref. [63]. However, in order to
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have a quantitative understanding of the delocalizing impact of the clean environment on the
disordered chain, one should assume that the clean chain is delocalized, and therefore extend
the ansatz employed here to treat Hamiltonian diagonal in momentum space. It could also be
of interest to employ the FE method to study a broader variety of MBL proximity effects. An
appealing direction consists in studying a point-like, local coupling, between an MBL segment of
interacting, disordered fermions and a clean one. This would pave way to understand the effect
of the ’intrusion’ of the localized system into the clean one, or viceversa, explore how an MBL
system can act as an “insulator’ with respect to the clean segment. Analysis in this direction is
ongoing [65].
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AppendixA. Notation

We define the onsite fields before Wick ordering as hi(d), and after Wick ordering, the ef-
fective fields are defined with a bar: ﬁz(d). We define the couplings with unaccented variables

with subscripts indexing sites: Afj, Afj(»d), Jf (d). The dependence on the scale [ of the flow
equations is often made implicit in expressions:A/; (1) — A[;. For A]; the first index i labels
the clean chain sites and the second the dirty chain sites. The spatial dependence of the cou-
plings defines geometry and the magnitude is set by the parameters A’(¢:®)_ J¢(4) In addition to
these parameters, the dirty chain fields are randomly selected from a box distribution, [—W, W],
and the Wick ordered reference state is set by: <nd> = NL Yk <ni> and temperature ©, where
(nit) = Trlpng]

We work with a set of unaccented operators: U, H, Hy, V, H¢, H%, HY  n,, na, 0r, ¢k, di, 1§, 0
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and L r=1{L%, Ly Lz} We also define a set of operators accented with a hat as:

:Zij:cj.cj: (A1)

Zh

Finally, we also defined a symmetry operation, C' <+ D, that swaps the superscripts ¢ and d
of the couplings and operators and swaps the site indices of the inter-chain coupling:

c+ed (A2)
Al & Al

AppendixB. Flow Equation Generators

In the main text we defined 3 different generators the commutator: n = [Hy, J] = np +na +
n; where:

Moo= [ R+ [T R (B.1)
N [J¢, AT + [J9, A7)
nro= [JO+JLAT
and presented their form as:
Ny = ZFZ-C]-:CICJ' :+C <+ D (B.2)
na = ZI‘”“C nkc ¢ —|—FA .cch :+C <D
ijk
nr = foj‘k : ngczcj :+C « D.
ijk
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The coefficients F" and I are given as:

FG = Jg(he = hS) (B.3)
AC
Fi = 254050 —ny)

and
e = 2J5(A5 — Afy) (B.4)
Ui = J5(AL = Aj).

While the coefficient for the dirty chain can be obtained from the symmetry operation C' <> D.

AppendixC. The Flow Equations.

The full set of flow equations used in the numerics discussed in the main text is given as:

dhs e 3 ,
5= 220007 [ — B + 24 (nf — n)] (C.1)
+2) (AR - AL (n Z Ak)(nf = nf)
ij
dJg; - - -
vy c (1,¢C c\2 c AC c c c c
L L I 2 G Z ST (25 — B — hS)
-2 Z i i [A7; (nf +n§ = 2ng) + 245, (ng — ng) + 2A%,(ng, — nf)]
k
—J5(hi = B§)(n§ = nG)(AF; + AF)
dAS,
dlw = 2 Z (chk)Q(Afj - Zl/)
ki jl=i,j
dA!,
— = 23 (AL - AL + 2 Y (R)AAL - AL
k k
where nz(d) = <nz(d) are the densities of the Wick ordered reference state, and the flow for the

dirty couplings can be found using the symmetry operation C' <+ D.

AppendixD. Numerical Details

The flow equations are numerically solved using an adaptive step 4*" order Runge-Kutta.
We work with a clean chain length of 24 sites N, = 24 for a total of 48 sites (32 sites when
6 = 3). We control the adaptive step by attempting around 800 discrete Runge-Kutta steps on a
log scale from [ = 1073 to [ = 10?. The adaptive step usually requires additional steps to reach
the desired accuracy result in an average number of steps of around 3000.
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Since our results requires an accuracy for the couplings on a scale absolute scale 10~1°,
we devoted careful attention to numerical errors. We found that numerical errors were due to
floating-point errors for numbers close to 0 during both the first step and at latter steps. Numerical
errors in the first step of a Runge-Kutta approximation are well-known, while the ones at later
steps are due to the form of the flow equations. These long time error are due to contributions
like >, JixJi;(hi + h; — hy) that could easily flip sign and cause numerical noise at longer
times during the flow.

To manage these errors, we initialized the hoppings .J;; for ¢ # j & 1 to €; and treated a
hopping with | J;;| < €3 as exactly 0. Choosing €2 > 107!5 and €; > €5 was sufficient to reduce
floating-point errors to the desired accuracy 10715, We tested the validity of these numerical
approximations by varying €; and €2 and observing no change in the flow.
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