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Abstract. We study a one-dimensional quantum system with an arbitrary
number of hard-core particles on the lattice, which are subject to a deter-
ministic attractive interaction as well as a random potential. Our choice
of interaction is suggested by the spectral analysis of the XXZ quantum
spin chain. The main result concerns a version of high-disorder Fock-
space localization expressed here in the configuration space of hard-core
particles. The proof relies on an energetically motivated Combes—Thomas
estimate and an effective one-particle analysis. As an application, we show
the exponential decay of the two-point function in the infinite system uni-
formly in the particle number.

1. Introduction

Imbrie’s works [18,19] notwithstanding, complete mathematical proofs of
many-body localization in the bulk of the many-particle spectrum remain a
challenge. Much mathematical progress has been devoted to the understand-
ing of localization in integrable systems [1,2,4,17,21,27,28]. First proofs of
ground-state localization for weakly interacting (non-integrable) fermions sub-
ject to the Aubry—André potential [22,23] as well as within the Hartree-Fock
approximation [13] are among the latest highlights. Interestingly, there is also
a recent proof of quasi-localization in the Bose-Hubbard model without dis-
order, based on Nekhoroshev estimates [9].

The present paper returns to earlier attempts at addressing the local-
ization problem, namely proofs of multi-particle localization [5,11]. In these
articles (see also [12] and references therein), systems of n particles are proven
to exhibit (strong dynamical) localization with a bound on the localization
length that diverges with the particle number. A salient point of our study is
to emphasize that, by adapting the techniques in the aforementioned works,
the issue of a divergent localization length bound may be absent; in fact,
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whenever the interaction among particles is attractive, thereby naturally forc-
ing clustering of particles. This further allows us to energetically restrict to
the low-energy regime defined by the two-cluster breakup. The many-particle
localization estimates derived here suffice in particular to conclude exponential
decay of the two-point function of low-energy eigenstates. Since such a scenario
is relevant to the understanding of exponential decay of correlations in the XXZ
quantum spin chain, we shall concentrate on the case of hard-core (spinless)
particles with a translation-invariant, nearest-neighbor, attractive interaction
on the one-dimensional lattice, or a subset thereof, A := [-L,L] N Z with
L eN.

Though from a slightly different perspective, related results were proven
independently in the recent preprint [14].

1.1. Model and Assumptions

The configuration space of n hard-core particles on A is identified with the set
XY ={x={21,29,..., 2, EA" 121 <y < - < Ty}

of all ordered n-tuples in A. A configuration x € X} can equivalently be
understood as a subset of n sites in A. Two sites u,v € A are said to be
neighboring if |u — v| = 1, and similarly, a site u € A is neighboring a subset
B c A if dist(u, B) = 1. We refer to a subset of neighboring sites in x as a
cluster if it is not neighboring any other site of x. The set of configurations
may thus be partitioned into a disjoint union,

xp=|Jc,
k=1

of configurations with exactly k clusters, 1 < k& < n. The Hilbert space of n
hard-core particles on A is then

My = 2(xy) =P (),
k=1

with inner product (-,-). An orthonormal basis is given by {dx}xexp where
0x(y) = Ox,y-

The class of Hamiltonians considered here consists of a kinetic hopping
term, a hard-core attractive interaction and a random potential. The hopping
of particles on A is modeled by the adjacency matrix,

A= > by, (1.1)
yEXYL
d(x,y)=1

where the summation extends over all configurations y € X whose ¢!-
distance,

d(x,y) = Zm -yl (1.2)
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to x is one. Due to the hard-core constraint, any translation-invariant, nearest-
neighbor, attractive interaction among the particles increases linearly with the
number of clusters in the given configuration. Hence, for k-cluster configura-
tions, we set

Uy := ki, xecCP. (1.3)
The number k = k(x) equals half of the number of natural cluster boundaries
inx e C’I(\k). For g > 1, A > 0, we then define on H}} the operator

Hpy:=—-A+29U + AV, (1.4)

where V is a random potential described below. It should be emphasized that
the strength of the hopping term is of order O(1) in this definition. These
Hamiltonians are closely related to the XXZ spin chain in its Ising phase as
detailed in Sect. 1.3 below. It is assumed throughout the paper that:

A1l The random potential is given in terms of a collection of iid random
variables {w(a)}aea through

n

Ve =D wlx;) | o (1.5)

Jj=1
A2 The distribution of each w(a) has a bounded density ¢ € L>®(R) with
compact support, supp o C [O,wmax].

Remark. While the lower boundedness of the random variables is essential,
the upper boundedness can be relaxed; this assumption is made here to keep
the paper short. In particular, A1 and A2 imply all the assumptions in [5].

In the dynamics generated by Hjp, clustering is energetically favored. In
fact, let P¥) stand for the orthogonal projection onto the subspace 12 (Cj(\k)) of

exactly k clusters and Q') for the orthogonal projection onto €@7_, ZQ(C/(\j)),
the subspace of at least k clusters. Note that

1=0m, o® —p® 4 o*+) (1< k<n—1), QW —pm.

The following monotonically increasing lower bounds hold for restrictions
O™ H, O of the Hamiltonian to sectors with at least k clusters.

Lemma 1.1. Let Hy be as in (1.4) with A\V > 0. Then for all 1 < k < n:
OWHy QW > 2k(g —1)Q™. (1.6)
The elementary proof is spelled out in Appendix A.

1.2. Main Result

Our main result will be formulated in terms of the configurational eigenfunction
correlator of Hp as introduced in [3]. It is defined for any interval I C R by

QV(xy, 1) = > |(dx Psy(Ha)dy)
Eco(Ha)NI

)
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where P;(H) stands for the spectral eigenprojection of H associated with
J C R. Note that H has discrete spectrum o(Hy ). In case of non-degenerate
eigenvalues, the above definition hence coincides with the sum over eigenvalues
E € I of the product of normalized eigenvectors |®g(x)||Pg(y)|. We recall
two useful relations from [6, Ch. 7]:

Wiy, I \/Q(") (xx1) Q" (v.y. 1),
E\n)(xvxv-[) - <5X7PI(HA)5X> B 1. (17)

The correlator is thus bounded in terms of the local density of states, which
is exponentially small in n—reflecting the fact that the potential energy (and
hence the total energy) of any configuration is of order O(n). This is easily
seen by an adaptation of the semigroup method in [5, Lemma 4.6]:

Lemma 1.2. Let I = [0,sup I| be a compact interval and X > 0. Under Assump-
tions A1-A2, there exist constants C,c € (0,00) such that for all n,A and
x € XY

E [Qg\n) (x,x, I)} < Ce™ ", (1.8)

Proof. The spectral theorem and the bound 1;(E) < et*"P/e~*# ¢ > 0, on
the indicator function 1; of I yield Qg\n) (x,x,1) < eswPl(5, e tHrg, ). The
latter may be expressed probabilistically using the Feynman—Kac formula [10,
Prop. 11.3.12]:

(e 15 = [ exp (— / AV (y(9)ds — 29 / t U<y<s>>ds) v (dy),

where V[(\X;t) is the measure generated by —Ax on paths {y(s)}o<s<t starting

at and returning to x in time ¢. Jensen’s inequality, exp(— fg AV (y(s))ds) <
fot exp(—tAV (y(s)))ds/t, then yields:

E |:<6x,€7tHA5x>} < E[ —tAV(x ] <5 e~ A+29U)A§ >

<E {e*ﬂV(x)] - ( / et)‘“’g(w)dw>n.

The proof is concluded by noting that the Laplace transform of ¢ on the right
is strictly smaller than one for tA > 0. g

The main result of this paper is the following theorem, which provides
a version of Fock-space localization [8] for the present system of hard-core
particles.

Theorem 1.3. Let g > 1 and py > 0 be such that
E(g, pr) := 4g — 12e* > 0, (1.9)

I C [0,E(g,pr)) be a compact interval and p € (0,pur). Under Assump-
tions A1-A2, there exist constants Ao, C' € (0,00) such that for alln > 2, A,
all x,y € XY, and all X > Ao
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E[QY (x,y, D)l] < CFu(x,y), (1.10)
where
e—klzi—y] if x,y €C,
Fu(x,y) == Zze’“(d(x’w)ﬂwl’yl‘) ifx&ZCandy €C, (1.11)
we
Y enldswrdvat-ul) i x g g .
w,veC

Here and henceforth, C = C( ) abbreviates clustered configurations in X}

The proof essentially treats clustered and non-clustered configurations
separately. Non-clustered configurations are localized by an energetically moti-
vated Combes—Thomas estimate found in Sect. 2. Localization of clustered
configurations follows in Sect. 3 by a standard (one-particle) argument, which
is carried out on the level of the many-particle Green functions. The proof of
Theorem 1.3 in Sect. 4 finally relies on a relation between the Green function
and the eigenfunction correlator from [5].

We continue with further remarks:

1. The spectrum of Hz with A = 0 on H} decomposes into (delocalized)
bands caused by the energetic separation of clusters. The lowest such
interval, essentially induced by fully clustered configurations C, is referred
to as the droplet band and given by

_oJ/Z o1 cosh(pgn) — 1’ cos.h(pgn) -1

sinh(pgn) sinh(pgn)
C [2(9-1),2(9 + )],

where pg := In(g + /g% — 1), see [15,16,24,25]. Since the spectrum of
Hy, then contains A(n) + Asuppe, the above localization statement is
not void for sufficiently large g. In particular, if suppe = [0, wmax], the
random potential V' has arbitrarily large clearings in the infinite system
so that A(n) C o(Hz) almost surely.

Although the localization estimates are uniform in the particle num-
ber, the above theorem does not address localization for typical realiza-
tions if the particle number is proportional to the system’s size. That is
to say, the bottom of the spectrum is typically above E(g, ur) for large
n, A with n/|A| = const > 0. In fact, by similar methods as in the proof
of Lemma 1.1, we have

infO'(HA) 2 2( - 1 +H11H{2 ) AVl’glIl}

where VS, == minxec >, w(x;). A Chernoff bound now yields for any
E>0

POVEw < B) < (A =+ D jufe® ([ ap)

which vanishes in the limit |A| — oo if n is proportional to |A|.
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The (non-optimal) restriction (1.9) imposed on the value of g stems from
the corresponding technical condition (2.1) in the Combes-Thomas esti-
mate below.

At first sight, the summations over clustered configurations in the defi-
nition of F), may look frightening. However, their entropic contribution
is low since all these sums (e.g., w € C) are equivalent to a summation
over one variable (e.g., w1 € A). Introducing the function

Ac,y) 2= min {dx,w) 4wy — 1] +d(v,y)}, (1.12)
one may simplify (1.10) and write
E[lQ) (x.y. D)l < Cemrie), (1.13)

(cf. Lemma B.1, which collects some properties of 3). Note that d is
no distance function, as it is not definite and fails to satisfy a triangle
inequality. Nonetheless, even for clustered configurations, the result is
stronger than in [5] since the Hausdorff distance between the sets defined
by x and y is much smaller than d(x,y). Moreover, the constants C, i €
(0,00) do not depend on the particle number n. It would be interesting to
see whether the techniques outlined in this paper can be further combined
with [5] or [11,12] to show localization higher up in the spectrum of Hy,

where clusters C[(Xk) with finite k& appear.

Thanks to (1.7), the three bounds (1.8), (1.10) and (1.13) may be
combined at one’s convenience, i.e., for any triple s1,s2,s3 > 0 with
§1+ So+s3=1:

E[Q\ (x,y,1)|] < Ce 1 e 2md¥) F o (x,y). (1.14)

By standard arguments [6], the bound (1.10) implies dynamical localiza-
tion
E[sup (0,7 Pr(Hz)dy)| ] < QY (x,y, )] < CFL(x,).

For any fixed x € X and using Lemma B.2, F,(x,y) is summable with
respect to y € X7'. Thus, by the RAGE Theorem [4], any spectrum of
Hyz on ‘Hy within I is entirely pure point for any n.

In the one-particle case, localization is known to occur in one dimension
for short-range hopping also at arbitrarily weak disorder A > 0, cf. [6,10,
17,28] and references therein. The idea behind the present proof suggests
that this also applies to the localization of the droplet as long as n stays
much smaller than |A|. A proof of such a result is not immediate, though.

A further virtue of the bound (1.10) resides in its summability over config-

urations x and y containing at least one particle in disjoint subsets U,V C A.
The key technical observation here is Lemma B.2. Such quantities are rele-
vant in the discussion of exponential clustering of many-particle eigenstates.
More precisely, for U,V C A two connected and disjoint subsets, one may be
interested in the correlator
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@OV = 3 3T ST [k Py (Ha)dy),

Eco(HA)NI x€EX] yeX}
xNU#D yNV #0)
which coincides with the respective sum over the eigenfunction correlator. An
immediate consequence of the bounds (1.14) is the following

Corollary 1.4. In the setup of Theorem 1.3, there exist constants C,c,p €
(0,00) such that for all n = 2, A, and all connected and disjoint U,V C A:

[ (n)(U v, I)} < Ce " exp (—pudist(U,V)), (1.15)

where dist(U, V) := min{|u —v| : u € U,v € V} denotes the distance between
UandV.

Proof. The proof relies on (1.14) and Lemma B.1(vi), according to which
d(x,y) > dist(U,V) — (n — 1). Combining this with Lemma B.3, we arrive
at the bound

Z Z E [ X y,])} C (?’L + 1) —n(s1c—82u)e—52;¢dist(U,V)7

XEXY yeXy

xNU#D yNV #£0
where ¢,C, € (0,00) are independent of n and A. Choosing s1,s2 € (0,1)
such that sjc > sou yields the result. O

In more physical terms, the above result guarantees in particular that,
for any non-degenerate, normalized n-particle eigenvector @SE”) of Hy with
energies E < F(g, 1), the corresponding one-particle reduced density matrix
decays exponentially, i.e., there are (non-random) constants ¢, u € (0,00) and
a random variable A > 0 with finite mean E [A] < oo such that for all n > 2
and all u,v € Z:

(@4 afau, )| < Aem (14 |ul?) exp (—plu —v]) (1.16)

where a}, a, denote the particle creation and annihilation operators. This fol-
lows immediately from (1.15), see, e.g., [6, Ch. 7.1].

1.3. Relation to the XXZ Spin Chain

The class of Hamiltonians introduced in (1.4) is intimately related to the dis-
ordered XXZ spin chain in its Ising phase. This subsection aims at bridging
the gap between the two formulations. The Hilbert space for a chain of N spins
1/2 is the N-fold tensor product of C?, denoted by

N
XXZ __ 2
Y = Q)L
k=1

and endowed with the inner product on tensor product spaces. The indices 1 <
k < N merely identify the single factors in the product. The XXZ Hamiltonian
without disorder,

HY =) hie,
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is the sum of nearest-neighbor interactions

1 1
hi k1 = —K(Slf ® Sip1 +SE®SY ) + (Z]lk ® Txg1 — SE ® Sipa),

acting on C; ® C},, and extended by unity to HY*”. Here, A™! is a real
constant and S*¥* are the spin matrices, normalized to have eigenvalues i%.
The constant term 1/4 - 1 merely serves normalization purposes. The regime
where A~ = 0 corresponds to the (ferromagnetic) Ising model, while the Ising
phase of the XXZ Hamiltonian is described by 1 > A~! > 0.

The dynamics generated by HY*” conserves the total z-component of
the spin. It thus suffices to consider restrictions H}Y to superselection sectors
H X with a constant number n of, say, down-spins. This property persists upon
addition of nonvanishing fields in the z-direction. In the sequel, we concentrate
on the so-called droplet Hamiltonian with disorder,

oA
k=1

N

HIT:=HX + %(]1 - 87 - 5%) A w(k) (; 1- S,j), (1.17)
where v > 0 and {w(k)}Y_, is the given family of iid random variables. The
superscript ++ reflects the fact that having up-spins at both boundary sites
is energetically most favorable. The Hamiltonian (1.4) with n hard-core parti-
cles on A is, up to a multiplicative constant, unitarily equivalent to the XXZ
Hamiltonian (1.17) restricted to the sector with n down-spins on A, and with
constants set to A = g and v = 1. This unitary equivalence is the object of
the following proposition. It provides a dictionary which allows one to trans-
late results for hard-core particles to the XXZ system. In particular, two-point
functions such as in (1.16) relate to spin correlation functions.

Proposition 1.5. Let Hy, A(g9) = Hx and H,f (A, ) = H ¥ be as in (1.4) and

X

1.17). Then, there exists a unitary operator U : HY — H X% such that
A n,|A|
where |A| stands for the number of sites in A.

For the reader’s convenience, a proof is given in Appendix C. Many-
body localization (MBL) has received extensive attention from the physics
community [7,20,26] including early on the case of the XXZ quantum spin
chain [29]. The definition of the term MBL varies from Fock-space localization
to local integrals of motions (LIOM’s). It is an interesting question to further
clarify the validity and relations of these notions even in the above situation.

2. Controlling Cluster Breakup

The main technical difference between the situation in [5] and the present
setup lies in the presence of an additional spectral threshold. The spectrum
of the Hamiltonian restricted to at least two clusters, o2y AQ(z), is ener-
getically higher than the regime of interest defined by essentially one cluster,
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cf. Lemma 1.1. By the Combes—-Thomas estimate stated below, the corre-
sponding Green function thus decays deterministically in this regime. To avoid
cluttered expressions, we henceforth use the two shorthand notations:

HY = o®WH M, dV(x,y;2) = (6x, (HSF —2)7'6,).

The operator H\*) — z is implicitly understood to act on the subspace Q*)H.
The main result of this section is the following theorem.

Theorem 2.1. For any g > 1, ur > 0 and E > 0 satisfying
49 — E > 12¢eM7, (2.1)

there exists a constant Cy = Ci(g, pir, E) € (0,00) such that for all n >
2,A,A 20, and all x,y € XP\C:

G (x,y; B)| < Cre#dtoy), (2.2)
Remarks. 1. For any 2 < k < n, the condition (2.1) entails
0i(E) :=2k(g — ') — E > 4dket". (2.3)
As an immediate consequence of Lemma 1.1, this definition implies the follow-
ing inequality on Q*)H:
HY — E > 6,(E) + 2k(e" - 1). (2.4)
2. The subsequent proof yields:
-1
~5m (nm) /e,

where the inclusion is a direct consequence of (2.3). For g — oo and fixed
(ttr, E), the bound C; tends to 0.

Cr = Cx(g, pir, E)

3. Energies E satisfying (2.1) are always below the two-cluster threshold 4(g —
1), but may be chosen arbitrarily close to it, provided g is sufficiently large.
Namely, for E < 4a(g— 1) with a < 1, condition (2.1) is satisfied if (1 —a)g+
o > el

We follow the basic idea for the standard Combes—Thomas bound in
[3] augmented by an inductive analysis using the Schur complement formula
on k-cluster subspaces P(k)HX. We fix y € Xy and consider the following
(bounded and invertible) multiplication operator My dx := e#r?*¥)§, on H7,
which commutes with all of the projections P®*), Q)

Lemma 2.2. In the setup of Theorem 2.1, for any j,k € {2,...,n} and any
y € Xy
: 2
1P My RO(E)My PO < ——, 1€ {j.k}, (2.5)
6u(E)
[P My R (E)MPO| < Cr, (26)

—1

where R¥)(E) := (H/(\k) - E)
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Proof of Theorem 2.1. We assume without loss of generality that x € C/(\k) and
y € C/(\j). Since Gf)(x,y;E) ehrd(xy) — <5x,P(k)MyR(2)(E)M;1PU)6y>, the
claim is immediate from (2.6). O

It hence remains to give a proof of Lemma 2.2.

Proof of Lemma 2.2. Since y is fixed throughout the proof, we drop it from
the notation, M = M. Note that (2.5) is only non-trivial for | = j < k or
l =k < j. It is first proven for £ = j = [, inductively from the maximal
number of clusters down to & = 2. We spell out the argument in case the
maximal number of clusters is k = n, corresponding ton < L+ 1. If L <n, a
similar argument applies.

Base case, k = n. The operator B := ‘MH[(\n)M*1 — H/(\") is bounded
through the Schur bound:

18] < \/ sup B, fsup 7B (x,x)|

<sup > [H{M (x,x)| (%) — 1) < 2n (et — 1), (2.7)

X

The last inequality used that only neighboring configurations x,x’ contribute
to the sum, and for such: \H/(x") (x,x")] = |(0x, H/(\n)éx/” = 1. Moreover, for any
given x € C/(\”), there are at most 2n neighboring x’. By (2.4), we thus have
diSt(E,O’(H[(\"))) —||IB™]| = 6,(E) > 0, and hence, the operator M(Hl(xn) -
E)M_1 = HI(\n) — E + B™ is invertible on QH with bounded inverse:

frsen] -

’(H/(\") ~E+ B(”))_lH

-1
< (dist(B, o (1)~ IB™])) < 8u(B)"

Induction step, k + 1 — k. Assume that (2.5) holds for j+1 =k +1 < n.
Using the orthogonal decomposition of Q) into P*) 4+ Q*+1)  the Schur
complement formula yields

PEMR® (E)M-1Pp*)
= POM(P® (Hy — EYP®) — g™ (E))_lM—lp(k)
— p) (p(k)(HA _ E)p(k) +B(k)(E))717D(k),
where
SEN(E) .= T, R*D(EYTE, with Ty := PM Hy\PFEHD,
BW(E) = MPPH\PP M —PB gy P® — s ()M (2.8)

In the definition of S(*)(E), the operator Ty and its adjoint T} arise from
PR Hy QK+ = pk) fy P+ since the hopping induced by H, only con-
nects configurations whose number of clusters are at most one apart.
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By (2.4), we have P*)(Hy — EYP®) > 6, (E) + 2k(ets — 1) on PRH.
The claimed bound now follows (by reasoning analogous to the base case) if
Su(E) + 2k(etr — 1) — | B®(E)|| = 6,(E)/2, or equivalently, |[B*)(E)| <
2k(etr — 1) + 0, (E)/2. In fact, splitting (2.8) into two additive terms and
arguing as in (2.7), we have on the one hand,

[MPE HA\ PO A=Y — PE PO < sup Y [HE (x, x)| (X — 1)

< 20k — 1) — 1),
and on the other hand,
|MT M~

M| < 2ket. (2.9)
Together with the induction hypothesis, this guarantees

2 o (4ker)? 0r(E)
Spr1(E) = 26,41 (E) 2
where the last inequality is by (2.3). This concludes the proof of (2.5) for
= k.
’ In the remainder of the proof, we assume (2 <)j < k. The other case
follows analogously. The arguments are by iteration, based on the following
resolvent formula for (2 <)m < k:

PO RM () = PF RE(E) - PR RE) (BT, PE—Y RM(E), (2.10)

where we used that

|MSP ()M < (2ke™)?

o® (Hgm _ Hﬁk)) — oW H, (Q<m> _ Q(k)) — ki QW H\PD =T .
Jj=m

For a proof of (2.5) for 2 <1 =j < k, we set m = j in (2.10) and note that
the first term on the right-hand side does not contribute. Together with the
Schur bound (2.9), (2.5) with j = k and (2.3), this yields:

Hp(k)MR(j)(E)M—lp(j)H:H’p(k)MR(k)( ) T p(k—l)R(j)( )M —17)(J')H

4(k—T1)er 51 ( (k—1) ( M-lpl
PE-DMRU(E P
op-1(E)  op(E H (B)M |
125
< r||P<k—1>MR<J>(E)M— = 58‘ZE) <1
2

Since r < 1, iteration reduces the claim to the case k = j and thus concludes
the proof of (2.5).

For a proof of (2.6), we only consider j,k > 3, since the other cases are
covered by (2.5), and again assume j < k. By the adjoint of the resolvent
formula (2.10) with & = j and m = 2, combined with (2.5) and the Schur
bound (2.9), we obtain

||7)(k)MR(2)(E)M*1'p(j) H
2 n 4(5 — L)er ;-1 (
3;(E) di—1(E)  6(

N

||7> ) MR (E)M-PU-D)|
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2 _
W) AR ~1p(i-1)
< 52(E)+7“H73 MR® (B)M—PU-Y|.

Iteration until j — 1 = 2 yields the bound (2/85(E))(1 —r)~1. O

3. Bound on the Green Function’s Fractional Moments

The main result, Theorem 1.3, will follow by proving bounds on fractional
moments of the Green function,

Ga(x,y;2) = (0x, (Hr — 2)  dy).

Our assumptions guarantee that such moments are finite. In fact, integration
over just (one or) two variables associated with sites u, v suffices provided these
sites belong to the considered configurations (a fact, which we denote by u € x
and v € y). In the following, such conditional expectations will be denoted by

B[ |weguy] = [()e(w(w)) o(w(v))dw(u) dw(v).

Proposition 3.1. (Theorem 2.1 in [5]) Let s € (0,1). Under Assumptions A1-
A2, there exists a constant Cs < 0o such that for alln € N;A, and all x,y €
Xy withuex andv €y:

1

sup E[1Ga 06,y I [ wsum] < S (31)
zeC
The Combes—Thomas estimate shown in the previous section yields a
deterministic exponential bound on Gf), i.e., when restricted to ran(Q®).
What is left is to localize the clusters. This is done by adopting a standard
high-disorder localization technique for one-particle models using geometric
decoupling.

Theorem 3.2. Let I C [0, E(g, jir)) be a compact interval, d the function defined
in (1.12), s € (0,1) and p € (0, uy). Under Assumptions A1-A2, there exist
constants C'S(l),Cs@ € (0,00) and Ao > 0 such that for alln > 2, A, and all
A> N, Eel:

Sftl)(E) := sup sup Z es“lxryll]E[\GAx(x,y;E)H <coW, (3.2)
A’gAxGCA/

yeCy/
Sf)(E) = sup sup Z es“g(x’y)E[|GA/(x,y;E)|s] <C?, (3.3)
NCAXECy yETn

where Cp = Cl(\l) abbreviates clustered configurations in Xg.

 The proof of Theorem 3.2 mainly relies on Theorem 2.1, some properties
of d and a standard resolvent expansion, which for the convenience of the
reader we summarize in:

Proposition 3.3. Let H be a Hamiltonian on some separable Hilbert space with
orthonormal basis {6} and let (Q, P) be a pair of non-trivial complementary
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orthogonal projections on H. Then, for any 0, € ran(Q),d, € ran(P) and
E € C\o(H), we have

Glz,y)l < Y |G, w)l[H(u,0)|[(5,. (P(H = E)P)T'8,)],  (3.4)

by Eran(Q)
dyEran(P)

where G(x,y) := (6,, (H — E)7'6,) and H(z,y) := (0., Hd,).

Remark. Using the resolvent identity and the Combes—Thomas estimate once
more, one may also show that for any x,y € X

E(|GA(x,y; E)|*] < Cye1Poy), (3.5)
where

D(x,y) := min{d(x,y),d(x,y)}. (3.6)
In contrast to d, D is a distance function, as shown in Lemma B.1(i).

We are now ready to give a

Proof of Theorem 3.2. The dependence of quantities on the energy E shall be
omitted throughout the proof. Nevertheless, note that

CT(I) = Z}E;CT(Q’,U'T?E) = CT(ga:uTasupI) € (0,00)

Let first x,y € C. Such configurations satisfy either x1 < y1,x =y or x1 > y1.
In the middle case, the summand is bounded using (3.1), while the remaining
two cases may by symmetry be treated in a similar manner. We thus only
present the case x1 < y1. Let Ax := ANz +1,00) and Xy (Cx) be the subset
of (clustered) configurations to the right of z1, i.e.,

X ={zc Xy 101 <z} =AY, Cx :=CnN Xx.

Let Px be the projection onto H} = 12(Xy) and Qy its orthogonal complement
in H%. Applying the resolvent Eq. (3.4), we obtain the expansion

Gate ) < 3 1Ga G W[ Ha(w,v)[|Ga, (v. ).

ug Xy

veEXx
The matrix element Hy(u,v) is only nonvanishing for u = v or d(u,v) = 1.
Combined with the imposed conditions, u ¢ Xy and v € X, the sum is
restricted to pairs {u, v} with u1 = z1,v; = x1 + 1, and ux = v, 2 < k < n.
Hence, for any such v, there is a unique neighboring u = u(v). Only one such
v is also fully clustered; we shall denote it by vg € C. We may thus bound

|GA(x,y)| by

GAGe u(vo))l|Ga(vo,y)l + D [GalxuW)IGaL(v,y)l- (3.7)

vé¢l
vi=xi1+1
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By Proposition 3.3 applied to the complementary projections (77(1), Q(Z)), the
last resolvent factor, |Ga, (v,y)| with y € C, may now be expanded into

G v,y < D |G (v, W) Ha, (w,2)]|Ga, (2. y)]

weXy \Cx
zECx

< 2Cetr Z e_“Td("’z)|GAx (z,y)]. (3.8)
z€Cx

The second inequality is by the Combes-Thomas estimate (2.2) and the obser-
vation that, for any w ¢ Cy, either Hpy(w,z) = 0 or d(w,z) = 1 and
|Hp(w,z)| = 1. The factor 2 follows from the fact that, for any z € C, at
most two w satisfy d(w,z) = 1.

The resolvent G is independent of w(x1). Taking the fractional moment
of (3.7), conditioning on the random potential at all sites but 7, and using
(3.1) (with v = v = x1) thus yields:

E[|Ga, (V07Y)|S]

(QCTe“T =Y D e dVEE(Gy, (2 y)]].

vQC z€Cx
vi=x1+1

Cs
E[IGaGe y)I] <55

By |x1 —y1] = 14 |v1 — 31| < 14 |v1 — 21| 4+ |21 — 31| and Lemma B.2, we then
obtain for any p < py the bound

Z eSMIl—yl‘ ]E“GA(X, y)ls] < %6SMS£L1) + (QCTGHT)S% eSH
YECA,
X Z Z e Sr—m)vi—z1| j=spa 355 v =21 Z el [1Ga (2, )]
X¢C+lz€cx YECA,

S 1 — e—s(ui—p)

< Cs eSH <1 + (20 EMT) COO(SI-‘LT) > S'E,})a

which in turn implies the following estimate of (3.2):

Cs Gy s Coolspr)
(1) ¢ Zs st pa T (1)
Sp) < 53 +255e (1+(2C’Te ) st ) S

The first term arises from the case y = x and the factor 2 accounts for the two
cases r1 < y1 and x1 > y;. Hence, if A is chosen so large that the coefficient
of Sﬁl) on the right-hand side is strictly less than 1, Sftl) (which is finite) is
uniformly bounded as claimed.

Let x € C and y € X. We have shown that the terms with clustered y €
Car in (3.3) are bounded as in (3.2), and therefore, we henceforth concentrate
on the case x € Cy» and y ¢ Cp. Applying Proposition 3.3 with the pair
of complementary projections (73(1), Q(z)) and in turn the Combes-Thomas
estimate (2.2), we have the following upper bound for |G (x,y)|:
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S IGAG W)l Ha(w, v)[|GF (v, y)] < 2Cret 7 e |Gy (x,u)].

ueCy uelp
VQCA

As in (3.8), the second inequality uses that nonvanishing contributions have
d(u,v) =1 and |Hp(u,v)| = 1, and the factor 2 reflects the fact that at most
two v satisfy d(u,v) = 1. By (3.2) and Lemma B.1(iv), this yields:

sup sup Z sudxy [|GA/(X,y)|S]
NCAxECy oo,

< sup sup (2Cret) esrd(uy) —surd(uy) gspd(xu) g E[|Gar(x,u)]?]
A'CAXEC,, ygch, ueZcA,
< (2CT€#T)SOOO (S(ﬂT - ,UJ)) 0\51)7

where the uniform boundedness of Cy, is by Lemma B.2. 0

4. From Fractional Moments to Eigenfunction Correlators

As explained in [3,6], in order to relate the configurational eigenfunction cor-
relator to the fractional moment of the Green function, it is useful to consider
the family of interpolated eigenfunction correlators with parameter s € [0, 1]:

QV (xy. Ls) = > (0w Prey(HA)K)| " [0, Py (HA)Sy)|
Eco(Ha)NI

The following bounds, which are taken from [6, Ch. 7.3.2] (see also [5]), hold
for any s € [0, 1]:

Wiy I \/Q(") (xy. L) QW (y.x.1,5), Q\"(x.y,I,5) <1 (41)

In [5], a general relation concerning the eigenfunction correlator was
derived which in our situation reads:

Proposition 4.1. (Thm. 4.5 in [5]) Let s € (0,1),A > 0 and I C R be an
interval. Under Assumptions A1-A2, there exists a constant C € (0,00) such
that for alln € N, A and all x,y € XV with u € x:

Elof xy 1] <C X [BlGawyBITaE  (2)
weX
u€w

The proposition will be used to conclude localization bounds in case
x,y € C. The remaining case x ¢ C and y € A is dealt with perturbatively.

Lemma 4.2. In the setup of Theorem 1.3, for any x ¢ C andy € X} :

an)(x,y, I <2C(I)err Z e~ Hrdew) Q(") (w,y,I). (4.3)
wel
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Proof. The inequality is based on the following singular relation [6, Prop. 7.9]
between the eigenfunction correlator and the Green function:

]_ _
™ (x,y,T) = lim =% / Ga(x,y: B)J° dE. (4.4)
s,/1 2 T

Using x ¢ C, the resolvent identity (3.4) and the Combes-Thomas esti-
mate (2.2) yield the following upper bound for |G (x,y; E)|®:

G (%, y5E)* Liygey + D 1GE (%, w; B)* | Ha(u,v)|Ga(v, y; E)[?

ugC
vel

< Ciemmdoy) 4 9(Cret )™y " e V|G (v, y, B)|°.
vel
The factor 2 on the right side is due to the fact that for a given v € C there
are at most two configurations u ¢ C for which 0 # |Hy(u,v)| = 1. In the
singular limit (4.4), the first term on the right side vanishes and the last term
yields the claim. O

We are now ready to prove our main result:

Proof of Theorem 1.3. We treat the three cases 1. x,y € C,2. x ¢ C, y € C
and 3. x,y ¢ C separately.

1. For x,y € C, we assume without loss of generality that z; < y;. The
bound (4.1) and a Hoélder estimate yield for any s € [0, 1]:

N

B0 ey )] <E[Qf ey 19 E [0y x 1.9

Now, Proposition 4.1 (with u = z1) together with Lemma B.1(v) (by which
y1 — 21 < d(w,y) for any w 3 x1) implies:

E|QV(x,y,I5)| < Cemspinmnl /1 3 eHYE (|G (w,y; E)|] dE

weX
T1EW

< C|I] sup SP(E) e—stlm—nl,
Ecl

The finiteness of supgc; Sff)(E) < C? is by (3.3). Exchanging x and y, and
using the second statement of Lemma B.1(v), the same bound holds since

| — Yn| = |21 — y1]| for clustered x and y. Hence, we obtain
E @\ (x,y,D)] < Cl1|CE) emswlnml, (4.5)

2. For x ¢ C and y € C, we use Lemma 4.2 together with the previous esti-
mate (4.5) to conclude

E [ X”)(x,y,l)} <O emtndtewomsnlui—ul,
wel
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3. In the remaining case x,y € C, we use an iterated version of Lemma 4.2:
Qg\n) (x,yJ) < (2 CT(I>€“"’)2 Z et (d(x,w)+d(v,y)) Qg\n) (W,V, I).
w,vel

Averaging over the disorder and inserting (4.5) thus yields

E[ ™ (x,y, I)} <C Y ermldbwtdy) gmsului—nl, O
w,veC
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Appendix A. Proof of Thresholds

The proof of Lemma 1.1 requires some preliminary considerations. Let a #
B,0,8 € A be two sites and the operators m, and 7, 3 be defined on H}
through

0x, if a €x, 0x, if either @ € x or 3 € x,
T Ox 1= o8 O0x 1=

0, otherwise, 0, otherwise.

It is worthwhile noting that a basis element dx is only in the range of 74 o1
if the configuration x has a cluster ending on « or beginning on «a + 1. The
operators 7, 41 are related to transitions between occupied and empty sites.
A second operator 74, is defined on A" as

a, if T; = 57
Tap(X)i =103, ifz; =aq,

x;, otherwise.

After reordering, this also defines an operator on X{* which we denote by the
same symbol. The action of 7, 3 then amounts to exchanging the sites o and
B together with their occupancy. In particular, 7, g(x) = x if o, € x or
a, 8 ¢ x. By the embedding x +— dx, 7y, g is extended to an operator on H}
through 7, 5 0x 1= 0, ,(x)- In the special case 8 = a + 1, the operator 74 a+1
describes the hopping between the neighboring sites o and o + 1.

Proposition A.1. Let A and U be defined as in (1.1) resp. (1.3) on H} and set
A~ :=[-L,L—-1]NZ. Then:
(1) 2U = Z To,a+1 + Ty + T,
acA~
(11) —A Z (1 — Ta,a+1 — Ta,a—i—l)-
a€A~
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Proof. Each claim is established by proving that both sides of the equalities
coincide when applied to the basis vectors dy,y € X{.

(i) From the preliminary considerations above, > .\~ Ta,at1dy = Cy dy,
where Cy, is the number of transitions in y between occupied and empty sites;
or equivalently the number of other configurations that can be obtained from
y by moving one particle to an adjacent empty site. Comparing with definition
(1.3) of U shows that 2U8, = (Cy 4+ 7_; + m,) dy.

(ii) We have

—T, by, ifeitheracyora+1ey,
(1 To,a+1 Ta a+1) Oy = wattly . Y * Y
0, otherwise.

Comparing with definition (1.1) of A, we obtain the claimed identity. In fact,
any neighboring pair {x,y} is uniquely written as {74 0+1(y),y} for some
a € A7 with eithera € yora+1€y. g

Proof of Lemma 1.1. By assumption, AV > 0. From Proposition A.1, we have

Hy > Z [(1 - Ta,u-H) + (g - l)ﬂ'a,a-‘rl] + g(ﬂ'—l, + 7TL)-
aEA—
By their definition, 7, g are Hermitian and unitary so that 1 — 7, 3 > 0 and
hence

HA = (g - 1) Z Ta,a+1 + g(ﬂ'—L + 7TL)~

acA~
Assaid, ) ca-
empty sites. A configuration in ran(Q*)) features either 2(k — 1), 2k — 1 or 2k
such transitions, depending on whether it encompasses two, one or no bound-
ary clusters. Each boundary cluster being however penalized by g(ﬁ_L + 7TL),

the configurations with no boundary clusters are energetically most favorable,
establishing the lower bound on Q%) H, Q") at 2k(g —1). O

Ta,a+1 counts the number of transitions between occupied and

Appendix B. Distance functions and summability

This appendix is dedicated to proving three technical, but important lemmas
on properties of the (distance) functions d,d and D = min{d,d} as defined
n (1.2), (1.12) and (3.6).

Lemma B.1. (i) D(:,-) is a distance function on X},

(i) d(x,y) = D(x,y) = |21 — y1| for all x,y € C,

(iii) 7( y) = D(x,y) = minyec{|z1 — v1| + d(v,y)} for allx € C,y € X},
(iv) d(x,y) < d(x,u) +d(u,y) for all x,u € C,y € X%,

(v) E(w y) 2 y1—x forally € C and w € X such that 1 < y1 and

x1 € w; and similarly, d(w,X) > y, — 2, for allx € C and w € X} such
that y, > x, and y, € W,
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(vi) d(x,y) = dist(U,V) = (n = 1) for all xNU # 0 and y NV # 0 with
disjoint U,V C A.

Proof. To establish property (i), we extend the natural graph of X} with
¢-distance by edges connecting pairs (x,y) of clustered configurations with
|x1 — y1] = 1. As the function minimizing the distance on this graph, D is
a distance function. Properties (ii) and (iii) are immediate, by definition or
|1 —y1] < d(x,y). Property (iv) follows from (i)—(iii).

(v) We use (iii): d(w,y) = minyec{d(w,v) + |v1 — y1|}. Since 1 € w, there
is some j such that d(v,w) > |v; — x1]. By distinguishing the three cases,
v1 > y1,¥ = v1 = 21 and x1 > vp, one concludes from 7 < y; and vy < v;
that |v; — 21| 4+ |v1 — y1| = y1 — z1. The second statement of (v) follows by
left-right symmetry.

(vi) Let 1 < j,k < n be such that z; = u € U and y; = v € V. Then, for any
w,z € C, we have by the triangle inequality

d(x, w) + |wy — z| —|—d(z,y)} > |Ju—wj| + Jw; — zj| + |z — v
> Ju—v|—|z; — 2

Here, we used that |wq — 21| = |w; — z;| for any 1 < j < n. The claim thus
follows by |z; — zx| < n— 1. O

The next lemma is the key observation regarding summability.
Lemma B.2. For any i > 0 and n € N, we have

2
1 T 1
—pd(x,v) —
sup E e < 1 —or <| | 1 _e—ku> = Cx(p). (B.1)

xect? vexy k=1

Remark. The product in the parenthesis is known in partition theory as
Euler’s generating function evaluated at x = e * and, as an instance of
g—Pochhammer symbol, often written as (e 7#,e~#) L.

Proof. Notice first that Co () is a well-defined strictly decreasing function of
u > 0. It diverges to 400 for 4 — 0 and converges to 1 for y — +oo.

The sum on the left-hand side of (B.1) is translation invariant in x € Cél),
which may therefore be chosen arbitrarily. Setting x; = k and subsequently
substituting yr := vr — k, 1 < k < n, we obtain the expression

o0 o0
§ e~ Myl E e—Mlv2l L., E e~ Hynl
Y1€Z Y2=Y1 Yn=Yn-1
Notice that {y1,92,...,yn} is a non-decreasing sequence. Hence, there exists

0<j<n such that Yi,---,Y5; € R.p and Yjt+1s---3Yn € R)o. For j =0
resp. j = n, the former resp. the latter set are considered empty. Reordering
the terms in the sums according to their j yields

n

Z Z ehyrte+y;) Z et Wit1++un)

J=0 \y1<--Sy; <1 0SYj+1<-Syn
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The claimed result now follows by the geometric series. In fact, the first paren-
thesis is bounded by e ™/# - (e #,e~#)! and the second by (e #,e #) . O

An immediate consequence of the last lemma is

Lemma B.3. Let F, be as in (1.11) and U,V C A be two connected, disjoint
subsets. For any p > 0, there exists a constant C,, € (0,00) such that for all
n>2 A:

> ) Fuxy) <Cun+1). (B.2)
xXEX) yeXxy
xNU#D yNnV #£0
Proof. Assume without loss of generality that U < V, that is v < v for all
u € U and v € V. Let umay be the maximal element of U and v, the
minimal element of V. To simplify notation, let henceforth C4 be the clustered
configurations with at least one particle in A C A. We shall split the sum into
four terms, according to whether x and y are clustered or not, and bound
them separately. The emphasis of this proof lies on its shortness rather than
on optimal bounds.

1. x,y € C. Here, we have F},(x,y) = exp[—p|z1 — y1|]. Since by assumption
Umax < Umin — 1, the following bound holds:
—p
—plzi—y1] € _ (ﬁ)
; e < A=y + (n — 1) coth 5) (B.3)
T1XxUmax
Y1 2 Umax —(n—2)

The first term on the right-hand side is the contribution for y; > umax and
the second term an estimate of the remainder.

2.x €C,y ¢ C. We estimate the sum

Do Y eHmmlemudtvy), (B.4)

x€Cy yeX\Cwel
yNV#0D

For clustered x and w, |x1 — w1| = |z — wy| for any k. Moreover, since x has
a particle in U, and y a particle in V', we have the lower bound

1
|z1 —wi| +d(w,y) > §(|x1 — wi| + dist(U, w) + dist(w, V) + d(w,y)).
In fact, for any x € Cy, there exist v € U and 1 < k(x) < n such that
|71 — wi] = |u — Wiy | = min{|u —w;| 1w € U,1 < j < n} =:dist(U, w); and

similarly, d(w,y) > dist(w, V). Hence, we may decouple the sum in (B.4) and
arrive at the bound

Z Z Z 67%|117w1\67%(dist(U,w)+dist(w,V)) e*%d(W:Y) (B5)

xeCy yeXX”\C wel

yNV#D
< <§ :e%(dist(U,w)«kdist(w,V})) sup z : effzi\zlfwl\ 2 : 67%d(w,y)
wec weC | Jecy yEXR\C

yNV#0Q
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By Lemma B.2 and the geometric series, the last term on the right side is
bounded by coth(u/4) Cs(pt/2). To bound the first parenthesis, note that
there only exist clustered w with dist(U,w) + dist(w,V) = 0 if U and V
are not too far apart, and in the worst-case scenario where vyin = Umax + 1,
there are at most (n — 1) such w. By the geometric series, the first parenthesis
on the right- hand side of (B.5) is thus bounded by (n — 2) + coth(u/4). By
symmetry of F),, the case x ¢ C and y € C satisfies the same bound.

3. x,y ¢ C. The sum to be bounded reads

Z Z Z e*#d(wi)efﬂ‘wlf’zl|67“d(z’y)~ (B6)

XEXI\C yeXF\C w,zEC
xNU#D yNV#0)

Asin item 2, the estimate relies on decoupling the sums by giving lower bounds
on d(x,w),|w; — 21|,d(z,y) or sums thereof which are independent of one
variable. Here, we have

d(x, w) > %(d(x, w) +dist(U,w)), d(z,y) > %(dist(z,V) + d(z,y)).

Combined with |wy — 21| + 3dist(z, V) > 3|wy — 21| + idist(w, V), the same
bounds as in item 2 apply and yield

Y Y Fulxy) < ((n—2)+coth (%))coth (%) o (g)27

x€X\CyeX\C
xNU#D yNV#0

(B.7)
concluding the proof. O

Remark. For U and V not disjoint, the factor (n — 1) appearing for instance
on the right-hand side of (B.3) is typically replaced by [U N V| + (n — 1) and
the expression C,(n + 1) then depends on the size of the overlap.

Appendix C. Proof of relation to XXZ

Proof of Proposition 1.5. For C?, we introduce the basis of eigenvectors {e*}
of S* satisfying S%e* = +1e*. Basis elements of HA[ are |A]-fold tensor
products of e* and uniquely determined through the number and positions
of their down-spins, which may be summarized in a configuration x € Xy for
some appropriate 0 < n < |A|. Denoting any such basis element by ey, this
induces a unitary operator

. LYXXZ
u: Hn,|A| — HX, ex > Ox

between the superselection sector with exactly n down-spins and the space of
n hard-core particles.

Next, we define the ladder operators S* := S* £4S¥ and the down-spin
number operator N := S~™ST = 1/2— 5%, They satisfy the following relations:
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Stet =0,57em = e,Nem =0,5Te” =e",5¢e = 0, Neo = ¢~. The
right-hand side of (1.18) may be recast as

A

keA— keA— keA

where

AkI:SI—: & S];+1+Sk_ X S]:_Jrl, Uy == % -1 — (Nk — ;]1) ® <Nk+1 — ;1),
and A~ = [~L, L—1]NZ. Observe that both A and Uy vanish on e ®e;f, | and
e, ® e, . Moreover, when applied on ez ®ep, ore, @ ezﬂ, A} exchanges
the spins, while Uy counts 1/2, reminiscent of the actions of A and U. A
notable difference lies in that U counts 1 per cluster, while >, )~ U counts
1/2 per interface between up- and down-spins. The additional potential term
(N 4+ N.)/2 accounts for the lacking interface whenever a cluster sits at a
boundary. The claim now follows by verifying that the actions of ), .\~ A
and D, cn- Up + (Np + N.)/2 on basis elements ey indeed coincide with that
of A and U on dx. O
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