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Abstract For a one-dimensional spin chain with random local interactions, we prove that
many-body localization follows from a physically reasonable assumption that limits the
amount of level attraction in the system. The construction uses a sequence of local unitary
transformations to diagonalize the Hamiltonian and connect the exact many-body eigenfunc-
tions to the original basis vectors.

1 Introduction
1.1 Background

The eigenfunctions of a single-particle Hamiltonian with a large random potential are local-
ized: they decay exponentially with the distance from some center. Does the phenomenon of
localization persist in a more realistic model with interacting particles? This question was
raised in Anderson’s original paper [1], and subsequent work in the physics literature [2—8]
supports the idea of many-body localization, on the basis of several theoretical perspectives
and on numerical work.

In this paper we focus on one of the simplest models where many-body localization should
occur. We consider the many-body spin chain Hamiltonian on the lattice A = [-K, K']NZ:

K’ K’ K’
H= > mSi+ > vS'+ > JSiSh,. (1.1)

i=—K i=—K i=—K-—1

This operates on the Hilbert space H = Q); C2, with Pauli matrices

x (01N v (0—-i\ o (10
Si_(lo)’si_(i o)’Si_(O—l) (1.2)
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operating on the i™ variable. Variables outside of A are frozen (projected out), i.e. we set
§? = 1in(1.1) for i ¢ A for + boundary conditions. Note that H is diagonal in the basis
used above, except for the second term involving SY. We write y; = yI'; with y small, and
assume h;, I';, and J; are independent random variables, bounded by 1, with probability
densities bounded by a fixed constant pg.

This model has random field, random transverse field, and random exchange interactions;
it is a variant of the model studied in [6]. It should have a transition from a many-body-
localized phase for small y or J to a thermalized phase if y and J are large. (Note that a
tensor product basis of eigenstates can easily be constructed for H if either y or J is zero.)
We investigate properties of general eigenstates, not just those at low energies.

The notion of localization has to be adapted to the many-body context, for a couple of
reasons. First, the configuration space includes the positions of all the particles (or the values
of all the spins). Decay in this space is too much to ask for. Second, whatever basis we choose
for H, interactions connect a given state to nearby states everywhere in space. This means
that a normalized eigenfunction will lose its amplitude exponentially with the volume.

We will examine three signs of many-body localization. First, for the above Hamiltonian,
the basis vectors are tensor products of (1, 0) or (0, 1) in each index. Thus the basis vectors
are indexed by “spin configurations” o = {0;} € {—1, 1}1A1. We have weak oft-diagonal
disorder, and one might expect that the eigenfunctions resemble basis vectors, which would
imply that for most eigenstates, the expectation of S? should be close to +1 or —1. This is
a basic signal of many-body localization for H. The analogous statement for the one-body
Anderson model is the fact that most eigenfunctions have the preponderance of amplitude
near a particular site.

The second sign has to do with the product structure of . The Hilbert space is a tensor
product of local vector spaces (instead of a direct sum, as in the single-body problem). In the
absence of interactions, this structure carries over to the eigenstates. With weak interactions,
one should see the tensor product structure emerge at long distances. For small y, and for
any eigenstate, correlations between local operators separated by a distance » should decay
like " for some x > 0. This is analogous to the exponential decay of eigenfunctions in the
one-body problem, but it is a decay of entanglement, rather than amplitude. (Distant spins
are very nearly in a product state.)

As in the one-body Anderson model, there should be a natural way to create a mapping
between eigenstates and basis vectors, away from a dilute set of resonant regions. This is a
third sign of many-body localization.

The second term of (1.1) is the Laplacian on the hypercube; it implements spin flips or hops
between basis vectors differing at a single site in Z. But a key difference between H and the
one-body Anderson model is the random potential—here it consists of the first and third terms
of (1.1). There is a lack of monotonicity, and in addition the number of random variables is
only logarithmic in the dimension of H. This creates particular challenges for rigorous work.
The term >"; h; S? is sufficient to break degeneracies associated with individual spin flips.
However, we do not have full control over energy differences for configuration changes in
extended regions, so an assumption about local eigenvalue statistics is a prerequisite for our
results. Specifically, we prove that if a physically reasonable assumption on the separation
of eigenvalues is valid, then many-body localization holds (in the sense described above).

Our methods will apply to more general models provided they have a few key proper-
ties in common with (1.1). Specifically, there must be a tensor product basis in which the
Hamiltonian is a diagonal matrix plus a local perturbation, with all terms having random
coefficients. (Models with only some terms random, e.g. (1.1) with y;, J; fixed, could be
considered as well, but a stronger assumption about the behavior of eigenvalue differences
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would be needed.) The dimension of the state space at a site should be finite. The diagonal
part should have local interactions (e.g. nearest-neighbor as above), and the random variables
at each site i should be able to move energy differences between pairs of basis vectors that
differ only at i. Thus one may consider certain models of interacting particles in Z with
hard-core conditions.

There is a considerable literature of rigorous work on the phenomenon of single-particle
Anderson localization, for example the proof of absence of diffusion in dimensions 2 or more
[9] and the proof of localization using the exponential decay of the average of a fractional
moment of the Green’s function [10]. The latter work also applies to Hamiltonians on the
Bethe lattice, which is relevant for models of many-body localization involving decay in
Fock space along tree-like particle cascades [2,5,11]. Like the spin chain, the Bethe lattice
exhibits an exponential growth in the number of states as a function of the diameter of the
system — this is a key problem for rigorous work on many-body localization. There are also
a number of results for a fixed number of interacting particles [12—18].

Recent results on localization in many-body systems include a proof of dynaical localiza-
tion for an isotropic random spin chain, using the Jordan-Wigner transformation to reduce
the problem to an equivalent one-body Hamiltonian [19]. Other results include a proof of an
asymptotic form of localization (in a non-random system with frustration) [20] and a proof
of localization when the disorder strength diverges rapidly with the volume [21].

1.2 Results

We will need to assume a property of limited level attraction for the Hamiltonian in boxes of
varying size:

Assumption LLA(v, C) (Limited level attraction) Consider the Hamiltonian H in a box A
with |A| = K + K’ + 1 = n. With the given probability distribution for {h;, I';, J;}, its
eigenvalues satisfy

P(min|Ea—E5| <8) <8'Cc", (1.3)
a#p
for all § > 0 and all n.

We show that many-body localization holds (in a sense made precise below) for y small
enough, provided LLA(v, C) holds for some fixed v, C. Ideally, one would prove many-body
localization without making such an assumption. However, at this point we lack the tools
to adequately deal with such questions of level statistics. (For a step in this direction, see
[22] for a proof of a level-spacing condition for a block Anderson model.) Nevertheless,
LLA(v, C)is a very mild assumption from the physical point of view, since random matrices
normally have either neutral statistics (v = 1, e.g. Poisson) or repulsive ones (v > 1, e.g.
GOE). Indeed, the thermalized phase should have significant level repulsion [23]. In fact, we
only need (1.3) for a particular value of § (¢", where £ is a small power of y).

For the purposes of this paper, many-body localization (MBL) consists of the following
properties of the eigenvalues and eigenstates of H:

(i) Existence of a labeling system for eigenstates by spin/metaspin configurations, with
metaspins needed only on a dilute collection of resonant blocks. (As mentioned above,
the spin variables used to label basis vectors can also be used to label the exact eigen-
states, but the correspondence becomes somewhat arbitrary in resonant regions, so we
use the term “metaspin” instead.)
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(ii) Faster-than-power-law decay of the probability of resonant blocks, which implies their
diluteness. (This is critical to the whole concept of a labeling system—without it the
labeling system would lose its meaning.)

(iii) Diagonalization of H via a sequence of local rotations defined via convergent graphical
expansions with exponential bounds. (Locality means that graphs depend only on the
random variables in their immediate vicinity.)

(iv) Bounds establishing closeness of expectations of local observables in any eigenstate to
their naive (y = 0) values, when observables are not in resonant regions. (This makes
precise the idea that eigenstates resemble the basis vectors.)

(v) Almost sure convergence of local energy differences and expectations of local observ-
ables as A — Z.

(vi) Exponential decay of connected correlations (O;; Oj)q = (0;iO0))q — (0i)a{O))a
in each eigenstate, except on a set of rapidly decaying probability. (This shows the
exponential loss of entanglement with distance for the subsystems associated with the
observables.)

(vii) Faster-than-power-law decay of averaged connected correlations.

The set of resonant regions will be constructed through an inductive procedure that gener-
ates local rotations to successively diagonalize the Hamiltonian. Further details and concrete
bounds will be deferred to the main body of the paper. However, we state here a theorem
that incorporates (iv), (vi), and (vii). It can be taken as a basic characterization of many-body
localization. We will need a notion of state-averaging. Let o be a label for the eigenstates
of H. Then let Av, denote the average over the 2" values of « (for a box of size n). The
average can be with uniform weights (infinite temperature) or with any normalized energy-
dependent weight function (e.g. (const) exp (—BE), which gives the usual ensemble for
inverse temperature f3).

Theorem 1.1 Let v, C be fixed. There exists a k > 0 such that for y sufficiently small,
LLA(v, C) implies the following estimates. Let ( - ), denote the expectation in the eigenstate
o. Then

EAvy [(S§)a| =1— 0("). (1.4)

Furthermore, for any i, j,
max |(Os: Oj)a| < y"~11/3 with probability 1 — (%) 1+e30osi=jl/8v)* (1.5)
o

for some constant c3 > 0. Here (O;; Oj)q = (0;O;)q — (Oi)a(O})a, with O; any operator
formed from products of S}, Sl.y, or 8%, for i’ in a fixed neighborhood of i. Finally,

E AV (01 Oj)gl < (y*)Festoelizil/svi®, (1.6)
All bounds are uniform in A.

From (1.4), we can see that with high probability, most states have the property that the
expectation of S is close to +1 or —1, as is the case for the basis vectors. This would contrast
with a thermalized phase, wherein states resemble thermal ensembles (a consequence of the
eigenstate thermalization hypothesis—see [24—26]). At infinite temperature, thermalization
would imply that averages of eigenstate expectations of S go to zero as A — oo [6]. Thus
one sign of many-body localization is the violation of thermalization as in (1.4).

Another sign of many-body localization would be the absence of transport. Although
we have not looked at time-dependent quantities, essentially all of the eigenstates we have
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constructed have a distribution of energy that is nonuniform in space (i.e. in Z), and this
necessarily persists for all time. So in a very basic sense, there is no transport in the system—
this is another feature of the lack of thermalization.

Our rigorous result on many-body localization is an important capstone to the physical
arguments that have led to the idea of a many-body localized phase. Without full control
of the approximations used, there remains the possibility that thermalization sets in at some
very long length scale. Such a scenario would not show up in the numerics, and has been
conjectured to occur in the nonrandom model of [20].

1.3 Methods

We will perform a complete diagonalization of the Hamiltonian by successively eliminating

k
low-order off-diagonal terms. The process runs on a sequence of length scales Ly = (%) ,

and off-diagonal elements of order Y, m € [Lg, Ly+1) will be eliminated in the kth step.
The orthogonal rotations that accomplish this can be written as a convergent power series,
provided nonresonance conditions are satisfied. Resonant regions are diagonalized as blocks
in quasi-degenerate perturbation theory. The crux of the method is control of probabilities of
resonances. It will be critical to maintain bounds exponential in the length scale of the reso-
nance. Otherwise, the bounds will be overwhelmed by the exponential number of transitions
that need to be tested for resonance. The method was developed in [27] for the single-body
Anderson model. This led to a new proof of the exponential localization result of [10] via
multiscale analysis, working directly with rotations, instead of resolvents. (We recommend
[27] to serious readers of this article, as the key tools are developed in a much less complex
setting.) The key estimate that allows the procedure to work on all length scales is a uniform
decay rate for a fractional moment for graphs with many independent energy denominators.
This leads to exponential bounds on resonance probabilities, at least for graphs with mostly
independent denominators. The method can be thought of as a KAM or block Jacobi [28]
procedure. Each step is a similarity transformation implementing Rayleigh-Schrodinger per-
turbation theory in a manner very close to that of [29,30] (though in those works a single
transformation was sufficient to break degeneracies in the Hamiltonian).

A number of authors have used related KAM constructions to prove localization for
quasiperiodic and deterministic potentials [31-37]. More broadly, a number of different flows
have been used to diagonalize matrices in various contexts [38—41]. Related renormalization
group ideas have appeared in [42-45].

The idea that quasi-local unitary transformations may be used to isolate local variables or
conserved quantities in a many-body localized system appears in [46—49]. Here, we imple-
ment the rotations in a constructive manner, providing explicit expansions for the rotations
along with bounds that quantify the notion of locality. Such expansions are new, even in the
single-body context [27].

2 First Step

The basic features of our method are easy to understand in the first step. Here we focus on
single spin flips. We know that perturbation theory will be under control in regions where
no resonant transitions occur. So in Sect. 2.1, we identify resonant regions and prove that
they form a dilute subset of Z. Away from these regions, energy denominators cannot get
too small, so first-order perturbation theory is under control. In Sect. 2.2, we we use this
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to define a rotation (change of basis) that diagonalizes the Hamiltonian up to terms that are
second order in y, in the nonresonant region. We give a graphical expansion for the rotated
Hamiltonian exhibiting quasi-locality (i.e. a term with range r is exponentially small in r).
In Sect. 2.3, we deal with the resonant regions by performing rotations that diagonalize the
Hamiltonian there. Although these rotations are not under perturbative control, their effects
are limited due to the diluteness of resonant regions and to the smallness of connections to
nonresonant regions. In Sect. 2.4, we show that the effect of the rotations on observables is
small.

2.1 Resonant Blocks

Resonances occur when transitions induced by off-diagonal matrix elements produce an
energy change that is smaller than some cutoff ¢. In the spin chain, a transition is a spin flip
at a site ;. If we start from spin configuration o, let the flipped spin configuration be ¢ @:

o _ |70 J=E
O . = 2.1
! [0‘,-, J#i e
Let
K’ K’
E©)= D hioi+ D Jioioi 22)
i=—K i=—K-—1

denote the diagonal entry of H corresponding to o. (We take o; = 1 fori ¢ A.) Then
E(o) — E(0") = 20i(hi + Jioi11 + Ji—10i-1). (2.3)

We say that the site i is resonant if | E (o) — E(o®)| < & for at least one choice of o;_1, 0741.
The probability that i is resonant is bounded by 4p9c. We take € to be a small power of the
coupling constant for spin flips: ¢ = /20 « 1.

Let S; = {i € A : i is resonant}. Then we may decompose S; into resonant blocks B
using nearest-neighbor connections. The probability that two sites 7, j lie in the same block
is bounded by (4p0£)|i_j I+1, (Conditioning on {I';, J;}, we obtain a product of independent
probabilities foreach site m withi < m < j; pg is the bound assumed above on the probability
densities and the factor of 4 accounts for choices of neighbor spins 0,1 and o, 41.)

2.2 Effective Hamiltonian

Let us group the oft-diagonal terms of H as follows:

](0) — ZylSlX — Z J(O)(l) — J(O)per + J(O)res

ieA ieA
= D TG+ IO, (2:4)
i¢S) ieS)

where J (@ contains terms with i € S; (“resonant terms”), and J @PT contains terms in
the nonresonant region (“perturbative terms”). Then define the antisymmetric basis-change
generator

A= AG), (2.5)

i¢S)
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with the local operator A (i) given by its matrix elements:

JOPeriy Vi

A gei) = E(0)— E(0®D)  E(0)— E(c®)

(2.6)

All other matrix elements of A(i) are zero; A(i) only connects spin configurations differing
by a single flip at i. Nonresonance conditions ensure that all matrix elements of A(i) are
bounded by y /e = y'%/%0, In fact, ||A(i)|| < y /e, since each row/column has a single term
with that bound. Also, ||J @ @)|| < y.

Next, we define the basis change Q = e~*. Let Hy be the diagonal part of H. Note that
[A, Hol = —JOP 50 that [A, H] = —J O 4 [A, JO]. This leads to a cancellation of
the term J©Pr in H:

o0
dAy
HO =t Heh =S (@d A",
= n!

[e.¢] —
= Ho + 1O 4 jOpr 3 (ad A)" 1 (=T OPer) + (ad A)" (J OPr 4 J Ores)
" n!
e

(ad A)

_ (0)res n y(0)per (O)res
=Hy+J +Z 1)'(adA) J +Z J

n=1 n=1

= Ho+ J O + 0. 2.7

Note that A and J© are given by a sum of local operators, so the commutators in J (!
likewise will be given as a sum of local operators (although the range of the operator grows
as n, the order of the commutator). However, even though A(i) and J(i) only act on the
spin at site i, the matrix elements of A(i) depend on the spins ati — 1 and i + 1. Therefore,
[A@i), A(j)] and [A(i), J(j)] do not in general vanish when |i — j| = 1. They do vanish
when |i — j| > 2.

We may give graphical expansions for J (1) by expanding each J, A in (ad A)" J ©Per and
(ad A)" JOres a5 a sum of operators localized at individual sites.

Thus
(ad A)"JOPT = 3" (ad A(in)) -+ (ad A1) T V(o). (2.8)
10,01 5---5in
We must have dist(i, {io, ..., ip—1}) < 1; otherwise the commutator with A(i,) vanishes.
Note that the number of choices for i, given ig, ..., i,_1, is no greater than p + 2. Thus

we have, in effect, a combinatoric factor (n + 2)!/2! which is controlled by the prefac-
tors n/(n + 1)! or 1/n!, leaving only a factor (n 4+ 1)(n + 2). There are 2" terms from
writing out an n™ order commutator, so the series is geometrically convergent. We may
write X .

D=2 e, 2.9)

g1:0—>0

where g; represents a walk in spin configuration space that is connected in the sense described
above. More precisely, g1 prescribes an ordered product of operators A (i) or J O (ip) arising
from an admissible sequence i, i1, ..., I, after expanding the commutators (admissible
means each i, is with a distance 1 of {ip, i1, ..., i,—1}, for anonvanishing commutator). Each
operator implements a spin flip, hence we obtain a walk on the hamming cube {—1, 1}*+1.
The interaction term Jé:})(gl) is the product of the specified matrix elements and a factor
n/(n + 1)! from (2.7), along with a sign and a binomial coefficient from expanding the
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commutators and gathering like terms. See [27], eq. 2.18. A similar graphical expansion can
be derived when the similarity transformation is applied to any local operator, e.g. S, Sg, or
S5- Nonresonance conditions imply that

lg1l—1
M y(y/e)
J\ < 2.10
o enl = T (2.10)
where |g1| = n + 1 is the number of operators (A or J) in g;. As discussed above, the sum

over g1 involving a particular J O (i) converges geometrically as y (cy/e)".

2.3 Small Block Diagonalization

We need to decompose the resonant region Sj into a collection of subsets of Z that we will
term “blocks.” These are essentially connected components of Sj, although it is necessary to
complicate the definitions by adding collar neighborhoods to the blocks and to distinguish
between “small” and “large” blocks. In the k™ step, we consider interaction terms with range

k
less than Ly = (%) . By adding a collar of width L; — 1 around blocks, we ensure that

interactions connecting across the collar are of order L; or higher. At the same time, we
require the diameter of small blocks to be <Lg. In this way, the minimum range (which
translates to the order of perturbation theory in y) matches up well with the size of small
blocks, and so for them, factors yLk or eL* will beat the sum over states in the block. (We
will diagonalize the Hamiltonian within small blocks, and then an n-site resonant block has
2" eigenstates.)

We need to go further by requiring small blocks to be isolated, in the sense that a small
block with # sites in step k is separated from other blocks on that scale (and later scales) by
a distance > d,, = exp(L%z_mo) whenn € [L,—1, Ly). Here mog > 0 is a fixed integer to
be chosen later—see the discussion following (4.10).

All these issues arose in the treatment of the one-body problem in [27], but there the
number of states in a block of size n is only n, so we were able to use collars logarithmic
in n. Here, we have to take collars linear in n, which pushes us into a regime with extended
separation conditions. The additional separation exp(O (n'/?)) ensures that blocks do not
clump together and ruin the exponential decay. In both cases the goal is to ensure that
the combinatorics of graphical sums behave well in the multiscale analysis. The distance
condition should be familiar to readers of [9]. As in that work, the construction ensures
that uniform exponential decay is preserved away from resonant regions. But this benefit
comes at the cost of working with loosely connected resonant blocks with weak probability
decay.

For step one, small blocks are those with diameter O or 1, since L = %5, and they have a
separation distance d; from other blocks. They will be denoted 5. We add a 1-step collar
neighborhood (the set of sites at distance 1 from pD | and denote the result 51 The rest of
S is given a 1-step collar to form Sy-. Its components are denoted B1). We may also refer
to B1) = B N S1 and S = S N Sy. This enables us to identify the “core” resonant set
that produced a large block B v,

Let us separate terms that are internal to the collared blocks 51 and B! from the rest.
The former are the troublesome ones (resonance probabilities are hard to control, which leads
to lack of control of the ad expansion), so they need to be “diagonalized away.” (Compare
with [27], eq. 2.20.) Put
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(Dint __ ;(O)res (1) _ y(D)sint (Dlint
Ja& - Ja& + Z Ja& (gl) - Ja& + Ja& ’
g1:0—>6, g1NS1#3, g1CS|

1 1
I = > 70, @.11)
g1:0—>6 such that g|NS| =P or g| S|

where J (st contains terms of J(M" whose graph is contained in a small block bW and
J Mt contains terms whose graph is contained in a large block B(". Then

HO = HO+J(l)ext+J(l)sint_’_‘](l)lint. (2.12)

The next step is to diagonalize Hy + J (VS within small blocks 5. Let O be the matrix
that accomplishes this. It is a tensor product of matrices acting on the spin space for each
small block (and identity matrices for spins elsewhere). Each block rotation affects only
the spin variables internal to the block b1, Let 5!’ be a one-step neighborhood of »1.
The rotation depends on the spins in 51 \ 5 and on the random variables in 5" only.
The procedure here may seem overly complicated (after all, single site rotations could have
been performed at the outset, simplifying the first step considerably). But we prefer to use a
standard procedure so that the first step serves as a guide to later steps. The rotation produces
a new effective Hamiltonian

H(l/) _ OtrH(l)O _ Hél/) n J(l/) + J(l)lint’ (213)
where , .
H(gl) — OY(Hy + J(l)smt)O (2.14)
is diagonal, and
JA) — otr jDext g _ Z OtrJ(l)(g1)0. (2.15)
81

Note that J (DIt jg ynaffected by the rotation. However, terms in J (Dext that connect to small
blocks are rotated. This necessitates an extension of the graph g; since transitions within
a small block are produced. In effect, all the states in a small block can be thought of as a
“metaspin” taking 21671 = 8 values (the same as the number of spin configurations in (V).
Because of the rotation, there is no canonical way of associating states with spin variables, so
we will often use generic labels «, B for block states. Let g/ label the set of terms obtained
from the matrix product 0¥J M (g;) 0. Thus gy specifies o, g1, & and we may write

Iy g
15 = > 1 @ (2.16)
gria—p
where ¥ X
Jap' (1) = 05, 130 (21) Osp. @.17)

Since the matrix elements of O for any block are bounded by 1, we maintain the bound
Jog)(glr) < y(y/s)'gl"_l/(lgl/l — 1!, where |gy/| = |g1l, the size of the graph ignoring
the rotation steps. In the first step, the rotation matrices are small (8 x 8), so the spin sums
implicit in (2.16) are controlled by the smallness of the couplings. As we proceed to later
steps, we need to be sure that coupling terms are small enough to control sums over o, ¢ for
larger rotation matrices.
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2.4 Expectations of Observables

We are trying to prove estimates on expectations of local observables in eigenstates of H.
For example, we would like to compute the expectation (Sj), in any eigenstate . We are
trying to prove (1.4), which can be written as

E Avy [(S§)al =1 — O(e), (2.18)

(recall that ¢ = y1/20). However, at this stage of our analysis, we only have approximate
eigenfunctions given by the columns of 20. As a warm-up exercise, then, let us prove the
following result:

Proposition 2.1 Let ¢ = y /20 be sufficiently small. Then

E Ava| D (0"Q)a0 (S5)05 (20)54

0,0

=1-0(). (2.19)

As we proceed to better and better approximate eigenfunctions, this bound will become
(2.18).

Proof Of course, S§ is diagonalized in the o -basis, 50 (S§)o5 = 0085,5,. and (2.19) becomes

E Av,

Z(Otrﬂtr)aotfo(QO)aa - 1‘ = 0(9). (2.20)

Our construction depends on the collection of resonant blocks b, B Tet us call it B.
Thus (2.20) is best understood by inserting a partition of unity ) ;s x5 under the expectation,
where x5 is an indicator for the event that the set of resonant blocks is /3. Once this is done,
we have two cases to consider: either O is in a resonant block, or it is not. If 0 is in a large
block, there is actually no contribution because there is no rotation, so ogp = g = 1. If O is
in a small block, we can expect substantial mixing, leading to an expectation for S; anywhere
between —1 and 1, for any «. Thus for an upper bound, we can replace the integrand of (2.20)
with an indicator 1¢(B) for the event that O lies in a small block. We have established that
the probability that a site is resonant is bounded by 4 pge. Due to the collar, 0 need not be a
resonant site, but if it is not, then one of its two neighbors is; thus we get a bound of 12ppe.

In the case where 0 is not in a resonant block, we rotate Sj :

o0
d Ay
arsse=> (a : ) S5 =" S5 2.21)

n.
n=0 81

This expansion is very much like the one derived for JV; in particular it represents the
expectation as a sum of local graphs. Note that the empty graph with n = 0 does not
contribute, because it has modulus 1 and so disappears in (2.20). As we have seen, the sum
over g1 converges geometrically, so the norm of the matrix M = ZI al>1 S5(g1) is bounded
by O(y/e). The rotation by O can affect terms with g; reaching to a block, but the norm is
preserved, so Avy [(OYM O)y4| is likewise bounded by O (y /). Thus the contribution from
this case to (2.20) is O(y/¢), uniformly in B (provided the set of blocks B does not contain
0). This completes the proof of (2.20), and hence also (2.19). m]

It should be clear that a similar analysis can be performed to give an expansion for the
approximate expectation of any local operator, such as products of spin operators S, Sl.y ,

or S7 at collections of sites i. If we consider the first-step connected correlation (O;; O j)él)
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1008 J. Z. Imbrie

for operators localized at or near i, j, there will be a cancellation of terms except for graphs
extending from i to j. If we insert an indicator for the event that no more than half the ground
between i and j is covered by resonant blocks, we obtain exponential decay. The probability
of half coverage of [i, j] by resonant blocks likewise decays exponentially (we will have to
settle for weaker probability decay in later steps). Thus we see that

(0 0))P] < (cy/e) =12, with probability 1 — (ce)! =712, (2.22)

3 The Second Step

It will be helpful to illustrate our constructions in a simpler context before proceeding to
the general inductive step. The second step is based on the same operations described above
for the first step. However, complications ensue because multi-denominator graphs appear
starting with second order perturbation theory; for example (3.1) has an explicit denominator
as well as denominator(s) in J;g) (g17)- We deal with this by using a graph-based notion of
resonance—see (3.2) below. The probability that a graph is resonant is controlled by means
of a Markov inequality—see (3.7), (3.8) below. The other new feature that appears in the
second step is the distinction between “short” and “long” graphs and the resummation of long
graphs—see (3.12) below. Both of these ideas will play a key role in maintaining uniformity
of exponential decay rates in the general step.

3.1 Resonant Blocks

k
Recall that we use a sequence of length scales Ly = (%) , with graphs sized in the range

[Li_1, Li) considered in the k™™ step. So we will allow graphs of size 2 or 3 in the perturbation
in the second step. Graphs that intersect small resonant blocks have been rotated, so they
now produce transitions in the “metaspin” space of the block. Still, it would be cumbersome
to maintain a notational distinction between ordinary spins and metaspins, so we will use
o, & to label spin/metaspin configurations. Labeling of states in blocks is arbitrary, but we
may choose a one-to-one correspondence between ordinary spin configurations in a block
51 and metaspins/states in b1,

Each graph gy’ induces a change in spin/metaspin configuration in the sites/blocks of gy.
For each g/ corresponding to a term of J(lr), with2 < |gy| < 3,0 #6,gr NSy = &, we
define
A0

oo

—2T . 3.1
ED _ Eél)

(2)prov _
Aa& (g1) = ‘

Here E((,ll) denotes a diagonal entry of Hél/). The graph g/ changes the spin/metaspin locally
in 1, 2, or 3 sites/blocks; hence the energy difference in (3.1) is local as well. These are
“provisional” A® terms because not all of them will be small enough to include in A®.
Note that intra-block terms with g;/ C Sy are in J (Mint 55 are not part of J (1/)—c.f. (2.11).
Butin contrast to [27], we allow intra-block terms with gy ﬂgi # @ tooccurin (3.1)—this is
made possible by the level-spacing assumption. Nevertheless, we only consider off-diagonal
terms here; in general, diagonal terms will renormalize energies, but will not induce rotations
directly. Note that energies E((,l/) are given by unperturbed values >_ hjo; + > Jio;0i4| away
from blocks, because corrections are second or higher order in y (|g1| > 2), so no change
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in Hyp is implemented in (2.12). Nontrivial changes in metaspin energies E((,]/) arise only in
small blocks 1), where the rotation (2.14) generates a new diagonal matrix H(g]/).

We say that g/ from o to ¢ is resonant in step 2 if |g/| is 2 or 3, and if either of the
following conditions hold:

L ES) — EX| < elarl

2 18471 .
L A (g1) > X2 with [1(s1)] = gl (32)

Here, I(gy’) is the smallest interval in Z covering all the sites or blocks b that contain flips
of gy, and |1 (g1/)| is the number of sites or blocks b in 1(gy’) (i.e. the number of blocks

bM plus the number of sites not in such blocks). Condition II graphs have few duplicated
sites, which means most energies are independent—this leads to good Markov inequality
estimates. Graphs with |7(gy)| < %I gr’| do not reach as far, so less decay is needed, and
inductive estimates will be adequate. The combination will help us prove uniform bounds on
the probability that A®) fails to decay exponentially.

We define the scale 2 resonant blocks. Examine the set of all step 2 resonant graphs
g1 . Note that we include in gy information about the starting spin configuration o, since
gr : 0 — 6. We need to specify o on 7(gy/) plus one neighbor on each side of any flip of
g1/, because energies depend on o one step away from sites/blocks where flips occur. These
graphs involve sites and small blocks 5", They do not touch large blocks B, because of
the above restriction to graphs such that g;r N S;y = @. The set of sites/blocks that belong
to resonant graphs gy are decomposed into connected components. The result is defined to
be the step 2 resonant blocks B®. They do not touch large blocks B™). Small blocks )
can be linked to form a step 2 block, but unlinked small blocks are not held over as scale 2
blocks.

We need to reorganize the resonant blocks produced so far, to take into account the presence
of new resonant blocks and to define new small blocks 5®). The result is a collection of small
blocks b® for i = 1,2 and a leftover region Sy'; they must satisfy the following diameter
and separation conditions for i, j < 2:

diam(b?) < L;;
dist(6{”, b)) > dyy = exp(L,/3,,,). if min{|6{"], 165} € [Lin—1. Lin):

m-+mg

distb?, Sy) > dyy if 6P| € [Lin—1, Lim). (3.3)

Here we define |b® | to be the number of sites or blocks 51 in . However, any block »@
with fewer than two sites/blocks is considered to have size 2. (We link this to the minimum
graph size for step 2 because that affects probability bounds, which in turn determine workable
separation distances.) It is easy to see that there is a unique way to decompose the complete
resonant region into a maximal set of small blocks satisfying (3.3), plus the leftover region
S». We have already instituted proximity connections on scale d;; now we introduce new
connections on scale d5 if required by (3.3). If one of the resulting blocks fails to satisfy the
diameter condition, it is transferred to Sy . Since the B@® blocks were not introduced until
the second step, this process may force some of the step 1 small blocks b1 into Sy or into
some b®.

Let S, denote Sy plus the small blocks b@® Weadda 3-step collarto S». (Asinstep 1, col-
lars serve to contain the “troublesome” graphs and define regions for block diagonalization.)
Then S; is the collared version of Sy, and its components are the collared small blocks p@
and large blocks B@) . The union of the B?" is denoted Sy, and then each B?) = SN B@,
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1010 J. Z. Imbrie

The blocks defined above can be thought of as connected clusters for a generalized per-
colation problem. The following proposition provides control on the decay of the associated
connectivity function.

Proposition 3.1 Lert Pl.(jz) denote the probability that i, j lie in the same block B®. For a
given v, C, let ¢ = y1/20 pe sufficiently small, and assume LLA(v, C). Then

P < (epret) =i, (3:4)

Heres = %, and |i — j|"V is a notation for the distance from i to j with blocks bV contracted
to points.

Proof There must be a collection of resonant graphs g/ connecting i to j. However, because
of dependence, we cannot simply take the product of the probabilities for each graph. As in
[27], we find a sequence of non-overlapping graphs which combine to cover at least half the
distance from i to j. Here distance is measured in the metric |i — 71, in which small blocks
bV are contracted to points. Let g1 be the graph covering the site i and extending farthest
to the right. Then let g1/ » be the graph that extends farthest to the right from g/ ; (without
leaving a gap). Continue until the site j is covered. It should be clear that the odd graphs do
not overlap one another; likewise the even graphs are non-overlapping. (Any overlap would
mean the in-between graph could have been dropped.) We may bound the probability of the
whole collection of graphs by the geometric mean of the probabilities of the even and odd
subsequences of {g;/ x}. As the complete sequence extends continuously from i to j, we will
obtain exponential decay in the distance from i to j (but losing a factor of 2 in the rate due
to the geometric mean).

The above construction reduces the problem of bounding Pi(.z) to the estimation of reso-
nance probabilities for cases I and IT in (3.2). With |g/| = 2, there is no case I since 0 = &
if the two flips are at the same site (if that site is in a pD | the term is internal to 51 and
s is in JDS pot 7Y With [gy/| = 3, [1(g1)| = 1,2, or 3. If [I(g1)| = 1 or 2, we
are in case I. Let i be the site where o # &. If i is not in a block b then as explained
above, the energies are given by their unperturbed values, so the energy difference from the
flip at i is &=2h; + const. The probability can be bounded by p;e*!8!, for some constant
p1 depending only on pg, the bound on the probability densities. Alternatively, a bounded

probability density implies a bound on the —s = —% moment of £;:
sup E |2h; —al™* < pi, (3.5)
aeR

which leads to the same estimate via a Markov inequality. If o differs from & only in a block,

then the energy difference E((,ll) — Eél,) is a difference of block energies. Here we need to
make a similar assumption

sup B ES) — EX) —al™ < py. (3.6)

aeR
In general, we need to assume there is a constant p; such that the energy differences in
resonant blocks »®) have —s moments bounded as in (3.6), with a bound like ,olL" . This is
equivalent to a statement about Holder continuity of block energy differences, with bounds
exponential in the volume of the block. This follows from our level-spacing assumption
LLA(v, C)—more details will be given in the general step. Given (3.5), (3.6) we can say that
the case I probabilities are all bounded by (p;£°)18v!.
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For case II, we have graphs with 2 or 3 flips, all at different sites/blocks. In general,
if a graph has k flips at k different sites/blocks, this gives rise to a tree graph of energy
denominators on k + 1 “vertices,” i.e. the k + 1 spin configuration energies linked by k
denominators Ef,l/) —FE [(}1’). Each link to a new site introduces a new random variable into the
energy, so each denominator is independent. As a result, a Markov inequality with (3.5), (3.6)
can be used to bound the probability. For example, consider a particular g» with |g;/| = 2
and no blocks. We estimate as follows:

( (2)prov)s 1

(2)prov 2 id 2s

P (A ) > e ) <E-——-— <& E - BT
o6 /e (v /&)™ 12h; + als2h; + 2hit1 + bIS G

Here AP is given by (3.1) with J 2 having the structure A(i)J (i + 1), and a, b are
h-independent constants determined by the exchange interactions with neighboring spins.
We may integrate over h;41 with A; fixed, using (3.5); then a second application of (3.5)
bounds the right-hand side of (3.7). In general, we find that

P (ASE™ > (y/e)r) < (pret)ler, (3.8)

It is worth noting that under nonresonance conditions from this step (the negation of
(3.2)) and nonresonance conditions inherited from the first step, all Af;p rov (g1) have good
bounds, not just the “straight” graph of condition II. For example, the three flip graph with one
repeated site has two denominators > ¢ and one > &3. The overall bound is y3 /&> = y11/4,
which is adequate since we are looking for decay like /€1l and |1 (g1/)| = 2. Similar
estimates will work for the “crooked” non-condition II graphs for the general step.

As explained above, we may combine the estimates (p1&*)!87'! on the probabilities of case
I and II graphs to obtain the bound (3.4); note that |g/| > 2. This completes the proof. 0O

Note thatas long as i, j are notin the same block, |i — j | > | — j|/5 due to the separation
conditions. (For large enough m, blocks b’ are much farther apart than their diameters. So
the worst case for this inequality is for i adjacent to the block containing j.) In later steps,
more stringent separation conditions will ensure that |i — j|*) remains comparable to |i — j|.
This is important because when we sum over collections of non-overlapping resonant graphs
covering half the distance from i to j, we have combinatoric factors ¢/ =/, and the decay in
li — j|V is adequate to control them. The combinatoric factors come from sums over g/,
but these include sums over initial and final spin configurations in the blocks 5" touched by
g1 Thus the “combinatoric volume” is the full |i — j|. Note that as discussed earlier, there
are factorials in |gy/| to consider, but since |gy/| < 3 this is not an issue we need to worry
about here.

Let us define QEIZ.) to be the probability that i, j lie in the same small block 5. In the

Pi(jz) bound, we considered only resonant graphs new to the second step. Here we allow new
resonances (for which 2 < |gy/| < 3), as well as old resonances. But keep in mind that
isolated b1 are no longer present in B®. Hence if there is no g/, there must be at least two
b blocks. Either way, the probability is bounded by (cp;&*)2. Recall that we have imposed
the condition that the diameter of 5@ is < L,, so we have a maximum diameter of 3. Thus

07 < (cpr1e")1yi—jj<s. 3.9)

As we proceed to later steps, Pl.(jk) will maintain uniform exponential decay, but Qxf), being

more loosely connected, will decay more slowly, like 80(k2) with |i — j| < 4Ly. Still, the

@ Springer



1012 J. Z. Imbrie

decay is faster than any power of |i — j|, and it is sufficient to ensure that small blocks are
unlikely. (Note that when k — o0, all blocks will be small.)

3.2 Perturbation in the Nonresonant Couplings

We group terms in J 1 into “perturbative” and “resonant” categories and write
J0 = g@per 4 jyres (3.10)
where J P contains terms gr:o —>aowith2 <|gy| <3,0 #6,and gy NS, =@

(meaning all the sites/blocks in g/ are in S5). Note that unlike [27], we allow intra-block

terms in J (1)per; using LLA (v, C), they are manageable in (3.1) and hence also here. Graphs
connected to the resonant region S, large graphs (|gy/| > 4) and diagonal terms (o = &)
form J )" We put

@) @) I g1
A= D A= D, (&7,5(1) (3.11)
g:0—>G gpio—6 ~0 T T

Long and short graphs; jump transitions We say a graph gy is long if |gy/| > %|I(g1/)|.
Otherwise, it is short. We will need to resum terms with long graphs, for given initial and
final spin configurations o, ¢ and a given interval I = I(gy/). The data {o, &, I} determine
a jump transition. Long graphs are extra small—for example, see the discussion following
(3.8)—so for probability estimates we do not need to keep track of individual graphs, and
we can take the supremum over the randomness. Let g1~ denote either a short graph from o
to & or a jump transition taking o to & on an interval 7. The length of g~ is defined to be
g1 = |I| Vv %Ll. The jump transition represents the collection of all long graphs from o
to ¢ for which 7(gy/) = I. Thus we define

(2) / i n = ’ N
AD (o) = Az (81), o ?fgl =3 . a short graph; o
05 \81") = > A s(gr),  ifgyrislong. :

long gy/:0 =0

We may now define the basis-change operator 2@ = exp(—A®) and the new effective
Hamiltonian
H® — q@ugHo®) (3.13)

Recalling that H1) = Ho(l/) + JU) 4 gOlint iy Hél(;)& = E((,I/)S(,;,, we obtain

v . A S on . S (adADyr
H(2) — H(g ) + J(l )res + J(l)lmt + z o 1)'(ad A(Z))nJ(I )per + Z . J(l )res
ot ! !

n=1

= H" 4 e 4 gOlint 4 5 @), (3.14)

Since J1" is second or third order in y, all terms of J @ are fourth order or higher.

The local structure of J@ arises as before because A, J() are both sums of local
operators. In particular, [A® (gy/), J<1/>(g1/)] = 0 if dist(gy’, g1r) > 1. (In later steps, the
energies will receive new terms manifesting couplings over greater distances, and then a
greater distance will be required for commutativity.) Suppressing spin indices, we have, for
example,

@dA@y P = " (ad AP gy ) -+ (ad AP (g1 1)) T grr0). (3.15)
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When summing over gy, with dist(g1/,, {g1/,0, - - -» &1",p—1}) < 1, there are no more than
3p + 4 choices for the starting site/block for gy ,. (The maximum number of sites/blocks
in {g1/,0,...,&1,p—1} s 3p, and there are up to three additional choices on the left and one
on the right that can lead to a nonvanishing commutator.) Hence the sums over the initial
points for the walks g/ ¢, ..., g1, lead to a combinatoric factor no greater than nlclezl,
for some constant c. Here g, is the walk in spin configuration space giving the sequence
81,0, ---» &1".n> and |go]| is the sum of the lengths of the sub-walks. The length of a graph
is the number of transitions (or steps, if we think of a graph as a walk in spin configuration
space). Blocks b1 do not affect graph lengths, but they do affect the counting of graphs,
because the number of possible transitions in a block grows exponentially in the size of the
block. For example, a block b)) of three sites counts as one unit of graph length, but there are
23(23 — 1) possible transitions in the block. Nevertheless, separation conditions ensure that
the length of the region covered by g» is no greater than a fixed multiple of |g2|. Altogether,
the sum over g (including its subgraphs gy o, ..., g1/, and its initial spin configuration)
is controlled by a combinatoric factor n!c!$2!. This is acceptable since we have factors of
1/n!in (3.14), and bounds on A®, JU) which decay exponentially in each |gy/|. (Recall
that |A((72; (g < (y/s)'gl"/(gl/ — 1)'%° from nonresonance conditions—the negation of

(3.2)—and the discussion following (3.8); J;g) (g17) is bounded in (2.10).)
We give a graphical representation for the new interaction

12=3> 1%@. (3.16)

82:0—>0

and from the above mentioned bounds,

172 (82| < v (y/e)&171 /(). (.17

Here we introduce a notation g»! for n! times the product of (|gy/, ,| — 1)! over the subgraphs
of g». (We did not need to be concerned about such factors for A’s, for which |gy/| < 3, but
long graphs can occur in J (19res y Terms in J @ are short one denominator (compared to |g2|,
the number of transitions), and this accounts for the form of the bound (3.17). Note that the
graph g7 transitions from o to &, so it is actually specifying a particular entry of the matrix
J;? (g2), with the others equal to zero.

3.3 Small Block Diagonalization

In the last section we defined the small blocks that will be diagonalized here. They have core
diameter < L (3 or less) and a 3 step collar. The core can be formed from two 1-site blocks
»D | or from a 2- or 3-site block bV or »@ . These were the cases considered in the bound
(3.9) on the probability of a block 5® containing i, j. Let us reorganize the interaction terms
in (2.9) as follows:

J(l’)res + ](l)lint+J(2) — J(Z)ext+J(2)int
— J(2)ext_|_J(2)sint+J(2)lim. (3.18)

Here J @M contains terms whose graph intersects S, and is contained in S;. Then J ()lint
includes terms of J @it that are contained in large blocks B®@  and J@sint jncludes terms
of J@t that are contained in small blocks 5, as well as second-order diagonal terms for
sites in S5. All remaining terms of J @ and JAres gre included in J @9, This includes
terms fourth order and higher in J "™ that did not participate in the step 2 rotation (3.10),
3.11).
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Now we let O be the matrix that diagonalizes HO( 14 j@sint, By construction, J (2)sint
acts locally within small blocks, so O® is a tensor product of small-block rotations. Then
define

H®) — 0@ g2 o)

— O(Z)tr(Hél/) + J(Z)ext+ J(Z)sint+ J(Z)Iint)O(Z)

= HY 4 @) 4 @l (3.19)
where
is diagonal, and

The diagonal elements of HOZ) define the energies E((7 ). ; by construction they incorporate
block energies and second-order energies for sites in S5.
The new interaction has an expansion analogous to (2. 16):

15 =50 186, (3.22)

gyria—f

where gy’ specifies rotation matrix elements 0(532“, 0((72,;,

from o to 6. We specify that the length |go/| is the same as that of the pre-rotation graph,
even though part of the graph may be covered by a block b®.
Let us define cumulative rotations

and a graph g, or g/ transitioning

R1Y — oM,
R — RINQ@ @ (3.23)

Then it should be clear that the arguments used to prove Proposition 2.1 will allow us to
obtain a similar result for the eigenfunctions approximated in step 2:

Proposition 3.2 Fora givenv, C lete = y /20 be sufficiently small, and assume LLA (v, C).
Then

Ave| 3 RS RE)

0,0

=1-0(). (3.24)

Proof The graphical expansions produced by commutators with S§ are very much like the
ones we have been working with. We need to control the probability that O is in a small block
b or b, that is, Q(l) + Q(z) From step 1, we know QOO is O(p1¢), and from (3.9) we
have that Q00 is O(p1€*)2. Thus we obtain (3.24). Likewise we can prove a bound analogous
to (2.22) for connected correlations; further details on this will be left to the general step. O

4 The General Step

Our presentation of the k™ step follows the same plan as the first two steps. In Sect. 4.1, we
lay out the inductive bounds that need to be proven. In Sect. 4.2, resonant blocks are defined,
and probability estimates are made to ensure their diluteness. Graphical estimates leading to
inductive control over interaction terms are presented in Sect. 4.3. There are dependencies
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Level Spacing
Assumption
Al(cy) or
LLA(v,C)

L
Bound on
Jacobian

4.2.2

‘|' Jj+1
Markov
Inequality
4.2.3

I —
1
Probability of a Probability of a Metric Graphical
Resonant Graph % Resonant Block +—}  Equivalence Jj+1 Bounds
4.2.3 4.24 4.2.1 4.3.2

| |

Diluteness Accuracy
of Resonant of Perturbation
Blocks Theory

| l

Theorem 1.1
Many-Body
Localization

Fig. 1 An example of an inductive construction. An arrow with the notation “j + 1” indicates that a result
from step j is assumed when making the argument in step k = j + 1

between these two sections, insofar as estimates and constructions from previous steps are
used when needed—see Fig. 1. Control over the counting of graphs is used throughout; it
is presented in Sect. 4.2.1. We use a stronger form of the level-spacing assumption in Sect.
4—it will be relaxed to LLA(v, C) in Sect. 5. It leads to control over the Jacobian for the
change of variables between uncorrected and corrected versions of energy differences. A
Markov inequality can then be used to show that each graph obeys an exponential bound
with a high probability; the probability of failure of the bound is also exponentially small.
These probabilities feed into generalized percolation estimates on the connectivity functions
for resonant blocks. Percolation aspects feed into necessary results on metric equivalence:
the lack of graphical decay across resonant blocks means that decay needs to be measured in
a metric where blocks are contracted to points. The equivalence of this metric with the usual
one is demonstrated in Sect. 4.2.1.

4.1 Starting Point for the k" Step

Let j = k — 1. We describe the situation as it stands after j steps; thus this section describes
an inductive hypothesis that has been checked up through j = 2.

We have small blocks 5 with diameter < L ;j that are well-separated from other parts of
S as per (3.3). Couplings in J U are O (yLi), which will be sufficient to control sums over
states in »/), since their number is no more than exponential in |bU)]. Rotations have been
performed in each 5 to diagonalize the Hamiltonian there up to terms of order L j- Collar
neighborhoods of width L; — 1 ensure that none of the couplings expanded in the j th step
reach into the large blocks B/ ). Ateach stage we prove a bound

P < (cpret) b IVERDS @.1)
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on the probability that x, y lie in a block BWYW . Here |x — y|U) refers to the distance from x
to y with blocks b contacted to points for m < j.

Graphs g are multigraphs (or multiscale graphs), each of which is based on a sequence
of subgraphs g(; 1y from the previous scale. Each of the subgraphs g(;_1y is based in turn on
a sequence of further subgraphs g(;_») . Continuing in this fashion, we obtain for eachi < j
a sequence of level i subgraphs g;;. When unwrapped down to the starting level, we obtain a
sequence of spin flips; thus one may think of g; as a walk in the space of spin configurations.
(The collection of graphs g ;- has to be enlarged to take into account non-local terms in the

energies EY ’)—speciﬁcally the way such terms mediate commutator connections between

graphs. This will be discussed in detail in Sect. 4.3.2.) When unwrapped to the first scale,

we obtain spatial graphs g;, of spin/metaspin flips and associated denominator graphs g?,.

Resummed sections appear as jump steps with no denominators. Rotation matrix elements

introduce intra-block “flips” of the metaspin variable labeling all the states in the block.
We inherit bounds from the j step:

(y/g)lgg_l)”|/(g(j71),,!)2/9, in general;

4.2
y|8(j—1)”‘, if gj—1y» 1is a jump step. “2

|Af,];3 G-l = [
Here we make use of an inductive formula for the factorials that appear in our procedure:

1, if g¢j—1y» is ajump step;
2G-1y! E{ G=b Jump step 4.3)

n! H;zo 8(j—2y.p!, otherwise.

Here g(j—2)7,0- -, &(j—2)",n are the subgraphs of g;_1y»—see (3.15). Thus the factorial of
a graph at a given level is defined recursively in terms of the factorials of its subgraphs.
(In the first step, there are no subgraphs or jump steps, so gi7! = n!, corresponding to
(ad A(ip)) - - - (ad A1) O (ig), c.f (2.8)). As one unwraps the graph, factorials from earlier
scales accumulate—but the process stops whenever one reaches a jump step, for which
gi#! = 1. The idea is that the ad expansion generates a factor of 1/n!, which is available to
help control graphical sums. Jump steps correspond to sums of graphs; the factorials have
already been “used up” in controlling those sums, so they do not appear anymore in bounds
such as (4.2).

In a similar fashion, the length |g(;_1y~| is defined to be the sum of the lengths of its
subgraphs, if g(; 1y~ is not a jump step. The length of a jump step on an interval [ is defined
for any i to be

lgirl = 1]V gLi, 4.4)

where |I] is the length of 7 in the metric [x — y|® in which blocks 5@ on scale i < i are
contracted to points.

At each level we have the “core” small blocks ), where resonant graphs occur. Adding a
collar of width L; — 1, we obtain b, vyhere rotations are performed. Adding a second collar
of width %Li, 1 about b®, we obtain b¥), which is the region of dependence of the energies
of b after the rotations. All these distances are measured in the metric |x — y|¢—1.

Interaction terms J ") and J()lint have graphical expansions as in (3.22):

1D = > 1. 4.5)
gj/:a—>6
with bounds 3
D (0] < v (/o)1 (g ). “6)
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4.2 Resonant Blocks

Following the constructions from the second step, consider a graph g; that labels a term

of JU") (so gjr does not intersect S;). We define a reduced graph g that will be used for
indexing event sums. It is defined from g ;- by forgetting all substructure inside jump steps. In
addition, there is a set of subgraphs of g ;. that are called “erased”—these will be defined in
Sect. 4.2.3. For erased subgraphs, we forget the order of further subgraphs, putting them into
a standard left-to-right order in Z. (There is no issue of commutativity of operators for erased
subgraphs when considering event sums, because erased subgraphs are replaced by their
upper bounds, and then the order is irrelevant. See the next paragraph for a more extensive
explanation of the principles behind this construction.) The length |g /| is the same as [g/,
and g ;! is the same as g ;! (which has no factorials on jump steps). If L; < [g;/| < L1,
we define

W@
(kprov = v 06 5]
Ao—(} (g] ) ’ E((r]/) - Eéj/) ’ (47)

where f;g ) (gj) is the same as ];f; )(g j») except: (1) jump steps g;» that are subgraphs of
g are replaced with their upper bound y'&”! from (4.2) and (2) erased subgraphs g;» are
replaced with their upper bound (y/e)'gi” ‘ /(gir N2/9 from (4.2). We say that g from o to &
is resonant if either of the following conditions hold:

L EY) — EY)| < glér,
k _ G|, = . _ _
I AYPY@0 > (v /)8 g0 with |1(3;)] = Z1g;l. (4.8)

Generalizing the step 2 definition, let 7(g;/) be the smallest interval in Z covering all the
sites or blocks b/) with JN < j that contain flips of g/, and let |/ (g /)| be the number of sites

or blocks /) in I (g ;). The same definitions hold for /(g;). It is important to understand
that g is a graph implementing a transition from some o to some ¢. Thus it specifies o
and ¢ as well as the transitions that walk from o to 6. Jump steps of g;: specify a single
transition of this walk, altering the spin configuration on the interval I of the jump step. The
transition energies depend on o out to a distance 13 L ; from the flips of g/, in the | - |/
metric (this will be verified inductively—see Sect. 4.3.2). So g ;- has to specify o out to that
distance. This leads to a proliferation of possibilities for g, but it is harmless because it is
only exponential in L; (or in |g/|).

Let us take a moment to explain the key ideas behind this construction, as they are critical
to the design of a procedure that yields bounds uniform in k. A resonant graph can be thought
of as an event with a small probability. In order for a collection of graphs to be rare, we
need to be able to sum the probabilities. In the ideal situation, where there are no repeated
sites/blocks in the graph, the probability is exponentially small, so it can easily be summed.
However, when graphs return to previously visited sites, dependence between denominators
develops, and then the Markov inequality that is used to estimate probabilities begins to
break down. Subgraphs in a neighborhood of sites with multiple visits need to be “erased,”
meaning that inductive bounds are used, and they do not participate in the Markov inequality.
(This means we use P(AC > BC) < E(AC)/(BC) = E(A)/B when C is bound for
C—so the variation of C is not helping the bound.) When there are a lot of return visits,
a graph’s interval /(g;/) is shortened by at least a factor %, and it goes into a jump step,
where again we use inductive bounds. In this case, we have more factors of y, and hence a
more rapid decay in |1 (g )|, and this provides the needed boost to preserve the uniformity of
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decay in the induction. (Fractional moments of denominators are finite, no matter the scale,
which provides uniformity for “straight” graphs with few returns.) The net result is uniform
probability decay, provided we do not sum over unnecessary structure, i.e. the substructure of
jump steps and the order of subgraphs for erased graphs. Note that jump steps represent sums
of long graphs, so when taking absolute values it is best to do it term by term. This is why
in (4.7) we replaced jump steps with their upper bound. (The jump step bound (4.2) is also a
bound on the sum of the absolute values of the contributing graphs. Thus we may manipulate
the sum at the level of individual graphs, when needed, for example when taking derivatives in
Sect. 4.2.2.) A single bound on Affk;pmv (g;7) will imply corresponding bounds for Affk; (gj")
for any g that reduces to g;.. One just needs to combine inductive bounds on the erased

sections and jump steps with the probabilistic bound on Affk;p V(g ;7). One may think of
A((Tk;p V(g ) as a sort of universal socket into which any graph g can be plugged, provided
its subgraphs obey the required inductive bounds. There is no point in attempting to sum over
events labeled by g because (1) it would involve summing the same event many times over
and (2) probability bounds are not good enough to allow such an uneconomical procedure.
We define the scale k resonant blocks. Examine the set of all resonant graphs g ;. The set of

sites/blocks that belong to resonant graphs g ;- are decomposed into connected components.

These are the step k resonant blocks B_(k). They do not touch any of the large blocks BU)
from the previous step. Small blocks b ... bY) can be absorbed into blocks B, but
only if they are part of a resonant graph g .

As in step 2, we reorganize the resonant blocks produced so far, to take into account
the presence of new resonant blocks and to define new small blocks 5*). The result is a
collection of small blocks 5@ for i < k and a leftover region Sy'; they must satisfy the
following diameter and separation conditions for i, i < k:

diam(b(i)) < L;;
. i G 1/2 . . i i
dist(b}”, bS") > dp = exp(Ly/3,,,). if min{[b{" | (631} € (L1, L)

dist(b, Sp) > dyy, if 16| € [Lin—1, Lm). 4.9)

Here |b(i)| is the “core” volume, i.e., the number of sites or blocks 5@, i <iinb®. But
we establish the following convention: any block B®) with fewer than L;_; sites/blocks is
considered to have size L;_; when calculating volumes. This is because Li_ is the minimum
graph size considered in step k, and resonance probabilities are correspondingly small. This
convention carries over to small blocks formed out of B® at stage i > . Note that the rules
(4.9) apply to small blocks on all scales up through k. This means that a 6@ with i < k
can be absorbed into the new resonant region if it is close enough to a B® . It is easy to
see that there is a unique way to decompose the complete resonant region (including blocks
B, B® and b with i < k) into a maximal set of small blocks on scales up through
k satisfying (4.9), plus a leftover “large block™ region Sy’. One may proceed by forming
proximity connections on successive length scales d,,,. At each stage, connected components
satisfying diameter and distance rules can be extracted as small blocks, and eliminated when
constructing connected components on the next scale. We do not produce any new blocks
b® with i < k, but previous ones can be absorbed into Sy’ or into a b®).

Let Sx denote Sy plus the small blocks b® . We add to S a collar of width Ly — 1 in the
metric | - |¢). (As in previous steps, collars ensure a minimum graph size for connections to
the outside, and define regions for block diagonalization.) Then Sy is the collared version of
Sk, and its components are the collared small blocks b*) and large blocks B*)_ The union

of the B* is denoted Sy, and then each B®) = SN B ), We also define b® by adding
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a second collar of width % L ; in the metric | - |); this constitutes the extent of dependence
on the spin configuration for quantities associated with b®.

The “geometric mean” construction of Sect. 3.1 shows that if x, y belong to the same
resonant block B®), then there must be a sequence of resonant graphs connecting x to y with
the property that the even and odd subsequences consist of non-overlapping graphs. Thus we
may focus on probability estimates for individual resonant graphs.

4.2.1 Graphical Sums

It will be helpful to use this subsection to describe how we control sums over multiscale
graphs g ;s or g ;. The goal is to replace any sum of graphs with a corresponding supremum,
multiplied by a combinatoric factor. Any sum ¢ | f(g)| can be bounded by sup, | f(g)lc(g)

provided > < c(g)~! < 1. Then ¢(g) is the combinatoric factor. From (4.8), we see that A’s
will obey a bound exponentially small in |g /|, times (g - 1)~2/%. We will obtain similar bound

on resonance probabilities. Thus we need to be sure that combinatoric factors cley! (gj 1)2/9
will be sufficient to control sums over g .

As we shall explain in Sect. 4.3.2, any time there is a gap between a subgraph g1y,
and the collection {g_1y .0, ..., &i—1y,p—1}, it will be “filled in” by bridging gaps between
graphs on earlier scales. These gap graphs result from expanding the difference between
two denominators that arise from a commutator ad A(")(g(i_l)/, ») applied to an operator
associated with g1y 0, - - ., g(i—1y, p—1. Gap graphs are terms in expansions for the energies
(i.e. diagonal entries of the Hamiltonian), and have the same structure as off-diagonal graphs.

Let us consider first the situation where g;» does not move through any blocks. We need
to consider the combinatoric factors needed to control the sum over the structure of the level
i subgraphs, g, of g;. (Let us assume for the moment that g/ is not a jump step.) Each
subgraph g,/ has subgraphs g;_1y 0, ..., &i—1y,,- We need to sum over the positions of the
starting point (first flip) of each g(; _1y, ,. There can be gaps of size < %Li_l between each
&(i—1y,p and the ones that came before. Naively, the sum over g(;_1y, , could produce a factor
O(L;)p, or O(L})n! in total. But we use this bound only when summing over long graphs.
(As in step 2, we say a graph g is long if |gj/| > §|I(gj/)|. Otherwise, it is short.) For
long graphs, we sum directly the series (ad A)" /n!, so a combinatoric factor n! is admissible.
But then the 1/n! is gone from the estimate. This is the reason g;/! was defined with no
contribution from jump steps, which represent sums of long graphs.

Now let us consider the situation where g;/ is short. There can be very little overlap
between the g(;_1y, ,—any overlap shortens |/ (g;/)|, which must be at least %I gi’|. We claim
that no more than 2n/9 graphs g;_1y, , can fail to break new ground. (Let us call them
floating graphs.) The others are pinned to the left or right side of the growing graph, and
do not produce factors of p—we call these pinned graphs. This means that short graphs can
be controlled with a combinatoric factor O (Lj?)nz"/ )= O(L;’)(n!)z/ 9. To check this claim,
consider first the case with no gaps. The ratio £, : £¢ between the total length of the pinned
graphs and the total length of the floating graphs must be at least 7:1. The lengths of graphs
vary by no more than a factor of % < 2. Hence the ratio np : nf between the number of
pinned graphs and the number of floating graphs must be at least 7:2, which verifies in the
claim in this case. If gaps are present, then (as explained in Sect. 4.3) the graphs bridging the
gaps double back. This means that half the length of the bridging graphs is “wasted,” i.e. it
does not extend 7 (g;/). Consequently, the graph length available for floating graphs decreases
as gaps increase, and the number of floating graphs is even less than 2n/9. In detail, let us
suppose that the length of the pinned graphs plus the length of the gap graphs is £,(1 + §).
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Then the condition for short graphs implies that the ratio £,(1 + 8) : £,6/2 + £¢ must be at
least 7:1. Hence &5 < £,(1 — 58/2)/7. Allowing as before a factor < 2 between the sizes of
pinned and floating graphs, we see that ny < 2n,(1 — 56/2)/7. Hence the ratio n¢/n is no
greater than (2 — 58)/(9 — 56) < %, which completes the proof of the claim.

If we have a jump step g;, then the sum over substructure has already been taken care of
in the inductive bound (4.2). The sum over the jump itself is controlled with a combinatoric
factor ¢!¢”!, which bounds the number of initial and final configurations for the jump.

To complete the bound, we need to take the product over all the subgraphs g;;. Since
the g;» each have size > L;, there are no more than |g;/|/L; factors of L;. So we obtain a
bound exp(O(1)|g;/|L; ! log L;) times a product of (2/9)‘h—power factorials. In view of the
geometric increase, L; = (%S)i, the product over i < j gives a bound clg-f’l(g i 12/9 which
is just what is required. One way to think of this estimate is to compute the “‘combinatoric
factor per site” L l] /L by dividing each factor L; amongst L; steps. As the product of L l] ILi g
bounded, the combinatorics are under control. Note that super-linear growth of L; with i is
required. We may control in a similar manner various other combinatoric factors bounded by
¢" when the subgraph g;» has n + 1 subgraphs. For example, the number of terms in (ad A)" J,
the choice of jump step or regular step, and the sum on #. Similarly, one needs to choose the
denominators that will be differenced when forming gap graphs: the sums can be controlled
by combinatoric factors ¢ for the subgraphs g;/ of g ;.

Metric Equivalence

We need to establish some facts about comparability of the metric |x — y|¢/) with |x — y|.
The issue is that graphs exhibit decay in |x — y|“) (blocks b, i < j contracted to points)
but there are counting factors exponential in the size of blocks—specifically sums over states
or metaspins in blocks ») and background spin configurations in 5@ \ 5® . Recall that
blocks »/) have size < L j; b"Y) includes a collar of width L; — 1 in the metric |x — y|V~D;

and b7 includes a second collar of width %L j—1. Comparability of the metrics will ensure
that the size of b increases by no more than a fixed factor, e.g. 8, in forming b). Then

the state-counting factor 2151 and the background-spin counting factor 21B71=161 can be
controlled by the smallness of the graph, (y/¢)%i, or its probability, %/ . This is a crucial
element of our method, because the maintenance of uniform exponential decay is essential
for controlling state sums. Separation distances that grow rapidly with block size ensure that
the fraction of distance lost to blocks is summable, and so |x — y|) is always at least a
positive fraction of |x — y|. The construction is similar in spirit to that of [9].

The separation rule is that blocks »/) have diameter < L j»and that pairs of blocks satisfy

1/2
m-+mg

dist(0\", b5y > dyy = exp(Ly/7 ), if min{|B ] (B} € [Lyp—1, Ly).  (4.10)

This type of rule can generate blocks with large, hierarchically organized gaps. But there is
a limit to how spread-out blocks can be. Consider a block 5 with [6)| € [Lj—1, Ly). If
any gap in b"/) is greater than d,,_1, then it would divide 5/ into two parts. At least one
of the parts would have volume <L,,_1 while being separated by a distance >d,, 1. This is
impossible, because it would mean that part would have become a separate small block at
some step i < j. (The diameter of the part is obviously smaller than L ;, since it is a subset
of b and diam(b) < L ;.) There are no more than L,, — 2 gaps, so the limit on gap size
implies that

diam(b") < (L — -1 < ¢"d-1., (@.11)
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where g = %, L,, = q™. As these blocks are separated from each other and from larger
blocks by a distance d,,,, we see that the fraction of the distance between larger blocks that is
occupied by blocks with |b(i)| € [Ly—1, L) is bounded by r,, = ¢"dy—1/dy,. Proceeding
from larger to smaller values of m, we find that the fraction of distance that is free of blocks

of any size is at least
o0 o0
[Ta-rm Zexp(—ZZrm), (4.12)
m=1

m=1
provided r,, 5 5. The super-exponential growth of d;,, withm (dy, = d,, f ~ 011 37

that > ry, is small, for large enough my. In detail, we may put ¢ = 1 — _1/2 ~ .27 and
write

') implies

'm = qm exp (L /2 — Ll/2 ) = qm —Cq('””’o)/z

m—1+mo m-+mo

4! ({4 qme_{q(ermo)/zt) e_{q(n1+'110)/4 < ﬂe_{q(mmo)m ’ 4.13)
;4 4

and then it is clear that >_»~_, r,, can be made arbitrarily small by choosing mg sufficiently
large. By (4.12), we obtain the desired smallness of the fraction of distance occupied by blocks
satisfying our separation conditions. This forms the basis for the following two lemmas, one
controlling the expansion of blocks due to collars, and one on metric equivalence.

Lemma 4.1 Let mq be sufficiently large. Then the following bound holds for any i:
diam(b®) < 8 diam(b™). (4.14)

Proof Note that ablock b\ has diameterin [L j—1, L), becauseifit were smallerthan L ; 1,
it would have been a block b with i < j. Let us assume (4.14) inductively for i < j. Any
blocks 5) that might appear in the collar must obey the separation condition with respect to

b, From the discussion in the paragraph above, we can choose mg so that blocks b with
i < j take up a small fraction of the width of the collar. Since »*/) has a minimum diameter
L j_, wesee that adding the two collars (the first of width L ; and the second of width % Li_1)

expands its size in | - |G=D by no more than a factor (2(L; + lSLJ D+Li)/Lj—1 =17.

Allowing for blocks b with i < J, we increase the factor to 8 and recover the inductive
assumption. O

Although we cannot expect comparability of metrics for points very close to blocks, the
next lemma gives comparability when the distance involved is at least as large as the current
length scale.

Lemma A4.2 Let mg be sufficiently large. Then the following bound holds for any x, y, j with
lx =y > L;:
=yl < 6lx — |, (4.15)
Proof The worst case for this estimate will be when |x — y|/) = L}, for example if x is in a
block 5) and y is a distance L ; away. The block b)) has maximum size 3L;+2- %L.,-_l <
5Ljin |-~ Allowing for a small amount of expansion from blocks on other scales, we
find that [x — y| < 6]x — y|V). o
This result on metric equivalence is used in a number of places to handle situations where
graphs of size L ; touch a block b and/or blocks b) with i < j. We have an exponential
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factor like eZ/ to work with, but the decay has to be spread out over the blocks as well as the
graph. But with metric equivalence, we get at least 1/6 of the original decay rate. This also
allows us to handle the associated state sums as well, while preserving exponential decay.
Similar issues arise in the single-body analysis of [27], but they were easier to handle because
state sums were linear (rather than exponential) in the volume, so collars could be chosen
logarithmic (rather than linear) in the volume of a block.

4.2.2 The Jacobian

In order to estimate probabilities of a resonant graph, we use a Markov inequality—see
(4.26) below. This provides a bound in terms of the expectation of the graph to the s = %
power. The graph has a number of energy denominators, so it is important that we are able
to demonstrate the finiteness of the —s moment of the product of the denominators of the
graph. Each denominator corresponds to the energy change from flipping a set of spins (or
metaspins, in the case of block energies). To leading order, the energy change from flippping
o; is +h;, plus something independent of /;. As the random variables /#; have a bounded
density, the —s moments are bounded. A similar bound applies to block energy differences,
provided we assume noncriticality of their dependence on the random variables. The goal of
this subsection is (1) to describe when it is possible to obtain good bounds on —s moments of
a product of denominators and (2) to estimate the Jacobian that results from using the energy
denominators as integration variables, instead of the parameters £;, etc. that appear in the
Hamiltonian (1.1). All these issues apear in a simpler context in [27], where the same “change
of variable method” is used to bound —s moments of products of energy denominators.

The main result of this subsection is the Jacobian bound, Proposition 4.3. Using a con-
venient normalization, the Jacobian determinant is &1 to leading order for a “good” set
of denominators (see below). Allowing for perturbative corrections, derivatives of energy
differences are close to their leading behavior, and hence the Jacobian determinant can be
bounded above and below by an exponential in the number of denominators.

Let us begin the analysis with a discussion of the structure of the graphs that arise from
our construction. Each graph has a number of energy denominators produced at various
scales. We need to work with a hierarchically organized structure of denominators. Each
denominator can be visualized as an arch over the collection of sites/blocks flipped in the
associated subgraph. Denominators from later steps arch over earlier ones. Arches are either
strictly contained in one another or else completely disjoint. This structure follows from
the way denominators are introduced—see (3.11), (4.7). However, if two subgraphs have
a site/block in common, the underlying random variables are identified, creating unwanted
dependence, which shows up graphically as overlapping arches. Therefore, we will need to
require that as one proceeds up the hierarchy, there are no repeat visits, which means each
new denominator introduces a new independent variable. As long as this is the case, there is
no linear relation amongst the denominators, and they can be used as integration variables,
provided we can bound the Jacobian. (If there are repeat visits, then we will need to throw out
some denominators—i.e. replace them with uniform bounds—in order to find a set that has the
hierarchical property. The details of how this is done will be deferred to the next subsection.)

To leading order, each energy difference in the graph is a sum of energy differences of the
sites/blocks of the graph. So we think of each site/block energy difference as an independent
variable (but no more than one variable for each site/block). For example, a flip at site 1
produces an energy difference 241 + a;. A flip at site 2 will produce an energy difference
2hy + ay if compared to the previous configuration; it produces 2k + 2hy + a; + ap if
compared to the starting configuration. Either way, the two denominators are independent.
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(Here ay, ay are h-independent constants coming from the exchange interaction J; S S7 1)
If a third flip occurs at either site 1 or 2, the new denominator will not be independent,
because it can be written as a linear combination of the first two denominators. In general,
any flip at a new site will introduce a denominator independent of the ones that come before,
simply because it introduced a new independent variable: the energy difference at the new
site. Blocks will be treated as fat sites with metaspin variables. We allow for only one energy
difference in the block to be considered independent (otherwise we would need to assume
probabilistic properties about multiple energy differences in blocks). So only steps to new
sites/blocks introduce new variables that generate independent denominators. Our assumed
bounds on the distribution of energy differences allow us to integrate the —s power of each
denominator in turn, keeping the unintegrated variables fixed. We are free to choose any
set of independent denominators, even an incomplete (non-spanning) set. Any remaining
denominators, including all non-independent denominators, are bounded in sup norm.

The above discussion applies to the leading order approximation for energies as a simple
sum of contributions from sites/blocks. Terms like J; S7S; | do not depend on the random
variables in the sites/blocks they connect, so they merely introduce constant shifts as in the
example above. However, as we saw in the second step, energies E((,'/) receive perturbative
contributions with h-dependent energy denominators. In the k™ step, energies E((,j " are
updated to E((,k/) through perturbative terms and from the eigenvalues of newly formed small

blocks. Denominators in a graph for E((,k/) depend on E((,l " for i < k. We want to check
the dependence on the underlying random variables by differentiating with respect to s; (or
with respect to other random variables at our disposal). We apply the chain rule repeatedly,
down to the first scale if possible. But when a derivative hits a block energy at the scale of
its formation, we stop and apply our basic assumption on non-criticality of those energies.
The graphical expansions are well controlled, so it should not be a surprise that they can be
differentiated, and the Jacobian connecting a set of independent denominators of a graph to
the underlying random variables is close to the noninteracting case.

Behavior of block energies Block energy differences Eéj D Egj ) depend on random
variables out to a distance %L j from a block b in |-1¢=D_ This is from dependence

of graphs on energies E( )i < j — l—see (4.50) below. Recall that our parameter space
is h = (h;, J;, ;) with y; = yI';. The random variables 4;, J;, I'; are independent, each
having a distribution supported on [-1,1], with a density bounded uniformly by a constant
po. Thus if the block has size n there are no more than nn parameters, for some fixed 7.
All eigenvalues have bounded derivatives with respect to these variables, since the operators
§%, 8} are bounded by 1 innorm. We need to assume that all energy differences are noncritical,
i.e. at least one direction in the space of random variables produces a nonzero directional
derivative. In practice, we will use a coordinate system in which energy differences move
to first order with respect to one of the coordinates. Let us focus on the case of spherical
coordinates since (as we will show in Sect. 5) radial derivatives can be bounded from below
if there is a minimum level splitting. The angular coordinates will be treated as “spectator”
coordinates, that is, fractional moments of energy denominators are bounded by integrating
over the radial variable with bounds independent of the angles. Let r = |h| be the Euclidean
norm of h, and use it as the radial coordinate. We make the following assumption:

Assumption Al (cp) (Non-criticality of energy differences) For all h and all pairs of eigen-

states «, 8 for the matrix Héj =D" 4 Gsint i 4 small block bY) of size n, the difference of
eigenvalues satisfies
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Gt G|
aT(E‘(/)_Eﬁ] W|oo<e, (4.16)

We will relax this assumption in Sect. 5 by allowing failure on a set of small probability. But
for simplicity, we work here with this strong non-criticality assumption.

For ease of exposition, let us introduce variables hy for each site/block x. For sites,
h, = 2h, so that bare energy differences move at unit speed. For each block in the graph
of independent denominators, we let h + be the coordinate in the radial direction, rescaled

so that Eéj /)(ﬁ ) — Eéj ) (fz ») moves at unit speed. The eigenvalues are distinct, except
on a curve of measure 0, given by the vanishing of the discriminant. (The discriminant
cannot vanish identically. Take any magnetic fields %1, ..., h, in the block with no relation
+hy £ hy... £ h, = 0. As they are scaled to infinity together, they dominate all other
terms in the Hamiltonian, and the eigenvalues are separated.) Therefore the eigenvalues are
continuously differentiable. We illustrate with a simple one-site example, H = (yh _Vh) , with

both &, y random. The eigenvalue difference is 2¢/h? + y2 = 2r = hin polar coordinates,
and the radial derivative of the eigenvalue difference is 2. Of course, if y is not allowed to
vary, we would have a critical point at 2~ = 0, where assumption Al(cp) would fail.

We should point out that there is some arbitrariness in the selection of «, 8 in the blocks of
the denominator graph. The denominators form a tree graph of energy denominators linking
distinct spin configuration energies, since by construction each new denominator goes to a
configuration with a new site/block flipped. The choice of how to order the denominators can
affect the choice of «, 8 in a block. Intervening flips may cause a change in state in the block,
so that a second denominator may reflect a different state change at a block. However, once
a block variable is linked into the expanding denominator graph, it is treated as fixed, along
with any other energy difference in the block (we do not have enough information to treat
other differences as independent.) Subsequent denominators depend on new variables outside
the block, so they are independent of previous ones. There is also some arbitrariness in the
selection of variables when there are fewer denominators than sites/blocks being flipped. In
such cases extra variables may be treated as fixed, all analysis done uniformly with respect
to the values of the extra variables.

It will be helpful to order the denominators in the graph g ;- as follows. First run through the
denominators from the first step (single spin flips). Then proceed to denominators introduced
in the second step (graphs g/ with two or three steps—the new denominator coming from an
Aﬁ; with o6 differing by two or three flips. Continue through all length scales up to j. Each
denominator in the sequence introduces a new independent variable h y» and it is convenient
to number the & y’s in the same order as the denominators. Let us introduce the notation

U _ (" ("
DY) =EY) — E; 4.17)

for the denominator connecting o to 6. The dependence on h y is given by the leading term
from scale O (or from scale i for energies of blocks 5) plus corrections given by graphical
expansions. Thus

(" !

D ~ 8 ./ !

afzw =+ =d;n5(n) + P > (Jélg) (&) — I35 (gi’)) ; (4.18)
y

Yoi=1 gy
where the Kronecker § makes the leading term +1 if and only if o (y) # 6 (y). The cor-
rections come from diagonal entries of J (@) that were absorbed into Hé" ), and also from

differences E((,' N E(g/) of energies of blocks b® after diagonalization; see (3.18)—(3.22)
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and the analogous equations in the general step, (4.51)—(4.53). To keep the notation in (4.18)
simple, let us allow J;? to refer either to the initial block energies or to the perturbative
corrections at subsequent scales. We defer for a moment the discussion of block energy dif-
ferences, and focus now on the perturbative terms. By the inductive hypothesis, they obey
the bound (4.6). Note that our ordering convention implies that the matrix (1 — 5 (y)o(5)) 18
lower triangular, with £=1’s on the diagonal, and £1 or O below the diagonal. (Here the pair
o6 runs over n choices coming from the n denominators, and y runs over the » independent
variables.) Thus to leading order, the eigenvalues of the Jacobian are 1. Our challenge now
is to show the corrections are small.

If we apply the chain rule to the & y-derivative on the right-hand side of (4.18), the deriv-

atives flow to the denominator energies in each term J(%) (gir)or J ;’;) (gi7).- We need to be
cognizant of the fact that jump steps in g;- are actually sums of (long) graphs, and these graphs
have denominators which will depend on / y-So for the purposes of this discussion, we expand
out every jump step at level i < j into the sum of all its constituent graphs, see (3.12) or
(4.40). The grouping of graphs into jump steps is a convenient way to keep track of the way
estimates from smaller scales merge with Markov inequality bounds to produce bounds on
longer scales. But when needed, we may go back to the underlying sum of graphs. Another
point to mention is the fact that the energy graphs g;» do not have the “independent denom-
inator” property that we assume for g ;;—it is not needed because we have inductive bounds
on those graphs. By the Leibniz rule, the & y-derivative produces a sum of terms with one of
the denominators in g;; duplicated and the corresponding denominator differentiated in the
numerator. The extra denominator can be bounded from below as in (4.81), and the result is an
extra factor of £ 718!, The original graph is bounded as in (4.6). Altogether, we obtain a bound

8D(i~/)
T
oh,

d
h,y

(cy/eH)!8! sup
(gn)?? Tt

T8 (gin)] <

, (4.19)

where the constant c is inserted to account for the sum of denominators t7 in g;.

Let T AT denote the set of sites/blocks where 7 # 7. The denominator DE’;) is part of
a graph that covers TAT and it extends to a place where o # &, because otherwise the
difference in the second term of (4.18) would vanish.

We may repeat the process, inserting (4.18) on scales i < j. There is a leading term =£1,
plus further graphical expansions. The 41 terms and the expansion terms are localized near
the places where 7 # 7, so there needs to be a sum over such sites—but there are no more
than |g;/| of them, so the sum can be handled with an increase in the constant ¢ in (4.19).
The process stops at scale 1 (if h y is 2hy) or at scale i (if h y is the radial variable for a block
b®); at that point the derivative produces a factor &1. Throughout the process, a graphical
connection is maintained to o Ad; hence when it concludes, there is a connection from y to
o AG. In fact, there is a double connection, because the graph must flip each site/block not
in 0 AG at least two times, so as to return it to its starting value. Repeatedly applying the
bounds from the last section on graphical sums, we find that

Dc(rj;) — (] — 8z 0 24 1+dist(y,0 AG) 4.20
3ﬁy ==x1 - (r(y)(r(y))+ (y/e9) s (4.20)

where dist(y, 0 Ag) is the number of steps from y to 0 AG.

Let us return to the case of derivatives of block energy differences. When a derivative hits
ablock energy, it flows to the Hamiltonian of the block and we have to take the expectation of
the resulting operator. The Hamiltonian is given by a leading term plus a graphical expansion
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with -dependence in the denominators. We are only concerned with terms that depend on
h y for y outside the block. All the terms are bounded in norm as in (4.6), so we can proceed
to apply the chain rule as discussed above, and the resulting bounds serve to control the
derivatives of block energies. As for the perturbative terms, we end up with decay from the
block to y for the derivative of a block energy with respect to & y, and (4.20) remains valid.

The denominator D((,j;) is part of a graph that specifies a sequence of flips taking o to &.
We write nyj;) as a telescoping sum of energy differences for each spin flip:
D) =>"al, “.21)
x
where d;j ) is an energy difference as in (4.17), arising from changing the spin at x from its

value in o to its value in 6. Note that d)E] ) depends on the spin configuration out to a distance
O(Lj), but we do not make the dependence explicit in the notation. Of course, each d)(/ ) is

just a local difference of energies, so as a special case of (4.20) we have an estimate:

944" _
Tey =~ ; = £y + O(y /&) T, (4.22)

y

Now letting x, y run over the n sites/blocks associated with the independent variables / Vs
we may write the Jacobian in matrix notation: 7 = I 4+ A. Here I is a modified identity
matrix, with signs allowed. The matrix A has absolute row and column sums bounded by
O(y/€?), from the decay in (4.22). By a standard result on matrix norms, the same bound
applies to || Al (see for example Proposition 10.6 of [50]). Hence |A| = O(y/e?). By
Weyl’s inequality, A cannot move the eigenvalues of / by more than that amount. Therefore,

|log |det 7| < O(y/e)n. (4.23)

Let L be the matrix 1 — 8, (;)5(y)» Which, as previously noted, is lower triangular. (But now,
with the signs removed, it has 1’s on the diagonal.) The matrix L expresses the relation
(4.21) between the denominators and the single flip energies d)(/ ) Thus the full Jacobian

8D§J;) / 8};}, is LJ, and its determinant is the same as det 7, with the same bound (4.23).
Thus we obtain the main result of this subsection:

Proposition 4.3 Fora givencp, lete = y'/?0 be sufficiently small. Assume Al(cp,) and induc-
tive bounds (4.6) and (4.81). Then any system of n hierarchically organized denominators
obeys the following Jacobian bound:
i)
det #
y

< 0(y/eH)n. (4.24)

log

Note that the choice of normalization for the variables & y obscures the size of the lower bound
(4.16) on the rate of variation of eigenvalue differences with the original variables. When
estimating fractional moments of energy denominators, we will need to include factors cZy
when the block at y has size n,.

It turns out that the multi-denominator estimates of the next subsection can be organized
so as to avoid working with block energy variables. Those estimates are mainly about getting
uniform exponential decay, and due to the diluteness of resonant blocks, the decay can
be extracted from the spaces between blocks. Nevertheless, the case n = 1 of (4.24) is
indispensable for controlling single-denominator resonances, in particular for block energies.
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4.2.3 Resonant Graphs

The Jacobian bounds allow us to estimate probabilities of resonant graphs. The arguments
are based on similar estimates in the corresponding subsection of [27]. First, let us consider
case I of the resonant condition (4.8). This is a single denominator estimate, so by (4.24) with
n = 1, we see that the energy difference moves at close to unit speed with the variation of
any one of the variables corresponding to flips of splns/metasplns in the transition 0 — &.

So the resonance probability is proportional to & 1! In the case of a block variable for some
b there is also a factor of the area of the sphere of radius r in R"%, since there are up to

nL; random variables in lj(i). Putting m = nL;, we have that r < /m, and then the area is
bounded by " . 2pm/2 /T(m/2) < cé’ea for some cyreq. Also, the rescaling r — h y leads

to a factor clh ) < cLi from (4.16). As discussed at the end of Sect. 4.2.1, our constructions

ensure that |g ;| is always large enough so that exponentials in block sizes can be absorbed
into the exponential decay in |g;|. Thus the probability for condition (4.81) is bounded by
(pls)lg'f/‘, for some constant pj.

Next, let us consider probability bounds for case II of (4.8), which applies to short graphs
with I(g;/) > %| gj|. Consider the simplest case in which all the denominators in g; are
independent. This will happen if there are no multiple visits to sites/blocks in g/, which
means that each flip introduces a new independent variable. This means there are no erased
subgraphs — those are introduced for the general case (below) to deal with repeat visits. (Note
that a variable for a block 5 must be part of a graph that extends into 5, which we count
as a repeat visit. So we do not have block variables in this example.)

We claim that

1851 -
k _ Y J .y -/
ALYz < sl EO - D] (4.25)
" 17eGy
Here G,i' is the denominator graph for Afykgprov (gj7), which is the same as the denominator

graph of J(ﬁg ) (g;7), plus the denominator for o 6—recall the definition (4.7). The bound (4.25)
arises from unwrapping the definitions. In particular, as explained after (4.7), jump steps on
scales i < j are replaced by their upper bound y '8! — this means that jump steps contribute
their share of factors of y. (These factors represent the improved bound |A((,'2 (-l =
y'go‘—l)”', which is used in place of jump steps in Afrkgpmv (gj7), see (4.2)). But this is the only
use of inductive bounds—the rest of the graph has all its subgraphs expanded out to the level
of elementary flips. Thus J;ja/ ) (gj) is obtained from the ad expansion (4.42) and the rotation
(4.53) applied to J -1, Continuing down to the first level, each spin flip comes with a factor
of y, as required in (4.25). The factorials 1/n!and n/(n + 1)! < 1/n! from the ad expansion
accumulate exactly as per the definition (4.3)—including the lack of carry-forward at jump
steps, which arises from the lack of factorials in the jump step bound 18!
Applying the Markov inequality to (4.25), we obtain

(IProv = V15 = 132
platron gy o @Y (Aog (@) @02
oG 8j') = 5.,12/9 slg |
(81 (v/e)™™

&S181

(" @\~
,y)2/9 E H ‘E Ef

rreGk

4.26
(g (4.26)
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As in Proposition 3.1, we take s = % In the second inequality, we have used the available
factor (g;!)~* from (4.25); after a partial cancellation it becomes (g j/ N7s/9 = (g 12/? in the
denominator. We have chosen constants so as to equalize the factorials between both sides of
the Markov inequality. What remains are the denominators: the fact that their s-moments are
bounded allows us to extract good decay of the probability with |g;|. The Jacobian estimate
(4.24) from the last section shows that we can effectively use the denominators as integration
variables.

In detail, it is convenient to insert a partition of unity for each denominator, according to

whether Dié) =FE §"’) — Eg/) is bounded by 1 or not. The choice of which ones are smaller
than 1 entails a factor 2 per denominator, in total no more than an exponential in |g;/|. For

.1
the large denominators, we have |D£jf) | =% < 1. For the small ones, we use (4.24) to estimate

» ’ ’ oY
E[[ip%))~ < /H[|D§’f’|—3d1)§’;] ‘det i
Tt 7 y

Here n is the number of small denominators; C(y) = %po for sites (with the rescaling

[Tco = [Jeo. @2
y y

h y = 2hy, its density is half that of &y); C(y) = cLb(l)lcg‘Iiea for blocks (from rescaling and
polar coordinates, as in the (4.8]) bound above). As explained in the first paragraph of this
subsection, the factors for blocks are always controlled by an exponential in |g ;/|. Thus there
is a constant pj such that

P (AR () > (y/s)‘gf"/(gjf!)w) < (&) /(g 0. (4.28)

We are using the same constant p; for probability bounds for both conditions, (4.81) and
(4.8II). Note that if ¢;, becomes large, then p; grows as well, but no faster than a fixed power
of ¢p. (This is determined by the maximum ratio of block sizes to graph size, and is under
control because of the comparability of metrics, see the last paragraph of Sect. 4.2.1.)

Next we consider the general argument for bounding the probability of (4.81I). The idea is
that sections of the graph where repeated sites/blocks occur have to be short—otherwise the
graph cannotreach far enough in Z to satisfy the condition |1 (g /)| > % |g 7| Inductive bounds
will be applied for sections of g that overlap with each other. For such sections, there is no
gain in the Markov inequality, and no decay as in (4.28) in the size of the subgraph. But we
retain decay on a substantial fraction of g ;/, and so a bound similar to (4.28) can still be proven.

Let us review some basic facts about the structure of g;-. It consists of a number of
subgraphs g(; 1y, and each g(;_1y consists of subgraphs g(; 2y, and so on. (We can also
have subgraphs two or more levels down.) Jump steps are replaced with their bounds y 18!,
as discussed after (4.7), so they do not appear in these lists of subgraphs. Thus we have
a hierarchical, nested structure. A subgraph corresponding to an A factor has an overall
denominator; subgraphs corresponding to J factors have no overall denominators. Any further
A subgraphs come with their own overall denominators. Thus the denominators respect the
hierarchical organization of g;.. Each denominator depends to leading order only on the
variables within its associated subgraph. When there are no repeated sites, the hierarchical
organization of denominators translates to the spatial structure of denominators (and leads to
the lower triangularity of the matrix L of the previous subsection). For each subgraph, recall
that (g;) denotes the smallest interval in Z covering all the sites or blocks ») with i<i
that contain flips of g;/. Clearly, if 7(g) N 1(g) = &, then there is no dependence between
the variables in 7 (g) and 7 (g). Any overlap between 7(g) and 7 (g) will necessarily shorten
the distance |7(g;/)| that g;» can span.
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If we look at the entire interval /(g;-), there will be a set of disjoint segments in Z where
sites/blocks are covered more than once due to repeated flips of g ;. We call these segments
“looping segments,” because the graph is looping back to previously visited sites. We can

assume that any two looping segments 7y, Tg have at least one site or block b® between that
is not in a looping segment. Let | 7, | denote the size of a segment, where each site/block with
n visits is weighted by a factor n — 1. Visits are counted by looking at the individual flips of
gj’> any jump step counts as a visit to all the sites/blocks covered by the jump. Note that some
flips of g can occur at places that are subsequently subsumed into a block—nevertheless
all the flips inside such a block count as separate visits to the block. Every time g ;- returns
to a previously visited site/block, it fails to extend 7(g;-). Hence |g;/| — [I(g;)] is at least
as large as the sum of the lengths |7y | of the looping segments. Therefore, by the condition
for short graphs (4.810),

DITel < gyl — (@) < §12)11. (4.29)
o

Let us consider the denominator graph prior to the identification of variables in the looping
segments; each flip of g;s is associated with an independent variable. All denominators
are independent. This can be seen by observing inductively that the property holds for A
subgraphs; J subgraphs always have a free variable, which makes the overall denominator
on the next scale independent. Of course, a repeat visit to a looping segment forces us to
identify variables of the flips with earlier variables, and independence is lost. However,
denominators from a sufficiently long length scale do retain their independence. Let £ =
2maxy |Ty|, and let i be such that £ € [L;_1, L;). Consider the denominator subgraph
D; formed by links introduced at step i and afterwards, with graph length in the range
[L;, Li+1). As a subgraph of a graph with independent denominators, the denominators of
D; are independent. Furthermore, even after the identification of variables, the denominators
in D; are independent. This is because each denominator covers at least L; variables, and
since identifications occur within disjoint 7, with 2|Ty| < € < L;, there will always be
a free variable for each denominator. If there are n visits to a site/block, then n variables
are identified there, and the site/block contributes n — 1 to |T,|. Hence no more than 2|7 |
variables are lost in 7,. (The worst case is when there are two visits per site/block of T,
which leads to a loss of two variables for each unit of |7|.) Once a denominator extends
outside of 7y, it spans an independent variable adjacent to T,—by construction, there are
gaps of size > 1 between the T, and they contain only singly-visited sites/blocks.) Note
that jump steps have no denominators, as they have been replaced with their upper bound.
So jump steps do not produce any dependence between variables.

We now describe the “erasure” procedure; in particular we give an algorithm for deter-
mining the set of erased subgraphs. As we add denominators from the (i — 1) step and
below, some will be internal to one of the looping segments (i.e., all the variables on which
the denominator depends are in the looping segment). We will have to replace the corre-
sponding A’s by uniform bounds (y /¢) lsl/ (g!)z/ 9 from (4.2). The denominator is effectively
erased from the denominator graph, along with all denominators nested inside. There may
be denominators on scale i — 1 or above that connect 7, to its complement. (Again, we may
visualize a denominator as an arch that encompasses all of its variables.) In order to keep
those denominators independent, we may need to drop (i.e. erase) a denominator on scale
i — 1 or below on either side of T,. This is so that a variable on either side of T, is freed
up (i.e. it is no longer used to integrate short denominators, so it is available for integrating
long denominators.) Thus, when necessary, we choose a denominator that extends at least
one step away from 7. It may start inside of 7, or at the first site outside of 7. In order to
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ds
dy ds
T [) [) [ ] [ ] [ ]
“ hy ha hs ha hs

Fig.2 Denominators to the right of T, . In this example, denominators d», d3, d4, d5 are no longer independent
once iy and hy are frozen. Therefore, dy is dropped, along with subsidiary denominators dy, d3. This frees
up h3. Then ds5 has an independent variable

free up the denominator on scale i, we need to erase a denominator that is directly subsidiary
to it, i.e. up to scale i — 1. See Fig. 2.

Through this construction, we obtain a denominator graph D;_1, consisting of non-erased
denominators on scales > i — 1. All of the denominators are independent, even with the
variables in T,’s with |Ty| € [L;_;, L;) frozen. We continue through shorter length scales,
erasing denominators as needed to preserve independence after the freezing of variables in
the Ty. Each looping segment with |7, | € [L;_1, L;) may have a collar of erased sections
of width < L; on each side. The looping segment “spoils” an interval of size no longer than
2|1Ty| +2L; < (2+2- %) |Ty| < 6]T,|. (One could do better with a more detailed analysis.)
Recall that the total length of all the looping segments is no greater than é| gj|. Thus the
total length of the “spoiled” intervals where non-probabilistic bounds are employed is no
greater than %|§j/ |. This leaves at least % of |g;/| free of dependence issues, i.e. with either
independent denominators or jump steps. Therefore, we will get a comparable number of
factors of ¢* from the Markov inequality.

Note that block variables are automatically eliminated with this procedure, because graphs
traversing b\ b are treated as multiple visits to »), which leads to erasures near the block.
They cannot be eliminated when estimating probabilities for case I of (4.8). However, that is a
single-denominator estimate, so the issue of correlation between denominators does not arise.

We may now return to the probability bound as in (4.28), only now any graph with
[1(g;)] > %|§j/| is allowed. We claim that

_ ( 8)|§j'\ - ~
P(Aé"é"“’v(gﬂ ) R C RGO
i’ '

Here gj/ ! is amodified factorial, which contains only the factorials in non-erased sections. As

described above, the erased sections of g/ contribute factors of (y/ )18l /(g)?/? instead of
y!81/g! in the expectation. Thus they match up with corresponding factors on the other side
of the inequality Af,"gp“’v(g i > (y /8)\§ j'! /(g j/!)z/ 9. Hence they contribute no smallness
to the bound on the probability, and we are forced to make due with the modified factorial
gj:/! in (4.30). But at least 1/4 of g is clear of dependence issues, so we are able to glean
|g71/4 factors of €° in the Markov inequality. Recall that the graph g is defined from g/
by forgetting the order of subgraphs in erased sections. The order only affects denominators
internal to erased sections; the rest of the graph is unaffected, as it only involves the energies
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at the start and finish of erased sections. Soin g;» we sum over the usual graphical structures,
but some subgraphs are specified as erased, which means any further collections of subgraphs
are ordered from left to right in Z. We do not need to worry about whether these graphs’ initial
and final states match up properly. The point is to organize the event sum so that the erased
factorials are not needed. The single event {A((Tk(;pmV (g =< (y/g)'f?’ﬂ‘/(gj, 12/9} ensures that

every A;kg (gj) is similarly bounded, for any g ; thatreduces to g ;- after the erasure procedure.
So there is no point in defining separate events for each g ;. Note that sums over subgraphs
in erased sections are organized from left to right in Z, so no factorials are needed to control
them. (The leftmost point of any subgraph starts at a point within or immediately adjacent
to the previous subgraph, so there is no factor that depends on the number of subgraphs in a
collection.) This only works for event sums; graphs such as Aék; (g ) depend on the ordering
of all their subgraph collections, so in graphical expansions we retain that structure and the
factorials that go with it.

The Markov inequality produces decay from integrating denominators only in non-erased
sections of a graph. One might ask what is the purpose of carrying along the erased sections,
whose contributions cancel out in (4.30). The answer is that in order to control event sums,
a graphical connection is needed between initial and final states of erased sections. Then
the complete sum over resonant events can be controlled—using only the decay from non-
erased sections, which constitute at least % of the length of the graph. Note that the order of
subgraphs in erased sections is not needed to construct a connection between initial and final
state—any path will do.

4.2.4 Block Probabilities

The following proposition gives the core result on the exponential decay of the connectivity
function for the resonant blocks B®.

Proposition 4.4 Let P)gi) denote the probability that x, y lie in the same block B®). For a
given cp, let & = y1/20 be sufficiently small, and assume Al(cp). Then

P < (cpyet) F1VEDIE, @31)

Recall that j = k— 1 and |x — y|/) is the metric in which blocks bM, ..., bY) are contracted
to points. Uniform comparability of |x — y|) with |x — y| was established in Subsection
4.2.1.

Proof The bound (4.30) ensures that there is a positive density of factors of ¢* as we estimate
P}_ﬁ). As in the proof of (3.4), we lose a factor of two in the decay from the geometric mean
construction. Other aspects of the sum over graphs were described in Subsection 4.2.1, in
particular the fact that only (2/9)-power factorials are needed to control sums over collec-
tions of subgraphs. As we just discussed, those factorials are not needed for erased sections,
since we are now summing over coarser partitions of events based on g, but still satisfying
the bound (4.30). Resonant graphs in the k' step have L; < |g 'l < Ljt1, which leads to
the minimum in the exponent above. Thus we obtain (4.31). O

Next we consider the small block connectivity functions.

Proposition 4.5 Let cj, be given. Let Q)(C/i) denote the probability that x, y lie in the same
small block b®. There exists a constant ¢3 > 0 such that for ¢ = y'/?° sufficiently small,
Al(cp) implies
2
%) < (cp1") T 1y <ary)- (4.32)
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Let R,((’fv) denote the probability that x, v lie in the same small block b® on any scale i < k.
There exists a constant c3 > 0 such that for ¢ = y1/20 sufficiently small, Al(c,) implies

. v 2
RY) < (epretyHestoaeay/AvDP (4.33)

Proof A block b can arise from a fairly spaced-out collection of resonant blocks from
earlier scales. However, the factors of ¢° in (4.31) control the sum over core sets b consistent
with the event Q x‘) Let us break up 5% into components C by connecting any pair of
sites with separation distance < dy,+1. Each component C™ has 1 or more subcomponents
¢™=D_and so on. If there is more than one subcomponent, the sum over each separation
distance produces a combinatoric factor d,, 1. Our separation rules state that if a subset has
volume in [L,,, L,,+1) and is separated by a distance d,,, then it would form a small block
b on an earlier scale, in which case it would not be part of »*). Hence any component
=D of b (separated as it is from other such components by at least a distance d,,) has
a minimum volume L,, . Thus the combinatoric factor per site of C?"~1 is bounded by
d;/f "' If we combine the combinatoric factors per site produced by subcomponent sums
on all scales we obtain

H(d )L = exp (Z Ly L m-H) < co. (4.34)

Since (4.31) provides a factor &¢* for each site of b® it should be clear that the sum over b*)
is under control.

We established in Subsection 4.2.1 that the separation conditions imply that any small
block with core volume |p®| € [L,,_1, L,,) has diameter less than (L,, — 2)dp—1. But
note that if (L,, — 2)d,,—1 < Lj_1, then b® would have satisfied the diameter conditions
diam(b®) < Ly inan earlier step. Hence all blocks 5*) satisfy a minimum volume condition:

|b(k)| > L,,—1, where m is the smallest integer such that (L,, — 2)d,,—1 > Lr—1. (4.35)

k
Recall that d,, = exp(Ly/2,,.) and Ly = (g) . Thus (4.35) implies that Ly, _j4m, >

¢1(k — 1)2, which means that
1b®) > 1+ 2k = 1+ e3(log(|x — yl/4 v 1)%. (4.36)

Here we make use of the fact that if x, y € 0N |x — y| < 4Lg. (The bound |l;(k)| < 4Ly
follows as in the discussion at the end of Sect. 4.2.1: the diameter of b® is less than Ly
in the metric | - |/); add a collar of width Lj on each side and allow for a small expansion
of distance due to blocks on smaller scales.) The key aspect of (4.31) is that it establishes
a minimum density of factors of &* throughout the core volume of »*). (This includes the
extra volume coming from the minimum volume condition on B®), established just below
(4.9).) Thus we obtain (4.32).

Note that R)(c];) is a sum of Q)(f)) over i such that |[x — y| < 4L; < 4Lj. Summing (4.32)
over i < k, we obtain (4.33). O

We have obtained a rate of decay uniform in k for the probability that x, y belong to
the same small block. The decay is faster than any power of [x — y|. This is the rate that
governs our estimates on averaged correlations. Statements regarding exponential decay of
correlations with probability 1 depend on the low density of blocks at each scale, decreasing
with k so that |x — y|®) remains comparable with |x — y|. The situation parallels that of [9],
which established exponential decay with probability 1 in the one-body context.

@ Springer



On Many-Body Localization for Quantum. . . 1033

4.3 Perturbation Step and Proof of Inductive Bounds

Having established diluteness of the resonant blocks in Sect. 4.2, we focus here on determin-
istic estimates on graphs in the nonresonant region.

4.3.1 Bounds on A®

Here we perform the rotations that eliminate low-order interactions from the Hamiltonian.
Then, after resumming long graphs, we will obtain the inductive bound (4.2) for k = j + 1.
As in Sect. 3.2, we write

JUD = gUhper 4 gGhres, (4.37)
with
JUper _ > I (g0, (4.38)
gj/ZU%&,kalf\gj/|<Lk.gj/ﬂSk=@,07&5
JUOPer (g )
(k) (k) 8j
W= 3 A= X T (439

gjro—a gj0—>G E((’j = Eéj )

Long and short graphs; jump transitions We say a graph g is long if |g;/| > %|I(gj/)|.
Otherwise, it is short. We will need to resum terms with long graphs, for given initial and final
spin configurations o, & and a given interval I = I(gy/). The data {o, &, I} determine a jump
transition. Long graphs are extra small, by (4.2), so for probability estimates we do not need
to keep track of individual graphs, and we can take the supremum over the randomness. Let
gj» denote either a short graph from o to ¢ or a jump transition taking o to & on an interval

I. The length of g is defined to be |g;~| = [I| V %L j- The jump transition represents the
collection of all long graphs from o to & with a given /(g ;). Then put
© A((Tkg (gjr), if gj» = gjr, ashort graph;

Ays(8jm) = > A((Tk; (gj), if gj» islong. (4.40)

long g;r:0—>6

With Q® = exp(—A®), we define H® = QW HUIQ® and then as in (3.14) we can
write

H® = g 4 g o g@line g ) (441
with
o o0
n p (adA®Hr
Jo — d AWy 7 G per JUres. 4.42
Z(Hl)!(a ) +> . (4.42)
n=1 n=1
We may now prove the inductive bound (4.2) fork = j + 1.
Proposition 4.6 Let y be sufficiently small. Then
lgi"l 1(o.,02/9 .
k (y/e)*"'/(gj»)*"7, in general;
149 (g < [ gl e (4.43)
vy if gjr is a jump step.
Proof For short graphs, we have
k i
A2 (@il = (/)9 /g, (4.44)
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by the resonant condition (4.8II). For long graphs, we bound numerator and denominator
separately in (4.39). The inductive bound (4.6) applies to the numerator, and the resonant
condition (4.81) bounds the denominator from below. After summing over the long graphs
that contribute to g;», we have

8
A8 (g < ey /eI rMho (4.45)
because all long graphs have [g;/| > gll(gj/)l VL= %lgj// |, see Definition (4.4). Recall
that y = s20, 50 C8/7)/1/78_16/7 < 1, and we obtain

1A% (g <yl (4.46)

which completes the proof. (Since (4.46) is a stronger estimate, we actually have
|A((,kg (gjm < ()//8)‘3/‘”|/(gj~!)2/9 for all g j»—recall that g ;! is defined without any facto-
rials from jump steps.) O

4.3.2 Bounds on J®

In this subsection we prove the bound (4.6) for k = j+ 1, while at the same time giving details
onhow J® is expressed as a sum of graphs. By (4.42), J®) is a sum of terms involving one or
more commutators of J ") with A®)_ The simplest situation is when there is no gap between
gjv and g/ in [Agg (g, Jf(é/)(gjr)]. Here we need to be careful about what we mean by
a gap. For any block b) involved in either graph, we use the fattened version l;(i), defined
as b plus a collar of width %Li,l. Then we specify that gaps do not include any sites in
any of the b involved in the graphs on either side. Obtaining decay in _lj(i ) is problematical,
because of the dependence of the block energies of b® on variables in b@\6® . But we deal
with the wider collars by contracting blocks 5®) to points when defining the metric | - |).
With this definition in mind, consider the case with no gap. Then g ;» and g ;- are combined in

the new graph g for J®, and we may bound the terms of the commutator separately, using
(4.2), (4.6). This leads to an estimate

55 (@l < v (/)71 /g, (4.47)

which matches up with (4.6).

If there is a gap between g j» and the graph generated by J G or by previous commutators
with JU", then we need to exploit cancellation between terms to obtain decay in the gap.
Let us consider the case of a single commutator [Afyk; (gj"), Jr(é/)(g j)]. The two terms AJ
and J A differ in that energy denominators in A are computed two ways, that is, before and
after the transition T — 7. Likewise, the energy denominators in J are computed before and
after the transition o — &. But let us focus on the effect the transition T — 7 has on A; the
effect that A has on J’s denominators is similar. The energies in A’s denominators are E 5"’)
for various spin configurations v and scales 0 < i < j. Differences D‘(f;) = El(,i/) — E éi/)
have a graphical expansion, see (4.18). The expansion exhibits the non-local dependence on
the spin configuration. For each denominator in Aék; (gj), we write

11 @ -pf @
D@ DF@  DI@®DY®

(4.48)
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where the dependence on 7 or 7 is written explicitly. The commutator can be written as a
sum of terms switching each denominator in turn from 7 to 7 using (4.48). In the numerator
we write

i1
Dl()lf))(f) - Di’g)(f) = Z Z&f T (), (4.49)

m=1 &,/

where §,; takes the difference between values at T and 7. As in the discussion following (4.18),

we repeat the process by applying (4.48) to the denominators of Jé'g/) (gm’). We are doing a
discrete version of the chain rule of Sect. 4.2.2 to probe the dependence on 7. (Here, however,
we use fattened blocks b, so we do not need to worry about dependence of block energies on
T; we are investigating only their perturbative corrections.) The process can stop for any term
whose chain of graphs crosses the gap between g;» and g(;_1y. As in Sect. 4.2.2, each jump
step of g~ is written as the sum of its constituent graphs, see (4.40). This is necessary so that
we may probe the dependence on t everywhere it occurs. Each step of the process lowers the
scale index on the denominators by one or more. At some point, the graphs must span the gap
since otherwise the last §/ would vanish—the energies E an depend only on t one step away.

There is a limit to the range of dependence of energies on t. Energies E ™) m o<

appear in A((Tk; (gj). They are diagonal entries Jé'g_l)/ (8(n—1y), so their orderis < L,,. This
means the range is < %Lm, since g(,—1y has to double back to undo any flips performed
in its first half. But energies E (') appear in these graphs for m < m, extending the range
of dependence. The greatest possible total range is for a sequence g(;j 1y, &(j—2ys---» &1’
leading to a maximum range of

ILi+Lj+-y = ,a+8+.. )< B, (4.50)

As mentioned earlier, this bound is important because it limits the number of spin config-
urations for which we need to control resonance probabilities. An exponential number of
configurations is controlled by exponentially small resonance probabilities. This calculation

validates the definition of 5®) as 5®) plus a collar of width %L j- (It shows that b® contains

the region of dependence of the interactions J;{; ) (gj) for g contained in b®; these are the
only ones involved when block rotations are performed—see (4.52).)

The double-back nature of the energy graphs implies that their graph length |g;| is at least
twice the length of the intervals spanned, /(g;/). Hence they all become jump steps g;» with
an improved rate of decay ~ y'87! as in (4.2), instead of (y /&2)!8"|. There is an important
caveat, however: the first doubled denominator from the chain rule may be greater in span
than the size of the energy graphs generated. This would happen if the gap between g ;» and
g(j—1y is smaller than L ;. (Subsequent double denominators are internal to g and they may be
bounded using (4.81), leading to the (y/ e2)18! bound.) See Fig. 3. As aresult, the first double
denominator has to be treated probabilistically (Markov inequality) along with all the other
non-jump step denominators in A((Tk; (gj~). Otherwise the extra e~ factors—potentially as
many as |g»|—would lead to non-uniformity of the decay estimates with k. Further details
on this will be given below—see the last paragraph of this section.

Our immediate goal is to ensure that the expansion can be organized so that not too
many extra denominators arise. To this end, consider what happens when multi-commutators
from (ad A®)" act on JU ). We need to demonstrate that decay at rate y can be obtained
for all gaps. But now that we are dealing with graphs with doubled denominators, it could
happen that in a later step a doubled denominator gets differenced again as in (4.48). We
need to cap the multiplicity of denominators at 3, because unlimited powers would force
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doubled denominator

A

[ ] [ ] [ ] [ ] [ ] [} [ ] [ ] [} [ ]
g .
k
AR (g T (g50)

Fig. 3 Energy graph g is double the length of the gap between g j and g ;7. A denominator in A((Tkg (gjm) is
doubled because the commutator creates a difference, which is re-expressed using (4.48)

the fractional moment exponent s to zero. We allow a denominator to be differenced to
close a gap to the left and to the right. See Appendix 1 for a discussion of how we organize
these gap-closing differences to achieve this, while at the same time maintaining manageable
bounds on graphical sums. The net result is a graphical expansion for (ad A®)" jU ) asa
sum of graphs g involving the usual subgraphs g; plus a collection of jump step graphs
giv with i < j that connects them all together. We call them gap graphs. Thus gap graphs
consist of all the energy graphs from (4.49) that were generated in the process of bridging
the gaps. The doubled denominators themselves remain with the main portion of g, unless
they were already in a jump step. The gap graphs can be summed up, and as for other jump
steps, we obtain decay at rate y across gaps. We obtain the required bound (4.47), now
with an understanding that g; includes the additional gap graphs as subgraphs. As with the
other jump steps, gap graphs are “spectator” graphs—replaced with uniform bounds—in the
Markov inequality. This means that, like jump steps, they do not contribute factorials to (4.3).
Note that the “active” denominators do not depend on the “spectator” parts of the graph as
they see only the initial and final configuration of the jump.

The bound just proven for J® leads to the corresponding estimate (4.6) for J*") after
the block rotations are performed. Note that by (4.4), the minimum size of a graph g;~ in
an A® term is % Li—_1. The minimum size of a JU ) graph is L;_1. Combining these, we
obtain a minimum size of %Lk_l = L for graphs gi. This has been assumed throughout,
so it needs to be verified as part of our inductive assumptions.

We return to the issue of the doubled or tripled denominators, and their effect on the
Markov inequality. The main difference is that (4.26) requires s < % if we want E(AE) ™

to be finite. This is consistent with our choice s = % Also, it is somewhat inconvenient

having the two denominators D‘()? and DE? in (4.48). So we use a Schwartz or Holder
inequality to bound the expectation of doubled or tripled denominators by a geometric mean
of expectations where multiple denominators are actually 2" or 3'¢ powers. Thus it will be
sufficient to prove bounds on expectations where the denominators have that structure. This
is helpful because the Jacobian bound of Sect. 4.2.2 can then be used to estimate the —s
moments of the denominators as before.

4.4 Diagonalization and Conclusion of Proof

We reorganize terms as in Sect. 3.3:
J(j/)res + J(j)lint+J(k) — J(k)ext+ J(k)sint_,’_ J(k)lint_ 4.51)
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Terms whose graph intersects Sy and is contained in Sy are putin J ®)sint (small block terms)
or J®Nnt (Jarge block terms). Diagonal terms of order less than L are included in J%sint,
This ensures that in the next step, all interactions will be of order at least Ly.

Let 0% be the matrix that diagonalizes small blocks, so that

Hék/) _ O(k)tr(Héj/) + JWwsinty o) (4.52)

is diagonal. (The diagonal entries of Hék/) are the energies E((,k/), which now include all
effects up to order Ly — 1.) Then put

H®) = oWrg® o® = g*) 4 j&) 4 j®lint (4.53)

Here J®) is the rotated version of J®<X_ It has a graphical expansion with bounds as in
(4.5), (4.6), as proven in the last section. Graphs g include matrix elements of o® ot
as appropriate.

Define the cumulative rotation

R — RUNQW k) (4.54)
Then as in earlier steps we prove that

> RESERYE)

o6

E Avy =14 0(&). (4.55)

The probability that 0 is in a small block is less than cp;&®, by (4.33). The rotation of S§
generates a graphical expansion much like the one for the rotation of H. The leading term is
41 and the corrections are O(y /e)—see (2.21) and the discussion after.

Let us consider the behavior of connected correlations (O, ; O, )((Xk). Cancellation of graphs
forces graphs to span the distance from i to j. Graphs do not penetrate large blocks, and there
is no rotation in large blocks, therefore (O,; Oy)&k) vanishes if any large block intervenes
between i and j. Suppose that |x — y|/8 € [L;,—1, L,;). Then as in the discussion following
(4.11), no more than half the distance from x to y could be covered by blocks b/ with
J < m. The probability that a larger scale block covers part of the segment from x to y is

bounded by (cp;&* )1+52m2, by (4.32). Hence we have an estimate:
1{Ox: 0,)®| < (cy/e)*2V/2, with probability 1 — (cpye*)!+e30oex=21/8VD) (4 56

Of course, in step & there are no blocks on scales > k, so we would actually have exponential
decay for (O,; Oy)((xk) with probability 1 for |x — y| > 8Lj41. But (4.56) gives a bound that
is valid for all x, y, k, so it carries over to the limit k — oo. (The limit will be discussed
below.) We obtain exponential decay except on a set whose probability decays rapidly with
the distance. Averaged correlations are dominated by the probabilities of rare events (i.e.
blocks). Thus

E AV |(Oy; 0] < (cpye®)! Hesossml/Svi?, “57)

which decays faster than any power of |x — y[, but not exponentially.

If we let the procedure run to k = oo, off-diagonal matrix elements vanish in the limit.
Then the eigenvalues of the starting Hamiltonian are given by the diagonal elements of
HE® = im0 H(gk/) . The eigenfunctions are given by the columns of R = limy_, oo R*".
Block formation has to stop eventually in a finite volume A, by the Borel-Cantelli lemma,
because by (4.32) their probabilities are summable. After that, all the matrices involved
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converge rapidly. The bounds (4.55)—(4.57) remain true in the limit, which completes the
proof of Theorem 1.1, with assumption Al(c) replacing LLA(v, C).

4.5 Infinite Volume Limit and Local State-Labeling Operators

We show that eigenvalue differences and local expectations converge in the A — oo limit,
with probability one. The eigenstates are labeled by spin/metaspin configurations « for each
finite volume A. Away from resonant blocks, there is a one-to-one correspondence between
an ordinary spin configuration and the state label . As (4.55) shows, S” expectations are
close to the labeling configuration values, so in that sense eigenstates resemble the y = 0
eigenstates, which are concentrated on the labeling spin configuration. This is analogous to
the concentration of eigenfunctions near individual sites in the one-body Anderson model at
high disorder. Of course, resonant blocks interfere with this naive labeling scheme, because of
mixing and entanglement of the unperturbed states in the block. In a block, labels are assigned
when the diagonalization step is performed there. This involves a finite-dimensional matrix
that has unique eigenvalues with probability one. (The discriminant cannot vanish on a set
of positive measure without being identically zero, and as we explained earlier one can find
parameter values where it is nonzero.) Therefore, except for a set of measure zero, one
can label block states in order of increasing energy. We have been calling the block states
“metaspins” because like ordinary spin variables, they label the local state in the block. A
block of size n has 2" metaspin values, hence they can be put into one-to-one correspondence
with ordinary spin configurations in the block. Our constructions and estimates show that local
expectations are determined up to errors of order (y /&)’ by the spin/metaspin configuration
out to a distance ¢ in the k — oo limit.

The abovementioned properties are equivalent to the existence of an extensive set of
quasi-local operators that commute with the Hamiltonian [47—49]. We may construct such
operators as follows. Working in the basis we have constructed, in which H is diagonal,
define an operator that assigns the spin/metaspin value to each eigenstate possessing that
label. Such operators are diagonal in this basis, as is the Hamiltonian. So after returning to
the original basis we obtain operators that commute with A and that are quasi-local (because
R is given by a convergent product of local rotations).

Our procedure produces convergent expressions for the eigenvalues in a box A. However,
if we wish to investigate their behavior in the limit A — Z, we should work with eigenvalue
differences corresponding to states whose labeling configurations «, $ differ only locally in a
fixed region R. As discussed in Sect. 4.2.2, eigenvalue differences have graphical expansions
with exponential decay localized to R—see (4.6), (4.18). Graphs generated in step k depend
on the random couplings only in a neighborhood of width O (L) about the graph (dependence
arises because of denominator energies). Expectations of observables localized in R likewise
have local graphical expansions. These expansions can be used to demonstrate convergence
of eigenvalue differences and expectations as A increases to Z through a sequence of intervals
Ak =[—K, K]. Convergence of the infinite volume limit was demonstrated in the one-body
context in [27] for eigenfunctions and eigenvalues. We outline a similar argument here for
eigenvalue differences and expectations.

When investigating convergence as Ax — Z, it is convenient to use a K -independent
construction of resonant blocks. In each step of our procedure, a graph will be considered
resonant if it is resonant for any value of K. Then, in addition to the usual graphical sums
for estimating probabilities for resonances, there is a sum over values of K that lead to
distinct resonant conditions for a given graph. Recall that we sum over every background
spin configuration in a neighborhood A/ of g so as to catch every possible resonance. There
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are no more than diam(/\/) possibilities for K, so this sum can easily be handled along with
the background spin sum. With this setup, we maintain probability bounds such as (4.32).
Compare the graphical expansions of an expectation or local energy difference associated
with R in two different boxes, Ak, and Ag,, with K| < K». The difference involves graphs
that extend from R to Aj(l. (Jump steps need to be rewritten as sums of constituent graphs
so as to isolate the ones extending to A%l .) Consider the event g (R) in which there exists

a path from R to A with length less than %dist(R, A%), in the metric where blocks b
are contracted to points for all i > 1. By summing over the two paths from R to A%

and over configurations of blocks along each path, it should be clear that P(Ex (R)) decays
exponentially like y"diS‘(R’A%) for some k > 0. By Borel-Cantelli, there is almost surely
a Ko such that £ (R) fails for all K > Ky. Bounds on a given graph are governed by the
distance it covers between blocks. Hence, as long as K| > K(, we obtain bounds that decay
exponentially in dist(R, A%l ). In this way, we obtain almost sure exponential convergence
of local quantities in the A — Z limit.

5 Level Statistics

At this point, we have proven many-body localization (MBL) under assumption Al(cp),
which states that energy differences move to first order with the randomness—see (4.16).
Here we use MBL as a shorthand for all of our conclusions, including

(i) Existence of a labeling system for eigenstates by spin/metaspin configurations, with
metaspins needed only on a dilute collection of resonant blocks.

(ii) Bounds on the probability of resonant blocks, (4.31), (4.32), (4.33), which establish
their diluteness.

(iii) Diagonalization of H via a sequence of local rotations defined via convergent graphical
expansions with bounds as in (4.2).

(iv) Bounds establishing closeness of expectations of local observables in any eigenstate to
their naive (y = 0) values, when observables are not in resonant blocks. These lead to
statements like (4.55), which show that most states resemble the y = 0 states locally.

(v) Almost sure convergence of local energy differences and expectations of local observ-
ables as A — Z.

(vi) Exponential decay of connected correlations, except on a set of rapidly decaying prob-
ability, see (4.56).

(vii) Faster-than-power-law decay of averaged connected correlations as in (4.57).

We would like to show how MBL can be obtained under weaker assumptions that (1)
allow for violation of the minimum level-spacing condition on a set of small probability,
and (2) do not refer to properties of effective Hamiltonians. In effect, A1(cp) is a working
hypothesis that we need in order to continue the induction, but the tools we have developed
are flexible enough to prove Al(cp) with high probability as we go along. (If Al(cp) fails,
we can define a new resonant block and check it again at a longer length scale.) Here is our
fundamental assumption on level statistics. It depends on parameters v, &:

Assumption A2 (v, g9) (Unlikeliness of small eigenvalue differences) Consider the Hamil-
tonian H in a box of size n. Its eigenvalues satisfy

P(min |Eq — Eg| < ;:") <@, (5.1)
atf

for all & < g and for all n.
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The exponential decay of probability with n is actually not needed—we could make do with
probability decay similar to (4.33), since that is what is used to control the diluteness of
resonant blocks. But let us work with A2(v, gg) for simplicity.

Theorem 5.1 Fixv > 0and gy > 0. Let ¢ = y'/?0 be sufficiently small. IfA2(v, &9) holds,
then MBL holds as well.

Before proving this, let us show how A2(v, g¢) follows from the more standard statement
on level statistics that appears on the introduction:

Assumption LLA(v, C) (Limited level attraction) Consider the Hamiltonian H in a box of
size n. Its eigenvalues satisfy

P(min|E, - Egl <5) <8°C", (5.2)
atf
forall § > 0 and all n.

Clearly, we may take § = &" in (5.2) and then A2(V’, &¢) holds for any V' < v, provided
&o is small enough (depending only on C, v, v'). Thus we have

Corollary 5.2 Let v, C be fixed, and let y be sufficiently small. Assume LLA (v, C). Then
MBL holds.

As explained earlier, we can handle level statistics that are neutral (like Poisson, v = 1),
or repulsive (v > 1 as for GOE), and we can handle values of v smaller than 1, which
correspond to level attraction. Thus we obtain MBL, provided there is a bound uniform in n
on the level attraction exponent v. Note that, speaking broadly, level statistics are expected
to be repulsive or neutral. However, we are not aware of any general result of that type.

Proof of Theorem 5.1 We need to verify Al(c;) on a set of sufficiently high probability. The
idea is to compare the energy differences of H,, =1 + Jsint that are associated with the
block 5 with those of another Hamlltoman H in the volume b(/ )N A. (Recall that b(/ )
is ) plus an additional collar of width ; 4L j—1, measured as usual in the metric | - |U=D)
This allows for the maximum range of dependence in the b eigenvalues (through energies
Ey U= i gG=1 ). Here H is the original Hamiltonian in A, restricted to b(f ), which means
that spins outside of b(f) are fixed at +1 (as are the spins in A°). As in our discussion on
volume-dependence in Sect. 4.5, we may define resonant graphs and blocks by including
every possible configuration of spins and of A within the relevant range. Therefore, the set
of resonant blocks b/) does not depend on A.

Let us assume that in 5¥ ), the eigenvalues of A satisfy

Ln;rﬂl |Eq — Eg| = &™", (5.3)

where n is the number of sites in b, and x is a small constant to be chosen below. Note that
the size of 5/ is no greater than some multiple m of n, after allowing for the expansion of
distance due to blocks at lower scales. So if we let & = /™ and take & < &, then A2(v, &)
implies that (5.3) occurs with probability at least 1 — g = 1 — """, We will discuss
below the case where (5.3) does not hold.

We may perform all our expansions on H in 5% N A. We obtain block energies E:(S/ 0,

These agree with the corresponding energies Eéj ) obtained from the expansion in A, because
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as explained earlier, the range of dependence on o is less than the width of the collar p() \bW),
Furthermore, all remaining terms in H ¥/ ) (the Hamiltonian H after the j™ step) are of order
L j,soby (4.6) they are exponentially small—in total no greater in norm than (cy /¢)"/*. (Note
that separation conditions keep other blocks 5¢) or BU") out of 5/). The size of 5/) is no
greater than 4L ;, from the collar of width L ; — 1 about b, plus some additional expansion
from smaller blocks.) Thus the minimum eigenvalue spacing in (5.3) transfers to E}if g and
hence to Eéj 0, (Since y = €20, the corrections are much smaller than the minimum gap.)
At the heart of our method is a way to extract local “quasi-mode” energies for transitions
approximated on a length scale L, with errors exponentially small in L. Rotations were
performed for graphs connecting b'/) to its complement, up to scale L j» 80 any residual
effects are exponentially small. )

In order to obtain assumption Al(cp) we need to compare derivatives of Eg G with those
of E,. Since we are making a perturbation with exponentially small norm and derivatives,
bounds on derivatives of E, carry over to those of Eg @ = Eg4 (") via second-order perturbation
theory. There will be a sum over intermediate states (no more than exponentlal in n) and an
energy denominator (bounded below by (5.3)). Thus derivatives of Eq 2 (or more precisely
of differences EY” — Ej (") agree with those of Eg up to errors of order (cy /81“")”

Next we use (5.3) to prove a lower bound on the radial derivative of Ea — E 5. Note that

the radial variable r appears as a multiplicative factor in H, since all couplings &;, J;, y;
are proportional to r. Therefore energies (and their differences) are strictly proportional to
r. Let us fix the angular variables. Then there is some r( such that the minimum eigenvalue
separation is £**"*. Any eigenvalue difference can be written as

r
Eq(r) — Eg(r) = Dapg(r) = Dgg (ro)%- 5.4
Therefore,
8 D Ssxn
D Dy = D0 o o (5.5)
or ro 3mn

where we use the radius of the integration domain [—1, 1]™" to bound ry from above. (A
larger value of ro would mean (5.3) fails throughout the integration domain on the ray we
are considering, in which case there is nothing to prove.) Thus we obtain

. -1
‘aar (ES e - Ef (r))‘ < (ce™™)", (5.6)

since as explained above, the derivatives of Eg,j ) agree with these of E, up to terms much
smaller than &**".

Note that (5.6) compares with (4.16) of assumption Al(cp), with ¢, = ce**. Each
time we do a denominator integral in proving an estimate like (4.30), we pick up a factor
of ¢p, which through (4.16) controls the rate of change of energy differences. So now that
cp = ce %, we need to absorb factors of ¢ 7¥* into (4.30). As noted in Subsection 4.2.3, p;
depends on ¢y, but it grows no faster than a fixed power of ¢} (based on the fact that graph
lengths are always at least some fixed multiple of the block sizes involved). In (4.30), each
factor p; is mated with a factor ¢/, and so the additional factors of ¢ ~* can be handled
with a reduction of the power from s /4 to s /8, for some small value of ». Thus our estimates
work with only this minor modification.
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It remains for us to discuss the case where (5.3) does not hold, an event whose probability
is no greater than £"*”. We may consider any block »\/) with a too-small level spacing as

part of Sk, the next singular region. Its probability is exponentially small in the size of 5/,
so we obtain a bound similar to (4.31):

P;I;) < cesVE—yl 5.7

The rate of decay is £°V” instead of &*, but as long as ¢ is chosen sufficiently small, the proof

of diluteness of resonant blocks works as before. (Diluteness is the bound (4.33) giving rapid
falloff of the probability that x, y belong to the same resonant block. It should be clear that the
smaller power of y = £%0 just means that the value of « that can be achieved in Theorem 1.1
is a bit smaller than what we obtained by assuming A1(c}).) The proof relies on bounds like
(4.31), which provide a probability factor &* for each site of 5*). Then separation conditions
tied to the volume control the sum over admissible »*) and provide a minimum volume for
a given diameter. All this would work if we defined the volume of a block b/) of size n as
O((log n)?), the same as the minimum volume achievable from sites of Sy via the original
construction. This makes it clear that we could make do with a weaker form of A2(v, gg),
replacing (5.1) with

P(min|E, — gl < &") < g restosn, (5.8)

a#p

for some constant c4. (This could potentially be useful if, in the future, better methods are
developed to control minimum level spacings.) The basic mechanism at play here is that
by Borel-Cantelli, (5.8) guarantees that there is some scale k at which the minimum level
spacing holds. When that happens, we obtain the needed variation of Eék/) — Eék/) with 7,
and the rest of the proof of MBL works as described in Chapter 4. This completes the proof
of Theorem 5.1. Corollary 5.2 then gives the full version of Theorem 1.1. O
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Appendix 1: Extending Graphs Across Gaps

Here we describe how to organize the graphical expansions of Sect. 4.3 to exhibit decay
across gaps between graphs while limiting the duplication of denominators.
Consider the general expression for a term in J®:

(ad 49 (gr)) -+ (3 4D (g1,1)) 9 (8 ,0). 6.1)

Divide the g~ , into non-overlapping groups. The actions of a commutator of a graph in one
group with a graph in another group is simple, as the operators in question involve disjoint
sets of spin indices. As indicated in (4.48), the energy denominators are computed before
and after a spin transition and the difference taken. We have the freedom to use either side
of (4.48) when working with these denominator differences. We use the right-hand side of
(4.48) and the graphical expansion (4.49) only for a minimal set of differences, sufficient to
close the gaps between groups. For the remaining differences, we bound each term on the
left-hand side of (4.48) separately: m differences result in 2" terms; a factor of 2 per graph
is easily controlled, as discussed in Sect. 4.2.1.
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N

Fig. 4 A lace connecting five groups. Each arch represents a difference operation that provides a graphical
connection and exponential decay across gaps between groups

We use the following algorithm to generate differences and select ones that need to be
expanded as in (4.49). We proceed through the sequence of graphs g;» 1, g7 2, ... in (6.1)
and the associated commutators. If a graph g~ , appears as the first representative of one
of the groups, the associated commutator is written as a sum of terms involving the com-
mutators with each of the previous graphs g;» ,_1, g p—2,...,&j",1 &j7,0, by Leibniz’s
rule for commutators. As g , is the first in its group, there is no overlap between it and
the previous graphs. Then, as was just explained, the commutator can be written as the sum
of two differences. For example, one contains the effect of A® (gj,p)onJ Y /)(g j7,0) and
the other contains the effect of JU" (gj7,0) on AW (gj7,p)- This may be indicated graphi-
cally with a line from one graph to the other and an arrow indicating the direction of the
effect. (The arrow can go in either direction, because each graph’s denominators are affected
by changes in spin configuration induced by the other graph. However, the direction of
the arrow is unimportant in what follows, as either direction will be sufficient to create a
graphical connection across the gap between the graphs.) Note that the expanding set of
lines ensures that each group is connected to its predecessors as soon as one of its graphs
appears. Hence when all commutators have been performed, the graph of difference lines
(the difference graph) connects all of the groups. Many of the lines are redundant, how-
ever.

We define a minimal subgraph of the difference graph using a lace construction similar
to the one introduced in [51]. Starting from the left-most group, we take the first line of the
lace to be the one reaching as far as possible to the right. (Note that there can be no more
than one line between two groups, by construction, as our algorithm specifies that each line
have one endpoint in a new group. Thus there is no ambiguity about which line reaches the
farthest to the right.) The next line of the lace is taken as the one reaching the group farthest
to the right from any of the groups spanned by the first line. (If two lines reach that group,
we take the one originating from the group farthest to the right. This is unique because, as
explained above, there cannot be two lines connecting the same two groups.) We continue,
always choosing the line reaching the group farthest to the right from the groups spanned by
the expanding lace graph, and breaking ties by choosing the line originating from the group
farthest to the right. See Fig. 4.

All lines not in the lace are left as is: a sum of two terms, as in the left-hand side of (4.48).
They are not needed for generating decay across the gaps between graphs. The lines of the
lace graph extend all the way from the left-most group to the right-most one. Therefore, by
exhibiting decay between graphs connected by lace lines, we obtain decay across all gaps
between groups.

The lace graph has the property that no more than two lines emanate from any group.
There can be one line to the left and one to the right, but a second on either side is impossible,
by the rules for constructing the lace graph. As a consequence, we see that no more than two
differences will be applied to any graph. This is important because of the need to limit the
extent of duplication of denominators.
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The first difference creates a double denominator as in (4.48). Then (4.49) can be used to
exhibit decay across the gap between the two graphs. The second difference creates a triple
denominator as follows: When two differences are applied, we have four denominators, which
may be written as d11, d12, da1, da2, with the first index indicating which spin configuration
is involved on the left, and the second index indicating the one on the right. Then we may
use Leibniz’s rule to write

e
dy  doy dip  dn dyday diadny

_ doy —dyn dy —dn | () —dp)—(di1—dp) di—dpn  di—dp

drody di2dyy di2dy diady diadyy
_ (da1 —d2)(da1 —dn) | (da1 —dpp) — (dui —di2) | (di —dr)(di1 —di2)
dndridi dy2d d2dr1dyy '

(6.2)

For each term in the final expression, we may obtain decay across the gaps to the left and to
the right when denominator differences are expanded as in (4.49). (If a graph fails to cross
both gaps, the result is zero because it cannot feel both changes in spin configuration.) Note
that denominators can be tripled if differenced from both sides, but (as claimed in the main
text) no power higher than three occurs.

We need to provide estimates on the number of terms produced from applications of
Leibniz’s rule in the above algorithm. Recall that the range of dependence of denominators
on the spin configuration is no greater than %Lj—see (4.50). This becomes a bound on the
number of groups that can be reached with a difference line originating from a particular
ad A® (g j».p) operation. When a difference operator hits a group, there is a sum over the
graphs in the group; this may be controlled most simply by assigning a combinatoric factor
2 to each graph in the group. The number of lines incident on a group cannot exceed %L_,'
(the maximum number of groups in range). Hence each graph receives no more than a
combinatoric factor 23/ There are also factors of 2 per graph that were mentioned
above, coming from the representation of a commutator as a sum of two terms or as a sum of
two differences. The product of all these combinatoric factors is bounded by ¢/ < cl8! for
each g € {gj7.0. 8”1, ---»&j" n}> in view of the minimum graph size in this step. Thus the
counting factors are in line with ones already considered in Sect. 4.2.1, and are controlled by
the exponential bounds on graphs as in (4.2), (4.6). As one often finds in this type of argument,
dangerous counting factors from applications of Leibniz’s rule are limited by geometrical
considerations—in this case by the range limitation and the cap of one on the number of
commutators per group that are expanded with Leibniz’s rule.

Appendix 2: Index of Definitions and Notations

Here we provide a list of important definitions and notations, along with locations where
they are introduced in the text.

po, bound on probability densities: after (1.2).

p1, constant governing probability of an energy difference lying in a small interval: above
(3.5), start of Subsection 4.2.3.

Level spacing assumptions. LLA(v, C): (1.3); Al(cp): (4.16); A2(v,&0): (5.1).

L = (15/8)%, length scales: start of Section 1.3.

oD, spin configuration flipped at i: (2.1).
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E (o), energy of spin configuration: (2.2).

“j is resonant”; ¢ = y 1/20, Sy, resonant set; BU | its components: after (2.3).

JO jOper  jOres jnteraction and its perturbative and resonant parts: (2.4).

A, A(i), generator of rotation: (2.5),(2.6).

2, the associated rotation; Hp, diagonal part of H: above (2.7).

JU | new interaction: (2.7); J;? (g1), the term associated with a particular graph: (2.9).
|g1], first step graph: above (2.10).

dy = exp(L,ln/ermO), extended separation distances: start of Section 2.3.

mg: chosen in Lemmas 4.1 and 4.2.

»M | small block; 5V, collared version; S, collared version of Sy; Sy, region of large
blocks; Sy, collared version; B“’), B(ll), large blocks; above (2.11). (Prime means large
blocks only; bar means collar is included.)

J Wit interaction terms internal to blocks; J (Dsint | y(WIint jnternal to small, large blocks,
respectively; J (Dext non-_internal terms: (2.11).

0, small block rotation; 51, second collar block: after (2.12).

H (1/), post-rotation effective Hamiltonian; H(; 1,), its diagonal part; J (1/), rotated interac-
tion: (2.13)-(2.15).

g1, graph extended by rotation matrix elements: above (2.16).

J (g17), the associated interaction term: (2.17).

A@ProV provisional rotation generator; E((,l/), post-rotation energy: (3.1).

I(g1), interval of g1; |1(g1)|, its size: after (3.2).

B®@ _ new blocks: above (3.3).

P new step 2 small blocks; 6@, its size; separation conditions; S/, new large block
region; Sy, collared version; B(z/), B(z/), large blocks; S» is Sy plus small blocks bp@:
So, @, collared versions: (3.3) and after. _

Pi(jz), connectivity function for B® blocks; li — jl(l), metric with »1 blocks contracted
to points; s = %: Proposition 3.1.

Q;?), connectivity function for small blocks; b@: above (3.9).

J (1/)9‘", J (1/)“5, perturbative and resonant interactions for step 2: (3.10).

A@ AD (g17), generators of rotations: (3.11).

Long graphs, short graphs, jump transitions; gi~, graph with jump steps representing
sums of long graphs; |gy~|, its length: after (3.11).

A® (g1, generator of rotations with long graphs resummed: (3.12).

Q@ | the associated rotation: after (3.12).

H®  new Hamiltonian; J @, new interaction: (3.13),(3.14).

g2, step 2 graph; |g»|, its length; J @ (g2), the associated interaction term: (3.16) and
above. go!: after (3.17).

0@ small block rotation matrix; H (2’), new Hamiltonian; Héz/), diagonal part; E((,z/),
its diagonal entries (energies); J (2/), off-diagonal part: (3.19)-(3.21) and after.

g, graph extended by rotation matrix elements: after (3.22).

J (2/)(g2/), the associated interaction term: (3.22).

R(l/), R(z/), cumulative rotations: (3.23).

Multigraphs; level i subgraphs; gj,, spatial graph; g;‘.,, denominator graph: above (4.2).
gj~!, inductive definition of the factorial of g;~; |g;|, length of g;; (4.3)-(4.4).

Ix — y|®, metric with blocks 5@, i < i contracted to points: after (4.4).

gj’» reduced graph for probability sums; |g;/|, its length; g /!, its factorial: above (4.7).
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ABPOY provisional rotation generator; J;: (4.7) and after.

“gjr is resonant”; I (g;:), interval of g;; [1(g;)l, its length: (4.8) and after.

B®  new block in step k; above (4.9).

»®  small block in step k; separation conditions; |b(i) |, size of block: near (4.9).

Sy, new large block region; B (k/), large block; collared versions Sy, B(k,), p®: after
4.9).

Combinatoric factor: start of Sect. 4.2.1.

T, looping segment; |7, |, its weighted size: above (4.29).

Erased subgraphs: after (4.29).

gj, !, modified factorial eliminating those from erased sections: after (4.30).

PP,
Ql(f), connectivity function for small blocks bk Ri(]].(), multiscale connectivity function
for small blocks ), i < k: Proposition 4.5.

Ju /)Per, Ju /)res, perturbative and resonant interactions for step k: (4.37),(4.38).

A® (gx"), generator of rotations: (4.39).

Long graphs, short graphs, jump transitions; g;~, graph with jump steps representing
sums of long graphs; |gy~|, its length: after (4.39).

AW (gy), generator of rotations with long graphs resummed: (4.40).

Q® | the associated rotation: after (4.40).

H®_ new Hamiltonian; J®, new interaction: (4.41),(4.42).

Gap graphs: after (4.50).

J®ext - gkysint - y®lint 5nieraction terms external to blocks, internal to small blocks,
internal to large blocks: (4.51).

connectivity function for B® blocks: Proposition 4.4.

0®, small block rotation matrix; H*", new Hamiltonian; Hék/) , diagonal part; EX”,
diagonal entry; J (k/), rotated interaction: (4.52),(4.53).

g, graph extended by rotation matrix elements: after (4.53).

R*) | cumulative rotation: (4.54).
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