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Overview
• Introduce Spin Glass and MBL

• Our model: Long-Range Quantum Spin Glass
• Exact Diagonalization
• Problem with long-range interactions
• Entanglement
• Long-range quenches

• Possible experimental realization

Work done with Dima Abanin , Andrés Somoza              , and Miguel Ortuño



Spin glass - Experiment
Randomly placed magnetic impurities leads to new low-T phase with: 

Frozen spins but no 
magnetic long-range order1.2 How to create randomness? 5 

Fig. 1.3 Amorphous spin glass for which the disordered lattice sites are 50% 
occupied with magnetic moments. 

Fig. 1.3. Really what matters now is the random apportionment of distances 
between the magnetic impurities. The same gaussian distribution function 
P(r) occurs here as in our original random-site alloys and the mixed 
compounds. The variance or distribution width may be narrower for the 
amorphous materials sketched in Fig. 1.3, nevertheless, it is the positional 
randomness that creates an impurity-spin distance distribution which is the 
first and basic ingredient of our would-be spin glass. 

So much said for site disorder. Let us now consider another possibility 
to produce a spin glass. Suppose we view the perfect lattice of Fig. 1.4, 
every site dot is occupied with a spin. Assume that the magnetic interaction 
is only between nearest neighbours (short-range) and imagine that this 
single coupling J alternates randomly in sign with +J values as we move 
through the lattice. Thus, there are only parallel or antiparallel bonds as 
illustrated by the ‘dash’ or ‘zig-zag’ in Fig. 1.4. This is the random-bond 
type of system and it was only recently that their existence in real materials, 
e.g. the compounds Rb,Cu,-,Co,F, and FeI-,MnXTi03, were unearthed 
to give reasonable approximations of 9 couplings. But more about these 
random-bond spin glasses when we arrive at the theoretical models for a 
spin glass. Suffice it to say, there must be disorder in the constitution of a 
spin glass: either site randomness with a distribution of distances between 
the magnetic spins, or bond randomness where the nearest-neighbour 
interaction varies between parallel coupling +.I and antiparallel coupling 
-J. If the system is truly random, the average value of all the exchange 
bonds is zero. So we now know how to create the all-important randomness. 
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Fig. 2.11 Magnetic phase diagram of AuFe constructed from the anomalies observed 
in various experiments according to symbol; from Coles et al. (1978). 

clusters which are hard to tell from infinite. These large, but disordered 
from each other, clusters then dissociate into the collection of smaller 
clusters at the re-entry transition. Such processes occur without the usual 
type of percolative phase transition. 

2.10 SUPERPARAMAGNETISM 

Suppose we ponder a family of magnetic clusters, also called domains or 
fine particles. They may be composed of any type of internal magnetic 
order, namely, ferromagnetism, antiferromagnetism, random, etc., and their 

Dynamics extremely slow 
and system has ‘memory’

(thermo-remanent magnetization)

6 

function of the observation time t. Fig.2.2 shows the results, which demonstrate 
the 2 basic features of spin-glass dynamics: 

(i) the magnetization relaxation is slow, roughly logarithmic in time 
(glassy state) 

(ii) it strongly depends on the waiting time: the longer tw, the slower the 
relaxation (aging). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Sketch of the TRM measurement procedure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Example of TRM relaxations measured for various values of the waiting time tw 
(thiospinel spin glass). The inset shows the same curves, plotted as a function of t/tw.  
 

Hence, time translation invariance is lost in the slow dynamics of the spin 
glass: the relaxation depends on both tw and t, not only on t (non-stationary 
dynamics). For increasing tw, the response to cutting off the magnetic field 
becomes slower and slower on two respects: the initial fall-off of the 
magnetization becomes smaller, and the position of the inflection point of the 
curves shifts towards longer times. This inflection point approximately occurs at 
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Spin glass - Theory
Spin model with random interactions and/or fields

Edwards-Anderson order parameter

Sherrington-Kirkpatrick Model

H =
1p
N

NX

i,j=1

JijZiZj

<latexit sha1_base64="RsEvmjf+36Y7bhi2WZjPrnnlRDk="></latexit>

Edwards-Anderson Model

HEA =
X

hxyi

Jxymx ·my
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d=2,3

5.3 Sherrington-Kirkpatrick model 145 

+ $Tc x(a)p) - 1 
l3 (a) II I (5.32) 

Here y(“P) and x@) are the dummy variables of integration where (c+) label 
distinct pairs of replicas cx and l3 which take on values from 1 to IZ. The 
trace is over 2” values of S” = ? 1 at a single site. SK first took the 
thermodynamic limit N + ~0, then the replica limit 12 + 0 in order to 
perform more easily the integration (method of steepest descent). They 
considered the various replicas to be indistinguishable. This is called the 
replica-symmetric solution with 

4 = qap = ((~amT)c 
for the spin-glass order parameter and 

m = m, = (W& 
for the ferromagnetic one. 

(5.33) 

(5.34) 

The problem is now to calculate F(q, m) in the limit n + 0 and by 
differentiating with respect to q and m determine the self-consistent 
simultaneous equations for q and m. The SK results are 

q=&/exp($]tanh’[;z+$]dz 

m=&/exp($]tanh[sz+g]dz 

(5.35) 

(5.36) 

Hence for given ratios of JO/A, q(T) and m(T) may be calculated and a 
magnetic phase diagram is thereby established. Figure 5.3 shows this T 
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Fig. 5.3 Magnetic phase diagram for Ising spins interacting via an infinite-ranged 
gaussian distribution of exchange forces with variance A and mean J,; from 
Sherrington and Kirkpatrick (1975). 

d=∞



Many-Body Localization
Quenched disorder leads to exponentially 
localized WF 

Anderson localization Hamiltonian

can be diagonalized                    in d=1,2

H = �t

X

hiji

(c†i cj + h.c.) +
X

i

µini

| (r)| ⇠ e�r/⇠

H = ✏iñi

Local Integrals of Motion (LIOMs)

Question: What happens if you include electron-electron interactions?



Local Integrals of Motion (LIOMs)
In d=1, local interactions ‘dress’ integrals of motion

In Many-Body Localized phase LIOMs still exist 

that prevent thermalization
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Logarithmically slow growth 

of entanglement/entropy

subregions A and B. But the total amount of entanglement
entropy generated remains finite as t ! 1 (Fig. 1), and the
fluctuations of particle number eventually saturate as well
(see below). The entanglement entropy for the pure state
of the whole system is defined as the von Neumann entropy
S ¼ "tr!A log!A ¼ "tr!B log!B of the reduced density
matrix of either subsystem. We always form the two biparti-
tions by dividing the system at the center bond.

The type of evolution considered here can be viewed as a
‘‘global quench’’ in the language of Calabrese and Cardy
[14] as the initial state is the ground state of an artificial
Hamiltonian with local fields. Evolution from an initial
product state with zero entanglement can be studied effi-
ciently via time-dependent matrix product state methods
until a time where the entanglement becomes too large for
a fixed matrix dimension. Since entanglement cannot
increase purely by local operations within each subsystem,
its growth results only from propagation across the

subsystem boundary, even though there is no conserved
current of entanglement.
The first question we seek to answer is whether there is

any qualitatively different behavior of physical quantities
when a small interaction

Hint ¼ Jz
X

i

Szi S
z
iþ1 (2)

is added. With Heisenberg couplings between the spins
(Jz ¼ J?), the model is believed to have a dynamical tran-
sition as a function of the dimensionless disorder strength
"=Jz [4,5,7]. This transition is present in generic eigenstates
of the system and hence exists at infinite temperature at
some nonzero ". The spin conductivity, or equivalently
particle conductivity after the Jordan-Wigner transforma-
tion, is zero in the many-body localized phase and nonzero
for small enough"=Jz. However, with exact diagonalization
the system size is so limited that it has not been possible to
estimate the location in the thermodynamic limit of the
transition of eigenstates or conductivities.
We find that entanglement growth shows a qualitative

change inbehavior at infinitesimalJz. Instead of the expected
behavior that a small interaction strength leads to a small
delay in saturation and a small increase infinal entanglement,
we find that the increase of entanglement continues to times
orders of magnitude larger than the initial localization time
in the Jz ¼ 0 case (Fig. 1). This slowgrowth of entanglement
is consistent with prior observations for shorter times and
larger interactions Jz ¼ 0:5J? and Jz ¼ J? [12,13],
although the saturation behavior was unclear. Note that ob-
serving a sudden effect of turning on interactions requires
large systems, as a small change in the Hamiltonian applied
to the same initial state will take a long time to affect the
behavior significantly. We next explain briefly the methods
enabling large systems to be studied.
Numerical methodology.—To simulate the quench, we

use the time evolving block decimation (TEBD) [15,16]
method which provides an efficient method to perform a
time evolution of quantum states, jc ðtÞi ¼ UðtÞjc ð0Þi, in
one-dimensional systems. The TEBD algorithm can be seen
as a descendant of the density matrix renormalization group
[17] method and is based on a matrix product state (MPS)
representation [18,19] of the wave functions. We use a
second-order Trotter decomposition of the short time propa-
gator Uð!tÞ ¼ expð"i!tHÞ into a product of term which
acts only on two nearest-neighbor sites (two-site gates).After
each application, the dimension of the MPS increases. To
avoid an uncontrolled growth of the matrix dimensions,
the MPS is truncated by keeping only the states which have
the largest weight in a Schmidt decomposition.
In order to control the error, we check that the neglected

weight after each step is small (< 10"6). Algorithms of
this type are efficient because they exploit the fact that the
ground-state wave functions are only slightly entangled
which allows for an efficient truncation. Generally the
entanglement grows linearly as a function of time which

FIG. 1 (color online). (a) Entanglement growth after a quench
starting from a site factorized Sz eigenstate for different inter-
action strengths Jz (we consider a bipartition into two half chains
of equal size). All data are for " ¼ 5 and L ¼ 10, except for
Jz ¼ 0:1 where L ¼ 20 is shown for comparison. The inset
shows the same data but with a rescaled time axis and subtracted
Jz ¼ 0 values. (b) Saturation values of the entanglement entropy
as a function of L for different interaction strengths Jz. The inset
shows the approach to saturation.
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Displacement Transformations
For every Hamiltonian, there exists a unitary transformation that brings it 
into the classical form

Perturbation theory often fails due to resonances

Our solution: Consecutive application of exact ‘small’ unitaries
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Approximation: Cut off after a certain order in normal ordered operators
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j ĉk + ↵i;jklmĉ†j ĉ
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Some results

Take the median of all Integrals of Motion for many disorder realizations
As a function of distance and disorder strength
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H =
NX

i=1

✏ini + t

N�1X

i=1

(c†i ci+1 + c
†
i+1ci) + V

N�1X

i=1

nini+1 ✏i 2 [�W/2,W/2]Our model:

O(i, j) =
Tr ⌧̂zi n̂j

Tr n̂j
.
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Spin glass                 vs.       Many-Body Localization
• Classical localized state of ‘frozen’ 

spins

• Random fields and/or interactions

• High or infinite dimensions, 
ór long-range interactions

• Quantum localized state of ‘frozen’ 
spins/electrons

• Random fields and/or interactions

• One dimension, 
ánd short-range interactions

Sherrington-Kirkpatrick Model

H =
1p
N

NX

i,j=1

JijZiZj

<latexit sha1_base64="RsEvmjf+36Y7bhi2WZjPrnnlRDk="></latexit>

Random Field XXZ Chain

H =
X

i

J(XiXi+1 + YiYi+1 +�ZiZi+1) + hiZi

<latexit sha1_base64="GdeyP/DN+jEi50ySqYh9B2p4F1E="></latexit>



Can you have ‘spin glass + MBL’?

• Take a long-range one-dimensional spin glass

• 0.5 < a < 1 to have spin glass order with random J

• Add a transverse field

H =
X

ij

Jij

|i� j|↵ZiZj � hx

X

i

Xi
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overlap as a function of Monte Carlo steps for different
system sizes. We equilibrate by repeatedly doubling the num-
ber of Monte Carlo sweeps until the last three agree within
error bars.
We also checked the equilibration of some of our data

using a generalization of a test that was developed earlier12
for nearest-neighbor models. For a Gaussian distribution
of bonds it is straightforward to show, by integrating by
parts with respect to the bonds, that the energy per spin,
U!"N"1!"i , j#$Ji j"SiS j#%av , can be related to a generalized
‘‘link overlap’’ ql , defined by

ql!
2
N !

"i , j#

$Ji j
2 %av

&Tc
MF'2

$"SiS j#2%av , &12'

as follows:

ql!1"
2T!U!

&Tc
MF'2

. &13'

Note that this definition of ql is the natural generalization, to
long-range interactions, of the link overlap discussed in ear-
lier work11,12 on nearest-neighbor models, and that ql is
normalized so that it tends to unity for T→0 where
"SiS j#2→1.
As discussed in Ref. 12, the two sides of Eq. &13' are only

equal to each other in equilibrium and approach the equilib-
rium value from opposite sides. This is illustrated in Fig. 6
which shows ql and the quantity on the right-hand side
&RHS' of Eq. &13' for an increasing number of sweeps for
L!128, T!0.1. The two quantities do indeed approach each
other from opposite sides, and once they agree they do not
change if the simulation is run for longer. We applied this
test for several lattice sizes using the parameters in Table I,
and found that the data were well equilibrated in each case.
We also require that the acceptance ratios for the global

moves which interchange the different temperatures in the

parallel tempering scheme be greater than 0.4 on average and
roughly constant as a function of temperature. Table I shows
the number of samples Nsamp and the number of Monte Carlo
sweeps Nsweep performed by each replica for each lattice size.
The lowest temperature used is T!0.10, the highest
T!1.40, well above the mean-field critical temperature
Tc
MF!1.
We also use parallel tempering as an optimization algo-

rithm to determine the ground state in the T!0 calculations.
This is described in Sec. VII.

V. FINITE-SIZE SCALING IN THE CRITICAL REGION

In this section, we determine the critical temperature Tc
and the critical exponents for the disordered chain with (
!0.75. In Fig. 7, we show rescaled data for the Binder ratio
g as a function of temperature for different system sizes $see
Eq. &10'%. The data scale well for Tc!0.62#0.03 and 1/)
!0.30#0.03, and agree with previous results by Leuzzi.34
The inset of the aforementioned figure shows the unscaled
data for g which cross at Tc*0.62. The error bars are

FIG. 6. Test for equilibration using Eq. &13' as discussed in Ref.
12 and the text. The data is for L!128, T!0.1. The figure shows
both the link overlap ql defined in Eq. &12' and ql&energy' which is
the RHS of Eq. &13', for an increasing number of sweeps Nsweep that
each replica performs.

TABLE I. Parameters of the finite-T simulations. Nsamp is the
number of samples, i.e., sets of disorder realizations, Nsweep is the
total number of sweeps simulated for each of the 2NT replicas for a
single sample, and NT is the number of temperatures used in the
parallel tempering method.

L Nsamp Nsweep NT

32 2.0$104 1.0$104 23
64 2.0$104 1.0$104 23
128 2.0$104 2.0$104 23
256 1.0$104 1.0$105 23
512 5.0$103 2.0$105 23

FIG. 7. The Binder ratio g as a function of L1/)(T"Tc) for
several system sizes. We see that the data scale well for 1/)!0.30
#0.03 and Tc!0.62#0.03. This is a little lower than the &approxi-
mate' estimate of Bhatt and Young &Ref. 35' who find Tc*0.68.
The inset shows the unscaled data for g. One can see that the data
for different sizes cross at T+0.62.

HELMUT G. KATZGRABER AND A. P. YOUNG PHYSICAL REVIEW B 67, 134410 &2003'

134410-4

a=0.75
Ref: Katzgraber, Young, PRB 2003



Naïve Exact Diagonalization
•

•

•

L=12
EA
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mEA = (hn|Z1ZL/2+1|ni)2
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Finite size scaling of EA order parameter
mEA = (hn|Z1ZL/2+1|ni)2
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L=∞

h=0.04

0.0 0.1 0.2 0.3 0.4 0.5
0.5

0.6

0.7

0.8

0.9

1.0

ϵ

EA

L=∞

L=8

L=16

h=0.06

0.0 0.1 0.2 0.3 0.4 0.5
0.5

0.6

0.7

0.8

0.9

1.0

ϵ

EA

L=∞

L=8

L=16

h=0.08

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

ϵ

EA

L=∞

L=8

L=16

h=0.1

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

ϵ

EA

L=∞

L=8

L=16

h=0.12

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

ϵ

EA

L=∞

L=8

L=16

h=0.14

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

ϵ

EA



Why MBL cannot stand Long-Range (1)
• Rewrite the interaction in terms of ‘effective fields’ 

• Given any initial spin glass state, you can define ‘resonant spins’ as having

• For a random state typical distance between resonant spins is 

X

ij

Jij
|i� j|↵ZiZj =

X

i

Zi�i, �i ⌘
X

j

Jij
|i� j|↵Zj

<latexit sha1_base64="rfxOiyKB3RNwkcGUvbbqmEvvnzc="></latexit><latexit sha1_base64="rfxOiyKB3RNwkcGUvbbqmEvvnzc="></latexit><latexit sha1_base64="rfxOiyKB3RNwkcGUvbbqmEvvnzc="></latexit><latexit sha1_base64="rfxOiyKB3RNwkcGUvbbqmEvvnzc="></latexit>

|�i| < hx
<latexit sha1_base64="at45TEusSfZxaZZ/I9RYBp7UHRk=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0lEsAcPBS8eK9gPaEPYbDfN0s0m7G7EmvaXePGgiFd/ijf/jds2B219MPB4b4aZeUHKmdKO822trW9sbm2Xdsq7e/sHFfvwqK2STBLaIglPZDfAinImaEszzWk3lRTHAaedYHQz8zsPVCqWiHs9TqkX46FgISNYG8m3K5N+GjGfoQm6RpH/6NtVp+bMgVaJW5AqFGj69ld/kJAspkITjpXquU6qvRxLzQin03I/UzTFZISHtGeowDFVXj4/fIrOjDJAYSJNCY3m6u+JHMdKjePAdMZYR2rZm4n/eb1Mh3UvZyLNNBVksSjMONIJmqWABkxSovnYEEwkM7ciEmGJiTZZlU0I7vLLq6R9UXOdmnt3WW3UizhKcAKncA4uXEEDbqEJLSCQwTO8wpv1ZL1Y79bHonXNKmaO4Q+szx+6fJJv</latexit><latexit sha1_base64="at45TEusSfZxaZZ/I9RYBp7UHRk=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0lEsAcPBS8eK9gPaEPYbDfN0s0m7G7EmvaXePGgiFd/ijf/jds2B219MPB4b4aZeUHKmdKO822trW9sbm2Xdsq7e/sHFfvwqK2STBLaIglPZDfAinImaEszzWk3lRTHAaedYHQz8zsPVCqWiHs9TqkX46FgISNYG8m3K5N+GjGfoQm6RpH/6NtVp+bMgVaJW5AqFGj69ld/kJAspkITjpXquU6qvRxLzQin03I/UzTFZISHtGeowDFVXj4/fIrOjDJAYSJNCY3m6u+JHMdKjePAdMZYR2rZm4n/eb1Mh3UvZyLNNBVksSjMONIJmqWABkxSovnYEEwkM7ciEmGJiTZZlU0I7vLLq6R9UXOdmnt3WW3UizhKcAKncA4uXEEDbqEJLSCQwTO8wpv1ZL1Y79bHonXNKmaO4Q+szx+6fJJv</latexit><latexit sha1_base64="at45TEusSfZxaZZ/I9RYBp7UHRk=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0lEsAcPBS8eK9gPaEPYbDfN0s0m7G7EmvaXePGgiFd/ijf/jds2B219MPB4b4aZeUHKmdKO822trW9sbm2Xdsq7e/sHFfvwqK2STBLaIglPZDfAinImaEszzWk3lRTHAaedYHQz8zsPVCqWiHs9TqkX46FgISNYG8m3K5N+GjGfoQm6RpH/6NtVp+bMgVaJW5AqFGj69ld/kJAspkITjpXquU6qvRxLzQin03I/UzTFZISHtGeowDFVXj4/fIrOjDJAYSJNCY3m6u+JHMdKjePAdMZYR2rZm4n/eb1Mh3UvZyLNNBVksSjMONIJmqWABkxSovnYEEwkM7ciEmGJiTZZlU0I7vLLq6R9UXOdmnt3WW3UizhKcAKncA4uXEEDbqEJLSCQwTO8wpv1ZL1Y79bHonXNKmaO4Q+szx+6fJJv</latexit><latexit sha1_base64="at45TEusSfZxaZZ/I9RYBp7UHRk=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0lEsAcPBS8eK9gPaEPYbDfN0s0m7G7EmvaXePGgiFd/ijf/jds2B219MPB4b4aZeUHKmdKO822trW9sbm2Xdsq7e/sHFfvwqK2STBLaIglPZDfAinImaEszzWk3lRTHAaedYHQz8zsPVCqWiHs9TqkX46FgISNYG8m3K5N+GjGfoQm6RpH/6NtVp+bMgVaJW5AqFGj69ld/kJAspkITjpXquU6qvRxLzQin03I/UzTFZISHtGeowDFVXj4/fIrOjDJAYSJNCY3m6u+JHMdKjePAdMZYR2rZm4n/eb1Mh3UvZyLNNBVksSjMONIJmqWABkxSovnYEEwkM7ciEmGJiTZZlU0I7vLLq6R9UXOdmnt3WW3UizhKcAKncA4uXEEDbqEJLSCQwTO8wpv1ZL1Y79bHonXNKmaO4Q+szx+6fJJv</latexit>

d ⇠ h�1
x

<latexit sha1_base64="5fKXZvxTc7Yh8Bye4GlRPv8ats4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIXiyJCPZY8OKxgv2ANobNZtMu3U3C7kasob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1LOlHacb6u0tr6xuVXeruzs7u1X7YPDjkoySWibJDyRvQAryllM25ppTnuppFgEnHaD8fXM7z5QqVgS3+lJSj2BhzGLGMHaSL5dDdFAMYFG/uN9fu5Ofbvm1J050CpxC1KDAi3f/hqECckEjTXhWKm+66Tay7HUjHA6rQwyRVNMxnhI+4bGWFDl5fPDp+jUKCGKEmkq1miu/p7IsVBqIgLTKbAeqWVvJv7n9TMdNbycxWmmaUwWi6KMI52gWQooZJISzSeGYCKZuRWREZaYaJNVxYTgLr+8SjoXddepu7eXtWajiKMMx3ACZ+DCFTThBlrQBgIZPMMrvFlP1ov1bn0sWktWMXMEf2B9/gC95pJz</latexit><latexit sha1_base64="5fKXZvxTc7Yh8Bye4GlRPv8ats4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIXiyJCPZY8OKxgv2ANobNZtMu3U3C7kasob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1LOlHacb6u0tr6xuVXeruzs7u1X7YPDjkoySWibJDyRvQAryllM25ppTnuppFgEnHaD8fXM7z5QqVgS3+lJSj2BhzGLGMHaSL5dDdFAMYFG/uN9fu5Ofbvm1J050CpxC1KDAi3f/hqECckEjTXhWKm+66Tay7HUjHA6rQwyRVNMxnhI+4bGWFDl5fPDp+jUKCGKEmkq1miu/p7IsVBqIgLTKbAeqWVvJv7n9TMdNbycxWmmaUwWi6KMI52gWQooZJISzSeGYCKZuRWREZaYaJNVxYTgLr+8SjoXddepu7eXtWajiKMMx3ACZ+DCFTThBlrQBgIZPMMrvFlP1ov1bn0sWktWMXMEf2B9/gC95pJz</latexit><latexit sha1_base64="5fKXZvxTc7Yh8Bye4GlRPv8ats4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIXiyJCPZY8OKxgv2ANobNZtMu3U3C7kasob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1LOlHacb6u0tr6xuVXeruzs7u1X7YPDjkoySWibJDyRvQAryllM25ppTnuppFgEnHaD8fXM7z5QqVgS3+lJSj2BhzGLGMHaSL5dDdFAMYFG/uN9fu5Ofbvm1J050CpxC1KDAi3f/hqECckEjTXhWKm+66Tay7HUjHA6rQwyRVNMxnhI+4bGWFDl5fPDp+jUKCGKEmkq1miu/p7IsVBqIgLTKbAeqWVvJv7n9TMdNbycxWmmaUwWi6KMI52gWQooZJISzSeGYCKZuRWREZaYaJNVxYTgLr+8SjoXddepu7eXtWajiKMMx3ACZ+DCFTThBlrQBgIZPMMrvFlP1ov1bn0sWktWMXMEf2B9/gC95pJz</latexit><latexit sha1_base64="5fKXZvxTc7Yh8Bye4GlRPv8ats4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIXiyJCPZY8OKxgv2ANobNZtMu3U3C7kasob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1LOlHacb6u0tr6xuVXeruzs7u1X7YPDjkoySWibJDyRvQAryllM25ppTnuppFgEnHaD8fXM7z5QqVgS3+lJSj2BhzGLGMHaSL5dDdFAMYFG/uN9fu5Ofbvm1J050CpxC1KDAi3f/hqECckEjTXhWKm+66Tay7HUjHA6rQwyRVNMxnhI+4bGWFDl5fPDp+jUKCGKEmkq1miu/p7IsVBqIgLTKbAeqWVvJv7n9TMdNbycxWmmaUwWi6KMI52gWQooZJISzSeGYCKZuRWREZaYaJNVxYTgLr+8SjoXddepu7eXtWajiKMMx3ACZ+DCFTThBlrQBgIZPMMrvFlP1ov1bn0sWktWMXMEf2B9/gC95pJz</latexit>



Why MBL cannot stand Long-Range (2)
• Under dynamics, ‘resonant spins’ lose their polarization
• The effective field on other sites then typically changes  

• There is always a       such that                                , leads to resonance avalanche

(��j)
2 ⇠ 1

(2↵� 1)d2↵
<latexit sha1_base64="aA3nNqpTRSKFyHN9pCYQzXHZctA="></latexit><latexit sha1_base64="aA3nNqpTRSKFyHN9pCYQzXHZctA="></latexit><latexit sha1_base64="aA3nNqpTRSKFyHN9pCYQzXHZctA="></latexit><latexit sha1_base64="aA3nNqpTRSKFyHN9pCYQzXHZctA="></latexit>

hx
<latexit sha1_base64="ZzyQcQjtBw+yLuzk3mOYCL/sIhU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEaI8FLx4r2g9oQ9lsJ+3SzSbsbsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJzdzvPKLSPJYPZpqgH9GR5CFn1Fjpfjx4GpQrbtVdgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny1OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwrqfcZmkBiVbLgpTQUxM5n+TIVfIjJhaQpni9lbCxlRRZmw6JRuCt/ryOmlfVT236t1dVxr1PI4inME5XIIHNWjALTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwBb6o3N</latexit><latexit sha1_base64="ZzyQcQjtBw+yLuzk3mOYCL/sIhU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEaI8FLx4r2g9oQ9lsJ+3SzSbsbsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJzdzvPKLSPJYPZpqgH9GR5CFn1Fjpfjx4GpQrbtVdgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny1OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwrqfcZmkBiVbLgpTQUxM5n+TIVfIjJhaQpni9lbCxlRRZmw6JRuCt/ryOmlfVT236t1dVxr1PI4inME5XIIHNWjALTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwBb6o3N</latexit><latexit sha1_base64="ZzyQcQjtBw+yLuzk3mOYCL/sIhU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEaI8FLx4r2g9oQ9lsJ+3SzSbsbsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJzdzvPKLSPJYPZpqgH9GR5CFn1Fjpfjx4GpQrbtVdgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny1OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwrqfcZmkBiVbLgpTQUxM5n+TIVfIjJhaQpni9lbCxlRRZmw6JRuCt/ryOmlfVT236t1dVxr1PI4inME5XIIHNWjALTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwBb6o3N</latexit><latexit sha1_base64="ZzyQcQjtBw+yLuzk3mOYCL/sIhU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEaI8FLx4r2g9oQ9lsJ+3SzSbsbsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJzdzvPKLSPJYPZpqgH9GR5CFn1Fjpfjx4GpQrbtVdgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny1OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwrqfcZmkBiVbLgpTQUxM5n+TIVfIjJhaQpni9lbCxlRRZmw6JRuCt/ryOmlfVT236t1dVxr1PI4inME5XIIHNWjALTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwBb6o3N</latexit>

|��| ⇠ h↵
x > hx

<latexit sha1_base64="E1STrKCHopOuSzexSG1VumjATp4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiQi2JUUdOGygn1AU8PNdNIMnTyYmYgl9gvc+CtuXCji1rU7/8ZJm4VWDwyce8693LnHSziTyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKQtsk5rHoeSApZxFtK6Y47SWCQuhx2vXG57nfvaVCsji6VpOEDkIYRcxnBJSWXLN2j50LyhVgJwkY1pVkIQ7cuxsHeBIAPssL16xadWsG/JfYBamiAi3X/HSGMUlDGinCQcq+bSVqkIFQjHA6rTippAmQMYxoX9MIQioH2eycKa5pZYj9WOgXKTxTf05kEEo5CT3dGYIK5KKXi/95/VT5jUHGoiRVNCLzRX7KsYpxng0eMkGJ4hNNgAim/4pJAAKI0glWdAj24sl/See4blt1++qk2mwUcZTRATpER8hGp6iJLlELtRFBD+gJvaBX49F4Nt6M93lryShm9tEvGB/fQuqa7w==</latexit><latexit sha1_base64="E1STrKCHopOuSzexSG1VumjATp4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiQi2JUUdOGygn1AU8PNdNIMnTyYmYgl9gvc+CtuXCji1rU7/8ZJm4VWDwyce8693LnHSziTyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKQtsk5rHoeSApZxFtK6Y47SWCQuhx2vXG57nfvaVCsji6VpOEDkIYRcxnBJSWXLN2j50LyhVgJwkY1pVkIQ7cuxsHeBIAPssL16xadWsG/JfYBamiAi3X/HSGMUlDGinCQcq+bSVqkIFQjHA6rTippAmQMYxoX9MIQioH2eycKa5pZYj9WOgXKTxTf05kEEo5CT3dGYIK5KKXi/95/VT5jUHGoiRVNCLzRX7KsYpxng0eMkGJ4hNNgAim/4pJAAKI0glWdAj24sl/See4blt1++qk2mwUcZTRATpER8hGp6iJLlELtRFBD+gJvaBX49F4Nt6M93lryShm9tEvGB/fQuqa7w==</latexit><latexit sha1_base64="E1STrKCHopOuSzexSG1VumjATp4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiQi2JUUdOGygn1AU8PNdNIMnTyYmYgl9gvc+CtuXCji1rU7/8ZJm4VWDwyce8693LnHSziTyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKQtsk5rHoeSApZxFtK6Y47SWCQuhx2vXG57nfvaVCsji6VpOEDkIYRcxnBJSWXLN2j50LyhVgJwkY1pVkIQ7cuxsHeBIAPssL16xadWsG/JfYBamiAi3X/HSGMUlDGinCQcq+bSVqkIFQjHA6rTippAmQMYxoX9MIQioH2eycKa5pZYj9WOgXKTxTf05kEEo5CT3dGYIK5KKXi/95/VT5jUHGoiRVNCLzRX7KsYpxng0eMkGJ4hNNgAim/4pJAAKI0glWdAj24sl/See4blt1++qk2mwUcZTRATpER8hGp6iJLlELtRFBD+gJvaBX49F4Nt6M93lryShm9tEvGB/fQuqa7w==</latexit><latexit sha1_base64="E1STrKCHopOuSzexSG1VumjATp4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiQi2JUUdOGygn1AU8PNdNIMnTyYmYgl9gvc+CtuXCji1rU7/8ZJm4VWDwyce8693LnHSziTyrK+jNLS8srqWnm9srG5tb1j7u51ZJwKQtsk5rHoeSApZxFtK6Y47SWCQuhx2vXG57nfvaVCsji6VpOEDkIYRcxnBJSWXLN2j50LyhVgJwkY1pVkIQ7cuxsHeBIAPssL16xadWsG/JfYBamiAi3X/HSGMUlDGinCQcq+bSVqkIFQjHA6rTippAmQMYxoX9MIQioH2eycKa5pZYj9WOgXKTxTf05kEEo5CT3dGYIK5KKXi/95/VT5jUHGoiRVNCLzRX7KsYpxng0eMkGJ4hNNgAim/4pJAAKI0glWdAj24sl/See4blt1++qk2mwUcZTRATpER8hGp6iJLlELtRFBD+gJvaBX49F4Nt6M93lryShm9tEvGB/fQuqa7w==</latexit>
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The Way Out (1)
• At low T, the distribution of effective fields has a soft gap

• Typical distance

• Spectral power x depends on a
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<latexit sha1_base64="PkzMWnQbPamvFwAm2qJjReoCcwo=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLYZcGNywr2Ap2xZNJMG5pMhiQjlmnd+CpuXCji1rdw59uYaWehrT8EPv5zDifnD2JGlXacb6uwsrq2vlHcLG1t7+zu2fsHLSUSiUkTCyZkJ0CKMBqRpqaakU4sCeIBI+1gdJXV2/dEKiqiWz2Oic/RIKIhxUgbq2cfeXIoKl48pGfQU5TDScaTu4eeXXaqzkxwGdwcyiBXo2d/eX2BE04ijRlSqus6sfZTJDXFjExLXqJIjPAIDUjXYIQ4UX46u2AKT43Th6GQ5kUaztzfEyniSo15YDo50kO1WMvM/2rdRIc1P6VRnGgS4fmiMGFQC5jFAftUEqzZ2ADCkpq/QjxEEmFtQiuZENzFk5ehdV51nap7c1Gu1/I4iuAYnIAKcMElqINr0ABNgMEjeAav4M16sl6sd+tj3lqw8plD8EfW5w/UapZ0</latexit><latexit sha1_base64="PkzMWnQbPamvFwAm2qJjReoCcwo=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLYZcGNywr2Ap2xZNJMG5pMhiQjlmnd+CpuXCji1rdw59uYaWehrT8EPv5zDifnD2JGlXacb6uwsrq2vlHcLG1t7+zu2fsHLSUSiUkTCyZkJ0CKMBqRpqaakU4sCeIBI+1gdJXV2/dEKiqiWz2Oic/RIKIhxUgbq2cfeXIoKl48pGfQU5TDScaTu4eeXXaqzkxwGdwcyiBXo2d/eX2BE04ijRlSqus6sfZTJDXFjExLXqJIjPAIDUjXYIQ4UX46u2AKT43Th6GQ5kUaztzfEyniSo15YDo50kO1WMvM/2rdRIc1P6VRnGgS4fmiMGFQC5jFAftUEqzZ2ADCkpq/QjxEEmFtQiuZENzFk5ehdV51nap7c1Gu1/I4iuAYnIAKcMElqINr0ABNgMEjeAav4M16sl6sd+tj3lqw8plD8EfW5w/UapZ0</latexit><latexit sha1_base64="PkzMWnQbPamvFwAm2qJjReoCcwo=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLYZcGNywr2Ap2xZNJMG5pMhiQjlmnd+CpuXCji1rdw59uYaWehrT8EPv5zDifnD2JGlXacb6uwsrq2vlHcLG1t7+zu2fsHLSUSiUkTCyZkJ0CKMBqRpqaakU4sCeIBI+1gdJXV2/dEKiqiWz2Oic/RIKIhxUgbq2cfeXIoKl48pGfQU5TDScaTu4eeXXaqzkxwGdwcyiBXo2d/eX2BE04ijRlSqus6sfZTJDXFjExLXqJIjPAIDUjXYIQ4UX46u2AKT43Th6GQ5kUaztzfEyniSo15YDo50kO1WMvM/2rdRIc1P6VRnGgS4fmiMGFQC5jFAftUEqzZ2ADCkpq/QjxEEmFtQiuZENzFk5ehdV51nap7c1Gu1/I4iuAYnIAKcMElqINr0ABNgMEjeAav4M16sl6sd+tj3lqw8plD8EfW5w/UapZ0</latexit><latexit sha1_base64="PkzMWnQbPamvFwAm2qJjReoCcwo=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhLopMyLYZcGNywr2Ap2xZNJMG5pMhiQjlmnd+CpuXCji1rdw59uYaWehrT8EPv5zDifnD2JGlXacb6uwsrq2vlHcLG1t7+zu2fsHLSUSiUkTCyZkJ0CKMBqRpqaakU4sCeIBI+1gdJXV2/dEKiqiWz2Oic/RIKIhxUgbq2cfeXIoKl48pGfQU5TDScaTu4eeXXaqzkxwGdwcyiBXo2d/eX2BE04ijRlSqus6sfZTJDXFjExLXqJIjPAIDUjXYIQ4UX46u2AKT43Th6GQ5kUaztzfEyniSo15YDo50kO1WMvM/2rdRIc1P6VRnGgS4fmiMGFQC5jFAftUEqzZ2ADCkpq/QjxEEmFtQiuZENzFk5ehdV51nap7c1Gu1/I4iuAYnIAKcMElqINr0ABNgMEjeAav4M16sl6sd+tj3lqw8plD8EfW5w/UapZ0</latexit>

d ⇠ h�(x+1)
x

<latexit sha1_base64="yE65KAzyRsboFjqtuuJYf9P5uKs=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQEUsigl0W3LisYB/QxjCZTNqhM5MwM5GGUH/FjQtF3Poh7vwbp4+Fth64cDjnXu69J0gYVdpxvq3C2vrG5lZxu7Szu7d/YB8etVWcSkxaOGax7AZIEUYFaWmqGekmkiAeMNIJRjdTv/NIpKKxuNdZQjyOBoJGFCNtJN8uh7CvKIdDf/yQX1TH5+7ZxLcrTs2ZAa4Sd0EqYIGmb3/1wxinnAiNGVKq5zqJ9nIkNcWMTEr9VJEE4REakJ6hAnGivHx2/ASeGiWEUSxNCQ1n6u+JHHGlMh6YTo70UC17U/E/r5fqqO7lVCSpJgLPF0UpgzqG0yRgSCXBmmWGICypuRXiIZIIa5NXyYTgLr+8StqXNdepuXdXlUZ9EUcRHIMTUAUuuAYNcAuaoAUwyMAzeAVv1pP1Yr1bH/PWgrWYKYM/sD5/ANoXk48=</latexit><latexit sha1_base64="yE65KAzyRsboFjqtuuJYf9P5uKs=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQEUsigl0W3LisYB/QxjCZTNqhM5MwM5GGUH/FjQtF3Poh7vwbp4+Fth64cDjnXu69J0gYVdpxvq3C2vrG5lZxu7Szu7d/YB8etVWcSkxaOGax7AZIEUYFaWmqGekmkiAeMNIJRjdTv/NIpKKxuNdZQjyOBoJGFCNtJN8uh7CvKIdDf/yQX1TH5+7ZxLcrTs2ZAa4Sd0EqYIGmb3/1wxinnAiNGVKq5zqJ9nIkNcWMTEr9VJEE4REakJ6hAnGivHx2/ASeGiWEUSxNCQ1n6u+JHHGlMh6YTo70UC17U/E/r5fqqO7lVCSpJgLPF0UpgzqG0yRgSCXBmmWGICypuRXiIZIIa5NXyYTgLr+8StqXNdepuXdXlUZ9EUcRHIMTUAUuuAYNcAuaoAUwyMAzeAVv1pP1Yr1bH/PWgrWYKYM/sD5/ANoXk48=</latexit><latexit sha1_base64="yE65KAzyRsboFjqtuuJYf9P5uKs=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQEUsigl0W3LisYB/QxjCZTNqhM5MwM5GGUH/FjQtF3Poh7vwbp4+Fth64cDjnXu69J0gYVdpxvq3C2vrG5lZxu7Szu7d/YB8etVWcSkxaOGax7AZIEUYFaWmqGekmkiAeMNIJRjdTv/NIpKKxuNdZQjyOBoJGFCNtJN8uh7CvKIdDf/yQX1TH5+7ZxLcrTs2ZAa4Sd0EqYIGmb3/1wxinnAiNGVKq5zqJ9nIkNcWMTEr9VJEE4REakJ6hAnGivHx2/ASeGiWEUSxNCQ1n6u+JHHGlMh6YTo70UC17U/E/r5fqqO7lVCSpJgLPF0UpgzqG0yRgSCXBmmWGICypuRXiIZIIa5NXyYTgLr+8StqXNdepuXdXlUZ9EUcRHIMTUAUuuAYNcAuaoAUwyMAzeAVv1pP1Yr1bH/PWgrWYKYM/sD5/ANoXk48=</latexit><latexit sha1_base64="yE65KAzyRsboFjqtuuJYf9P5uKs=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQEUsigl0W3LisYB/QxjCZTNqhM5MwM5GGUH/FjQtF3Poh7vwbp4+Fth64cDjnXu69J0gYVdpxvq3C2vrG5lZxu7Szu7d/YB8etVWcSkxaOGax7AZIEUYFaWmqGekmkiAeMNIJRjdTv/NIpKKxuNdZQjyOBoJGFCNtJN8uh7CvKIdDf/yQX1TH5+7ZxLcrTs2ZAa4Sd0EqYIGmb3/1wxinnAiNGVKq5zqJ9nIkNcWMTEr9VJEE4REakJ6hAnGivHx2/ASeGiWEUSxNCQ1n6u+JHHGlMh6YTo70UC17U/E/r5fqqO7lVCSpJgLPF0UpgzqG0yRgSCXBmmWGICypuRXiIZIIa5NXyYTgLr+8StqXNdepuXdXlUZ9EUcRHIMTUAUuuAYNcAuaoAUwyMAzeAVv1pP1Yr1bH/PWgrWYKYM/sD5/ANoXk48=</latexit>
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The Way Out (2)
• Resonant spins losing polarization leads to average field change  

• As long as there are no resonance avalanches!
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|��| ⇠ h↵(x+1)
x < hx

<latexit sha1_base64="GdX0rxLSVbJ3qo0E27fM06vbGkg=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSBEAmFXBFNYBLSwjGAekF3D3ckkO2T2wcysJGzyETb+io2FIrYWdv6Ns0kKTTxw4XDOvdx7jxtxJpVpfhuZldW19Y3sZm5re2d3L79/0JBhLAitk5CHouWCpJwFtK6Y4rQVCQq+y2nTHVylfvOBCsnC4E6NIur40A9YjxFQWurkS2P7mnIF2I48Nsa2ZD72OsP7xAYeeYCLw5J1OsGXqdjJF8yyOQVeJtacFNActU7+y+6GJPZpoAgHKduWGSknAaEY4XSSs2NJIyAD6NO2pgH4VDrJ9KkJPtFKF/dCoStQeKr+nkjAl3Lku7rTB+XJRS8V//PasepVnIQFUaxoQGaLejHHKsRpQrjLBCWKjzQBIpi+FRMPBBClc8zpEKzFl5dJ46xsmWXr9rxQrczjyKIjdIyKyEIXqIpuUA3VEUGP6Bm9ojfjyXgx3o2PWWvGmM8coj8wPn8Ag+adJg==</latexit><latexit sha1_base64="GdX0rxLSVbJ3qo0E27fM06vbGkg=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSBEAmFXBFNYBLSwjGAekF3D3ckkO2T2wcysJGzyETb+io2FIrYWdv6Ns0kKTTxw4XDOvdx7jxtxJpVpfhuZldW19Y3sZm5re2d3L79/0JBhLAitk5CHouWCpJwFtK6Y4rQVCQq+y2nTHVylfvOBCsnC4E6NIur40A9YjxFQWurkS2P7mnIF2I48Nsa2ZD72OsP7xAYeeYCLw5J1OsGXqdjJF8yyOQVeJtacFNActU7+y+6GJPZpoAgHKduWGSknAaEY4XSSs2NJIyAD6NO2pgH4VDrJ9KkJPtFKF/dCoStQeKr+nkjAl3Lku7rTB+XJRS8V//PasepVnIQFUaxoQGaLejHHKsRpQrjLBCWKjzQBIpi+FRMPBBClc8zpEKzFl5dJ46xsmWXr9rxQrczjyKIjdIyKyEIXqIpuUA3VEUGP6Bm9ojfjyXgx3o2PWWvGmM8coj8wPn8Ag+adJg==</latexit><latexit sha1_base64="GdX0rxLSVbJ3qo0E27fM06vbGkg=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSBEAmFXBFNYBLSwjGAekF3D3ckkO2T2wcysJGzyETb+io2FIrYWdv6Ns0kKTTxw4XDOvdx7jxtxJpVpfhuZldW19Y3sZm5re2d3L79/0JBhLAitk5CHouWCpJwFtK6Y4rQVCQq+y2nTHVylfvOBCsnC4E6NIur40A9YjxFQWurkS2P7mnIF2I48Nsa2ZD72OsP7xAYeeYCLw5J1OsGXqdjJF8yyOQVeJtacFNActU7+y+6GJPZpoAgHKduWGSknAaEY4XSSs2NJIyAD6NO2pgH4VDrJ9KkJPtFKF/dCoStQeKr+nkjAl3Lku7rTB+XJRS8V//PasepVnIQFUaxoQGaLejHHKsRpQrjLBCWKjzQBIpi+FRMPBBClc8zpEKzFl5dJ46xsmWXr9rxQrczjyKIjdIyKyEIXqIpuUA3VEUGP6Bm9ojfjyXgx3o2PWWvGmM8coj8wPn8Ag+adJg==</latexit><latexit sha1_base64="GdX0rxLSVbJ3qo0E27fM06vbGkg=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSBEAmFXBFNYBLSwjGAekF3D3ckkO2T2wcysJGzyETb+io2FIrYWdv6Ns0kKTTxw4XDOvdx7jxtxJpVpfhuZldW19Y3sZm5re2d3L79/0JBhLAitk5CHouWCpJwFtK6Y4rQVCQq+y2nTHVylfvOBCsnC4E6NIur40A9YjxFQWurkS2P7mnIF2I48Nsa2ZD72OsP7xAYeeYCLw5J1OsGXqdjJF8yyOQVeJtacFNActU7+y+6GJPZpoAgHKduWGSknAaEY4XSSs2NJIyAD6NO2pgH4VDrJ9KkJPtFKF/dCoStQeKr+nkjAl3Lku7rTB+XJRS8V//PasepVnIQFUaxoQGaLejHHKsRpQrjLBCWKjzQBIpi+FRMPBBClc8zpEKzFl5dJ46xsmWXr9rxQrczjyKIjdIyKyEIXqIpuUA3VEUGP6Bm9ojfjyXgx3o2PWWvGmM8coj8wPn8Ag+adJg==</latexit>

x > 1/↵� 1
<latexit sha1_base64="sjISeV3oii4t3wuR9A77XSD+dMY=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBi3E3CuYkAS8eI5gHJEvonUySIbMPZmaDYcmfePGgiFf/xJt/4yTZgyYWNBRV3XR3+bHgSjvOt5VbW9/Y3MpvF3Z29/YP7MOjhooSSVmdRiKSLR8VEzxkdc21YK1YMgx8wZr+6G7mN8dMKh6Fj3oSMy/AQcj7nKI2Ute2n8gtcS87KOIhkgvidu2iU3LmIKvEzUgRMtS69lenF9EkYKGmApVqu06svRSl5lSwaaGTKBYjHeGAtQ0NMWDKS+eXT8mZUXqkH0lToSZz9fdEioFSk8A3nQHqoVr2ZuJ/XjvR/YqX8jBONAvpYlE/EURHZBYD6XHJqBYTQ5BKbm4ldIgSqTZhFUwI7vLLq6RRLrlXpfLDdbFayeLIwwmcwjm4cANVuIca1IHCGJ7hFd6s1Hqx3q2PRWvOymaO4Q+szx+FI5Gb</latexit>
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<latexit sha1_base64="EYAyjaKcqhDMwli/Of5tXb9c5FA=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBi3E3CuYiBLx4jGAekCyhdzJJhsw+mJkNhiV/4sWDIl79E2/+jZNkD5pY0FBUddPd5ceCK+0431ZubX1jcyu/XdjZ3ds/sA+PGipKJGV1GolItnxUTPCQ1TXXgrViyTDwBWv6o7uZ3xwzqXgUPupJzLwAByHvc4raSF3bfiK3xL3soIiHSC6I27WLTsmZg6wSNyNFyFDr2l+dXkSTgIWaClSq7Tqx9lKUmlPBpoVOoliMdIQD1jY0xIApL51fPiVnRumRfiRNhZrM1d8TKQZKTQLfdAaoh2rZm4n/ee1E9yteysM40Syki0X9RBAdkVkMpMclo1pMDEEqubmV0CFKpNqEVTAhuMsvr5JGueRelcoP18VqJYsjDydwCufgwg1U4R5qUAcKY3iGV3izUuvFerc+Fq05K5s5hj+wPn8Ag5KRmg==</latexit>



Two-spin-flip resonances
• What about two-spin-flip resonances? 

All resonances ∼ L1.91

Genuine resonances ∼ L1.43
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All resonances ∼ L1.83

Genuine resonances ∼ L0.61

100 200 500 1000

1

5

10

50

100

500

L

N
ro
fT
w
o-
Fl
ip
-R
es
on
an
ce
s
(lo
w
T)

A12!1̄2̄ =
h2
x

��1 � �2 + 2Jij

r↵12

✓
1

��1
+

1

��2

◆

<latexit sha1_base64="IrKXWnx9ZD10nj12b0QhqGA0iVI="></latexit>



Entanglement
• Let’s look first at entanglement between two resonant spins

• Maximum entanglement entropy generated is

• Their interaction strength is                                              where d is typical distance

• Approximate bipartite many-particle entanglement as sum of two-spin 
entanglement

H2 = �̃1Z1 + �̃2Z2 + J̃12Z1Z2 � hx(X1 +X2)
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in between area law (L0) 
and volume law (L1)



Large-scale Quenches (1)
At low T / low energy density, the resonant spins are scarce but entangle
But: Most spins remain frozen, which allows large-scale quench dynamics!

• From an initial state with 1000s of spins, identify Ls few resonant spins
• Freeze the remaining spins
• Do Exact Diagonalization on the resonant spins and solve dynamics exactly
• Increase Ls to get convergence



Large-scale Quenches (2)
Measure the remnant imbalance as a function of initial effective field

Shows that indeed the spin majority remains frozen but resonant spins entangle
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Experimental realization
• Hyperfine states of Yb ions allows exactly the right Hamiltonian

• But their experiment has 10 spins only
Typical distance between resonant spins is, for h=0.05J, 

Infinite temperature
d = 60 sites

Low temperature
d = 100 - 500 sites



Summary / Outlook

• Long-range interaction model has phase with most spins frozen at low T

• Resonant spins are scarce but nonetheless interact, can study large-scale quenches

• Bipartite entanglement

• Questions: Many-particle transitions between different “valleys”?
Relation to glassiness and the landscape problem?
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