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Signatures of many-body localization in the dynamics of two-level systems in glasses
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We investigate the quantum dynamics of two-level systems (TLS) in glasses at low temperatures (1 K and
below). We study an ensemble of TLSs coupled to phonons. By integrating out the phonons within the framework
of the Gorini-Kossakowski-Sudarshan-Lindblad (GKSL) master equation, we derive analytically the explicit
form of the interactions among TLSs, and of the dissipation terms. We find that the unitary dynamics of the
system shows clear signatures of many-body localization physics. We study numerically the time behavior of
the concurrence, which measures pairwise entanglement also in nonisolated systems, and show that it presents a
power-law decay both in the absence and in the presence of dissipation, if the latter is not too large. These features
can be ascribed to the strong, long-tailed disorder characterizing the distributions of the model parameters. Our
findings show that assuming ergodicity when discussing TLS physics might not be justified for all kinds of

experiments on low-temperature glasses.

DOI: 10.1103/PhysRevB.103.214205

I. INTRODUCTION

Recent years have witnessed several advances in our un-
derstanding of the dynamics of many-body quantum systems.
On one hand, the mechanism by which thermal equilibrium
appears in isolated quantum systems has been explained via
the Eigenstate Thermalization Hypothesis (ETH) [1-3], and
its connection to the classic von Neumann ergodic theorem
has been made clear [4]. On the other hand, a generic mech-
anism by which quantum systems can avoid going to thermal
equilibrium has been identified in many-body localization
(MBL) [5-11]. Analogous phenomena take place in driven
periodic systems (time crystals) [12—14], and in systems with-
out disorder [15-23]. These progresses give now a more or
less complete picture of the various ways of thermalization in
quantum systems, under different conditions.

One of the places in which one routinely finds disorder
and quantum effects at the same time is in the study of
low-temperature properties of glasses. A series of classic ex-
periments [24,25] has made manifest that the properties of
glasses at temperatures of 1 K and below show a surprising
degree of universality, and deviate significantly from Debye
theory. Several theoretical ideas aimed at explaining these re-
sults, mostly on the lines of two seminal works [26,27]. There,
the authors introduced the idea of bi-stable tunneling systems
(or two-level systems, TLSs), whose parameters (energy dif-
ference and tunneling rates) are very broadly distributed. With
an appropriate choice of such distributions, one can reproduce
quantitatively the values of several equilibrium quantities,
including specific heat, conductivity, and sound attenuation.
The range of TLS models has been expanded considerably
beyond the original works to account for various experimental
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facts [28,29], and even criticized as a glorified curve-fitting
procedure [30-32].

In a glass, TLSs interact with phonons and, if they have
an electric dipole moment, also with photons. The conse-
quence of the interaction between TLSs and the phonon (and
photon) bath is twofold: it generates TLS-TLS interactions,
which have been observed in several experiments [33-38],
and it is responsible for the equilibration of the TLSs at
the bath temperature. While the former have been subject of
extensive studies [39—43], and also have been used to explain
the discrepancies between experiments and the original TLS
model, the issue of thermalization has been overlooked so
far. Namely, TLSs are always assumed thermal on all experi-
mentally accessible timescales, and standard thermodynamic
ensembles are applied.

The purpose of this paper is to investigate the quantum
dynamics of TLSs coupled to phonons, and to discuss in
particular how they reach thermal equilibrium. We idealize the
system TLSs + phonons as an isolated system, and we analyt-
ically derive the Gorini—-Kossakowski—Sudarshan—Lindblad
(GKSL) master equation for the reduced density matrix of
the TLSs, tracing out the phonons. We find that the TLS
unitary evolution (the so-called Liouvillian) is governed by
a Hamiltonian with an extensive number of local conserved
quantities, as the effective Hamiltonian of MBL systems; the
dissipative term (the so-called Lindbladian) destroys localiza-
tion and drives the system to a thermal state. We show that,
considering the typical values of the TLS disorder parameters,
dissipation is much slower than any other time scale of the
problem, and TLS relaxation dynamics shows the fingerprint
of localization for a long time window.

Recently, a growing body of literature has investigated
the impact of dissipation and dephasing on MBL systems
[44-52]. The research question underlying these works con-
cerns how the imperfect isolation from the environment enters

©2021 American Physical Society
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the experimental measurements on MBL systems [53-56].
Even though dissipative baths necessarily lead to delocaliza-
tion, it has been found that at intermediate and long time
scales the relaxation dynamics of MBL systems coupled to
heat baths shows clear signatures of the localized phase, and
differs from the one of ergodic systems. These findings are in
agreement with the results of the present study, as will become
evident in the following.

We focus in particular on the creation and spreading of
entanglement as measured by the concurrence [57-59] and
the entanglement entropy. The former measures the amount
of entanglement between two TLSs; under time evolution it
grows to a maximum, and then decays and vanishes. The
latter instead increases monotonically with time to reach a
thermodynamic value. We simulate both the artificially iso-
lated TLS system (i.e., dissipation is set to zero), and the open
system. For the artificially isolated system, we can confidently
investigate the thermodynamic limit (our numerics goes up
to N =60 TLSs). We observe that, for long time scales,
the concurrence decays as a power-law C ~ ¢, down to a
plateau value which is exponentially small in the number of
TLSs. This slow power-law decay is the signature of local-
ization, and contrasts with the exponentially fast decay one
would observe for an ergodic system. In the open system,
we find that the concurrence always vanishes, never reaching
the plateau observed in the unitary case. This is not surpris-
ing, since the phonon (and photon) bath to which TLSs are
coupled is effectively infinite, and entanglement can spread
indefinitely. Moreover, for not too large dissipation, we find
that the concurrence decays as a power-law C ~ ¢t %, as in
the artificially isolated system, indicating that the signatures
of TLS localization are observable even in this case for long
time windows. The exponents §;, in the two scenarios are
of the same order of magnitude. Their comparison shows
that, within the statistical errors and finite-size corrections, 3
increases in the presence of dissipation.

The structure of the paper is as follows. In Sec. II, we in-
troduce the Hamiltonian of the full system (TLSs + phonons),
and comment on the various parameters that are needed to de-
scribe TLSs in amorphous media. In Sec. III, we introduce the
GKSL equation for the TLS density matrix which is obtained
integrating out the phonons. We present the explicit form of
the TLS-TLS interactions and dissipation terms, and discuss
their competition. Thus, we sketch the dynamical phase di-
agram of the system. In Sec. IV, we present the numerical
results on the real-time evolution of the TLSs. In particular,
in Sec. IV C, we consider the system as artificially isolated,
studying the unitary part of the GKSL dynamics, and we an-
alyze the signatures of MBL on the entanglement quantifiers.
In Sec. IV D, instead, we reintroduce the dissipative terms of
the GKSL dynamics, and show how they affect the results of
Sec. IV C. Finally, in Sec. V, we summarize our findings and
indicate possible future research directions.

II. THE TLS MODEL

We define the total Hamiltonian of the TLSs system and
the thermal bath as [39,41,60]

H = Hris + Hp + Hiy. (D

TABLE I. Summary of the TLS model parameters for fused
quartz (Si0,), borosilicate glass (BK7), and plexiglass (PMMA). The
parameters v;, vy p, and the Debye temperature 7 are independent;
their values are derived from experimental measurements [60,62].
The (average) TLS-phonon coupling y is experimentally accessi-
ble too [62]. One can reasonably assume W = kpTy,s: indeed the
TLSs are formed at the glass transition [28]. As a consequence, one
should also set Ap, &~ 107! W in order to have a density of states
that goes to zero above W [26], and A, & 107°W to reproduce
instead a flat DOS at low temperatures [63]. The precise value of
Amax and Apy, is not crucial, since they enter only logarithmically
in the quantities of interest. One can obtain the numerical density
of the TLSs, pris, from the experimentally measurable parameter
P= pTLS/W ln(Amax/Amin) [28,62].

SiO, BK7 PMMA

W (meV) 130 70 30
Apnax (meV) 13 7 3
A (meV) 103 1073 104
Amin (meV) 107 10~7 10-8
y [eV] 0.8 0.7 0.3
p (g/cm?) 22 2.5 1.2
vy, (km/s) 5.8 6.2 3.2
vr (km/s) 3.8 3.8 1.6
ksTp (meV) 30 30 10
orLs (nm™) 0.3 0.2 0.05
At~! (meV) 1.8 1.7 0.45
The phonon bath is described by

Hg =) howy[y,, )

k

Yy (respectively W/j) being the annihilation (respectively cre-
ation) operator of a phonon with wave vector and polarization
k = (q, o). The dispersion relation in amorphous solids is, to
a good approximation at low temperatures [61], gy = Vg
with v = v, for longitudinal modes and v = vy for transverse
modes.! Typically v; ~ 1.6 vr (see Table I).

The TLS Hamiltonian is

Hris = Y (Aio] + &i07). 3)
We employ Pauli spins to represent the two states of a TLS;
&; is the energy splitting and A; the tunneling amplitude in
the ith double well. According to the original works [26,27],

we consider & as drawn from a uniform distribution of width
W >~0.1eV:

pe(e) = %®(W —£)0(¢e) “

(® is the Heaviside step function). In Refs. [26,27], it is
also argued that the tunneling amplitudes A; are broadly
distributed, and that the most reasonable distribution, from a

'Tsotropy is due to structural disorder and holds up to short scales.
A different dispersion is encountered in ultrastable vapor-deposited
glasses [76], which are essentially two-dimensional.
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simplicity standpoint, is log-uniform:

_ ®(A - Amin)®(Ama\x - A)
pA(A) - 1H(Amax/Amin)A (5)

where

Amin = A x 1072 Apae = A x 10™/2, (6)

The parameter n, defines the span of the distribution:
Amax/Amin = 10", Since (InA) =In A, we note that A
is the typical value. Usually in the literature, nn ~ 8 and
A/W 2 107>, making pa(A) very wide.

The interaction Hamiltonian of the localized degrees of
freedom with the strain field is, to lowest order [39,41,60],

Hi =Y of (Eat + He), )

ik

h .
; g iqu ab iqr; 8
Sit l\/ 2prkj/ i e ®)

Above, p is the material density, V' the volume, y,-D?b the
elastic dipole tensor of the ith TLS (the strength y; has the
dimension of an energy and D¢” is dimensionless), and e?? :=
%(q“éga + ¢"%,) [q is the wave vector and &, the unit (q, «)-
polarization vector]. y; and D?h are random variables; their
probability distributions are induced by the distributions of the
shapes and directions of the TLSs in space. In the literature
[28,29], it is argued that y; should be of the same order of
magnitude of W, since the former is related to the energy shift
induced in a TLS by a phonon, and it must be comparable
with the energy imbalance of the two minima in the double
well. Therefore, for simplicity, we set y; = W and absorb in
the dipole entries D¢” all the disorder fluctuations: we consider
D?b to be random variables of order 1. We will not specify the
full distribution of their entries, since in Sec. III B, we will
show that only some combinations are needed. We refer to
those Sections for more details.

We report in Table I the experimental values of the TLS
model parameters for three well-known structural glasses.

with

III. THE GKSL MASTER EQUATION

To study the dynamics of the TLSs, we need to integrate
out the phonons. We choose to work in the GKSL framework
[64,65], obtaining a master equation for the (reduced) density
matrix of the TLSs p, that reads

0p(1) = = [Hris + His. p0] + Y Lop(®). (9)

The first term on the right-hand side (r.h.s.) describes the uni-
tary evolution of the system, and it is called the Liouvillian. It
is governed by Hyy s, which is the TLS Hamiltonian of Eq. (3),
and H;g, which is the Lamb-Stark shift Hamiltonian [it will
be specified below in Eq. (16)]. The second term on the r.h.s.,
the so-called Lindbladian, describes instead dissipation and
decoherence. £, are the Lindblad super-operators; in general,
the label « can assume O(N?) values but, as we will show in

the following, in our system the dominant terms are on-site,
reducingxk =i=1,2,...,N.

The GKSL master equation (9) relies on some approxi-
mations [64,65]. First, one assumes weak coupling between
TLSs and phonons. This assumption is usually taken in litera-
ture [28]; its validity has to be checked a posteriori, verifying
that the energy scales of decoherence and dissipation induced
by phonons are smaller than the TLS energy set by W. The
GKSL framework consists in three further approximations:
the Born, the Markov, and the rotating wave approximation.
In the Born approximation, one assumes that at all times the
influence of the TLSs on the phonon thermal population is
negligible. This is a consequence of weak coupling, and of
the TLSs being a dilute system in the (amorphous) lattice.
Therefore, we expect the Born approximation to be valid to
a good extent in our systems. The Markov approximation
instead entails that all the bath excitations decay on very fast
timescales with respect to those of the TLSs. This is not guar-
anteed when working at ultra-low temperatures, but it is still
a good starting point. Finally,the rotating wave approximation
assumes that, when considering two TLSs, the resonant pro-
cesses are dominant, or equivalently that the relaxation time
of TLSs in the open-system, tg, is long with respect to the
time scale of the intrinsic evolution of the system [64]; in
formulas: g > |v; — v j|’1. We will validate a posteriori this
assumption in Sec. Il C.

Within these assumptions, the TLS-TLS interactions in Hyg
commute with the isolated TLS Hamiltonian: [Hyys, His] =
0, ultimately leading to the MBL character of the unitary
dynamics. In further studies, it might be interesting to go
beyond the GKSL master equation, and relax its assumptions.

A. The free TLS eigenoperators

In order to compute the Lamb-Stark shift H;¢ and the
Lindblad superoperators L, it is convenient to diagonalize
the TLS Hamiltonian Hr g [64,65]. We look for single-site
operators S; such that

[Hys, Si] = —hvS;. (10)

The linear problem is easily solved, finding eigenvalues

fivio =0, hvye=xhy=42/e2+ A2,  (11)

with corresponding eigenoperators

SF =796, SE=Ti1-6, (12)
where
. 2 . 2 .
Vig=——(A;0,&), Viyr=—(—¢;, :i:zhv,-/2, Ap).
’ hl),‘ ' h‘)i

(13)
Notice that, since typically A; < & ~ W, hiv; will be of order
W. Also, defining S¥ = (S +57)/2and S} = (S} — S;)/2i,
the operators S7, S;V , 87 form a Pauli basis.
At this point, it is easy to verify that the TLS Hamiltonian
reads

1 .
Hyis = -3 Z hv;S?. (14)
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FIG. 1. Virtual [(a) and (b)] and real [(c) and (d)] phonon
processes that lead to TLS-TLS interactions and dissipation, respec-
tively. (a) Interactions in the S-S channel are mediated by phonons
of vanishing frequency w, and take place among each couple ij,
yielding Hys of Eq. (16). (b) Flip-flop interactions can take place
only if the two TLSs resonate: this is a very rare event, because
the v;’s are widely distributed random variables. We disregard this
possibility altogether throughout this study. (c) Dephasing of a single
TLS under the action of the phonon bath. This process is negligible
because there are no real phonons at w = 0. (d) Decay of a TLS
into a phonon. Considering that resonating TLSs are very rare and
the phonon density of states vanishes at w = 0, as noted above, it
is easy to see that nonunitary processes involving two TLSs can be
neglected.

B. Coupling to phonons

The coupling with phonons induces both dissipation and
TLS-TLS interactions. Under the assumptions discussed
above, they can be be modelled via the GKSL master equa-
tion. Its final form for TLSs in glasses is given by

ir o1
dpt) = —%[ -3 D hvSi Y JiSiSe, ,o(t)i|
i ij
+ Y Yifr ()T p)ST + ST p(0ST — 4p(1))
+ ZK(S,*/)(I)S,-_ +{p@®), S} —2p()).  (15)

In the previous equation, the first term on the r.h.s. corre-
sponds to the commutator —+[Hrrs + Hys, p(t)], where

Hys =) J;jSiS: (16)
ij

is the Lamb-Stark shift Hamiltonian. The second term on
the r.h.s. contains the dissipative terms; it is written sepa-
rating explicitly the temperature dependent and independent
contributions: fr(e) := (e/*T — 1)~! is, indeed, the Bose-
Einstein distribution function at temperature 7. Considering
that iv; ~ W ~ 0.1 eV, however, at ultra-low temperature
(T ~ 1 K and below) fr >~ 0, and our system is effectively
at zero temperature. Thus, in the following we will keep only
the temperature-independent contributions.

Before introducing the expressions for Y; and J;;, a few
comments are in order. As depicted in Fig. 1, in gen-
eral interactions can take place either in the $°-S° channel

[panel (a)], or by flipping two spins with the emission and
absorption of a virtual phonon [panel (b)]. This latter case, for
our system, can be neglected: since v; and v; are random vari-
ables, the matching condition w = v; = v; (w is the phonon
frequency), entailed by the rotating wave approximation, is a
rare event. Thus the Lamb-Stark shifts are always diagonal in
522

Moreover, the Lindblad superoperators of Eq. (9) corre-
spond only to the decay processes in Fig. 1(d), since purely
dephasing processes [panel (c)] are absent. This is simply
because there is no density of states of the phonons at zero
frequency.

Having understood what are the physical processes behind
the GKSL evolution, we can compute explicitly the dissipa-
tion rates ¥; and the interaction strengths J;;. As stated above,
they both come from phonon processes; therefore, one can
treat them in a unified way. We start by rewriting the inter-
action Hamiltonian, Eq. (7), as

Ho =) ofGGavx+He) =) oiE:  (I7)
ik i

E; are the environment operators that need to be traced out.
Then, following [64,65], we define
[o.¢]
Iy = A ds e Trg[pg E () Ej(t — 5)] (18)
with the hat on E;(¢) indicating the interaction picture. It then
holds

y, = (20 z[r“f + ()] (19)
"\ Ay i i) Ay’
o _ 2828 By poy

The prefactors A;/hv; and 2¢;/hv; come from the basis rota-
tion in Eq. (12).

We leave to Appendix A all the details of the computation
of Fl‘f’j, which is rather straightforward, while we present here
the results obtained:

A2y2y,Tr(D?
g 1 yl 3( l) (21)
127 pl”v3
i&i vig; Dy
Jij = Yi€i Vj€j J (22)

AURAT 471,0v2ri3/-'

Above, Tr(Diz) =Y beDf’“, and [D;; is a specific contrac-
tion of the dipoles D% and D?d, defined in Eq. (A27).

At this point, we can check a posteriori whether the weak
coupling and the rotating wave approximations are valid.
Plugging in Eqgs. (21) and (22), the typical values of the
parameters, we find /i¥;/W ~ 1073 and Jij /W ~ 1073, There-
fore, even if the coupling constant is comparable to the on-site

2Even accounting for rare interactions in the S$*—S* channel, the
picture is not modified. Indeed, terms of the form K;;S;S7 will still
decay with the distance r;;: the probability of having a resonant i
couple that is also close in real space is vanishingly small. Therefore
the MBL-breaking effect of weak S;'S7 terms [77-79] is negligible in
comparison to the Lindblad dissipator.
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energies y ~ W, we see that assuming weak coupling is per-
fectly justified a posteriori. Moreover, as anticipated at the
beginning of this Section, the rotating wave approximation
is amply valid too. Indeed, the relaxation time in the open
system is much longer than the intrinsic time scale of TLSs:
Y v — vt~ WL

C. Dynamical phases from the GKSL equation

The GKSL equation (9) constitutes the starting point for
exploring the quantum dynamics of the TLSs. As a first thing,
we notice that in the absence of dissipation the evolution
would be unitary, governed by the Hamiltonian

HTLS + HLS = —% Z hUiSf + ZJZJSIZ’S‘; (23)
i ij

Hrps + Hys is completely expressed in terms of the extensive
set of local conserved quantities S;. This is the same property
of the effective Hamiltonian of MBL systems, known as the
[-bit Hamiltonian [8,66—69]. Borrowing the terminology from
MBL, we can refer to the S;’s as the I-bits, or Local Inte-
grals Of Motion (LIOMs); indeed, they are on-site operators
whose values are conserved during time evolution. However,
Hrps + His presents two main differences with respect to
the 1-bit Hamiltonian of standard MBL systems. First, in the
TLS Hamiltonian the 1-bits are formed by single spins, not
exponentially localized groups of them. Second, the interac-
tion between the TLS decays with distance as a power law,
Jij « rl._’].3 , rather than exponentially. We will comment more
on this point later, in Sec. IV C.

The diagonal interactions in Hys are responsible for the
dephasing of the spins. That is to say, if one artificially turns
off the jump operators, i.e. if one sets the dissipation rates
Y; = 0, diffusive transport is suppressed but the entanglement
spreading persists. We will present numerical results on this
artificial situation in Sec. IV C, showing that the entanglement
entropy grows slowly, but indefinitely in time, while the con-
currence decays as a power law.

The picture described above is broken by the introduction
of the jump operators: dissipative terms in the GKSL equation
kill long-time coherence and drive the system to a thermal
state. Nevertheless, one can observe an MBL transient regime
in the relaxation dynamics, if the time scales of dissipation are
appreciably longer than those of interactions. Such competi-
tion is quantified by the dimensionless ratio

—.2
() G @

where T = r/v, r being the typical distance between TLSs
and v the speed of sound in the glass. If this ratio is sensibly
smaller than 1, the signatures of the localized phase should be
observed in the dynamics of the system, and in particular in
the spreading of entanglement. In Fig. 2, we show a tentative
dynamical phase diagram for the TLS system.

Recalling that in experiments A ~ 107> W while W ~
0.1 eV and, considering v ~ 5 km/s and r ~ 10 nm, we
have it ~! ~ 1 meV. Thus the ratio is approximately AY/J ~
1075-10~*, making dissipation much slower than the interac-
tion part of the unitary dynamics. Even if one allows A—the

200§ -

AW
\
A

At Yw

FIG. 2. Sketch of the expected phase diagram for TLSs in
glasses. From Eq. (24), we see that an MBL transient regime can
be observed before thermalization takes place, if the typical time
scales of interaction are short with respect to the dissipation time
scales (blue-shaded area). The three glassy materials reported in
Table I lie well within the MBL region, even accounting for the
large uncertainties in the parameter A (the standard deviation of
In(A;) is plotted as an errorbar). Thus the localized regime should
be experimentally observable.

most difficult parameter to infer from experiments — to vary
few orders of magnitude, the system will still present an
observable MBL transient regime.

IV. NUMERICAL SIMULATIONS

In this section, we present the results of our numerical sim-
ulations on the real-time evolution of the TLSs. The analysis
will be divided into two parts. In Sec. IV C, we will consider
the artificially isolated system (i.e. the one evolving only
under the unitary dynamics given by the Liouvillian of the
GKSL) governed by the Hamiltonian in Eq. (23). In Sec. IV D,
we will reintroduce the dissipative terms and consider the full
TLS evolution governed by the GKSL master equation (15).

Before going through that, in the next Secs. IV A and
IV B, we will briefly discuss the assumptions involved in our
numerical simulations, and define the dynamical observables.

A. Disorder distributions of the parameters

As discussed in Sec. II, in the literature the parameters
defining the TLS model are drawn from wide probability
distributions [see p. and pa in Eq. (4) and (5), respectively].
It follows that the competing time scales in the GKSL master
equation (namely v, LR/ j,» and Yi_l) are distributed across
several orders of magnitude and, even though their typical
values are very different, they overlap one with another. In our
numerical simulations we employ simplified and less broad
distributions, arguing that this choice, if properly taken, does
not qualitatively alter the physical content and predictions of
the model.

We fix W = 1, thus setting the (dimensionless) energy
scale; K/ W = 107!, unless otherwise specified, and np = 2.
We also set y; = W, the material density p =2 g/ cm?, and the
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FIG. 3. The TLSs are uniformly distributed in a cube of size
L, at constant density. The pairwise interactions J;; in Eq. (22) are
mediated by phonons. These are also responsible for the dissipation
in Eq. (21). We employ periodic boundary conditions to minimize
finite-size effects.

speed of sound v, r =5 km/s, irrespective of polarization.
We consider Tr(Dl-z) to be the square of a Gaussian random
variable of zero average and variance 1, since it must be
positive, and ID;; to be a Gaussian random variable of zero
average and standard deviation 1, since it can take both signs
(see also Appendix A). Finally, we consider the TLSs as
uniformly distributed in a cube with side L, and compute their
distances r;; using periodic boundary conditions. The cube
side depends on the number of TLSs as L = LyN'/?, with
Ly ~ ,oT_LISﬁ, so that we keep fixed the TLS number density
prLs. For numerical purposes, we fix Ly = 1 nm. See Table I
for a comparison with the experimental values, and Fig. 3 for
a sketch of the system.

In order to explore the phase diagram obtained in the

GKSL framework, and shown in Fig. 2, we introduce two
further artificial parameters to tune interaction and dissipation
strengths:
In Sec. IV C, we study the artificially isolated system, setting
n = 10° and € = 0. In Sec. IV D, we reintroduce the dissipator
in the GKSL master equation, and we set n = 10° and € =
1076, 1074, 1.

With these choices of the parameters, the on-site frequen-
cies v;, the TLS-TLS interactions nJ;; /i (with n = 10°%), and
the dissipation rates €Y; (for € = 1) are of comparable orders
of magnitude and are much less widely distributed than orig-
inally. The latter feature is particularly useful for numerical
purposes, since one can access only small system sizes and,
hence, cannot sample well broad distributions. Our results will
be discussed in view of these choices.

B. Initial state and dynamical observables

We always take the initial state of the dynamics to be a
product state, in which each TLS is represented by a random

vector on the Bloch sphere:

N
[ (0)) = X)(cos(6:/2)] 1) + € sin(6;/2)] 1)i),  (26)

i=1

where 6; € [0, 7] and ¢; € [0, 27r). Thus the system is ini-
tially at infinite temperature, and we can track precisely the
entanglement growth and spreading.

The choice of the appropriate entanglement measure is not
obvious: since we are dealing with an open quantum system,
we wish to discriminate between quantum entanglement and
thermal entropy. A reliable measure of (pairwise) quantum
entanglement in open systems is the concurrence C;; [57-59],
where i and j are TLS indices. The concurrence quantifies the
distance of the two-site reduced density matrix p;; from the
manifold of mixed, separable states whose reduced density
matrix can be written as p = Y, papa’’, where p,” are sep-
arable, p, > 0, and )__ p, = 1. This implies that, if C;; > 0,
there is no mixture of separable states that can account for the
correlations between sites i and j. For two spins 1/2, it can be
shown [59] that

Cij = max {0, A; — A2 — A3 — A4}, 27)

where A2 are the eigenvalues of the matrix R;; = p;;(0y ®
oy)p;;(oy ® oy) sorted in descending order, and the complex
conjugation is done in the standard computational basis.

We define the average concurrence as

1
C) = > G, (28)

1<i<j<N

The normalization factor 1/N (instead of the seemingly natu-
ral 1/N?) is due to the monogamy of entanglement: each TLS
can be highly entangled only with another TLS, so among
the N(N — 1)/2 terms in the sum, only O(N) will be non-
negligible.

Its particular definition allows the concurrence to quantify
the entanglement between the two TLSs considered, irrespec-
tive of how they are entangled with other degrees of freedom.
Thus, it spots entanglement between two TLSs even if they are
thermal, i.e., also entangled with a heat bath. For this reason,
we employ the concurrence as a well-defined entanglement
measure both in the absence (Sec. IV C) and in the presence
(Sec. IV D) of dissipation.

It is interesting to compare the time behavior of the con-
currence with the half-system entanglement entropy (HSEE)

Se(t) = =Tr(paln pa), (29)

where p,4 is the reduced density matrix of the half system A
in the bipartition A|B. Since the system is three-dimensional,
and the TLSs do not fall on a regular lattice, we bipartite
the system in the following way. For each TLS, a bubble is
constructed around it so that N/2 TLSs fall inside and N/2
outside the bubble. The entanglement entropy relative to the
bipartition is computed as in Eq. (29), and then averaged over
all such bipartitions. We measure Sg () both with and without
the dissipator (see Secs. IV C and IV D, respectively).
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C. Unitary evolution of the TLSs

This Section is entirely devoted to the study of the uni-
tary time evolution of a system of N TLSs governed by the
Hamiltonian Hyis + His of Eq. (23), that we reproduce here
for clarity:

Hris + His = —% Z hvS? + ZJ,'ijSj.
i ij
As discussed in Sec. III C, this Hamiltonian is diagonal in
the operators S7, i.e., the values assumed by S; are conserved
quantities; therefore, adopting the terminology of MBL sys-
tems, we say that Hy s + Hyg is in the 1-bit form, and S} are
LIOMs.

Studying the dynamics induced only by the Hamiltonian
term of the GKSL equation (15) is equivalent to set ¢ = 0 [see
Eq. (25)], i.e., to assume that the time scales of dissipation are
much longer than those of interactions: 1/Y; > £i/J;;. In this
limit, it is clear that a coherent many-body dynamics can take
place before thermal equilibrium is reached. This situation
corresponds to the bulk of the MBL phase depicted in the
phase diagram of Fig. 2.

Thanks to the diagonal nature of the Hamiltonian (23) and
to the choice of initial product states, few-sites observables are
efficient to compute, as was recognized in previous studies
[70-72]. We refer the interested reader to Appendix B for
more details on the computation. Here, we just mention that
to compute the concurrence, which is a two-site observable,
within the diagonal Hamiltonian (23) it is not necessary to
perform the time evolution of the whole 2V x 2V density
matrix, but only to carry out O(N) operations. Therefore we
could easily simulate systems of N = 60 TLSs.

The results of the simulations for the unitary evolution are
shown in Figs. 4-6. One can see that the concurrence C(¢),
defined in Eq. (28), raises linearly from the initial value 0
(the initial state is factorized) to a value independent of N
(Fig. 4), but slightly dependent on A (Fig. 5). It then falls
off to a plateau via a power-law decay, whose exponent S;
remains finite in the thermodynamic limit (inset of Fig. 4),
and depends on A (inset of Fig. 5). Figure 6(a) shows that
the concurrence plateau decays exponentially with the system
size: C(00) ox e *V . Finally, from Fig. 6(b), we see that the
concurrence reaches its maximum on time scales of order
hi/Jij. In conclusion, the concurrence time behavior can be
schematized as

t ift <t
cCey~ {78 ifty <t <t, 30)
e N ifr>n

where #; does not depend significantly on N, A but depends
parametrically on /i/J;;, while t, grows with N and diverges
in the thermodynamic limit.

The decay of the concurrence from its maximum is due to
the fact that the interactions J;; make the entanglement spread
among many TLSs, as illustrated in Fig. 7, while each TLS
cannot be highly entangled with more than one other TLS
because of the monogamy of the entanglement. The power-
law decay of the concurrence from its maximum is in contrast
to the behavior of ergodic systems, in which the concurrence
vanishes exponentially fast [71]. The slowness of such decay

10764 0.00 0.05 1”\9.10

105 10~% 10~3 102 107! 10° 10!
t

FIG. 4. Average concurrence within the unitary dynamics, ¢ = 0
(solid lines). After a linear raise C ~ ¢ (black dashed-dotted line),
the average concurrence decays with a power-law C ~ t =% (dashed
lines), down to a value which is exponentially small in N. We set
A = 0.1, n = 10°; the results are averaged over 5000 disorder real-
izations. (Inset) The exponent §; depends on N and reaches a finite
value in the thermodynamic limit. The errors are computed by using
the statistical uncertainties of the concurrence values. Not all datasets
were shown in the main figure to improve readability.

is the fingerprint of the lack of thermalization and of the
presence of many-body localization in the artificially isolated
TLS system. In fact, slow decays of correlation functions
are known [70] to be a feature of MBL dynamics, and the
concurrence (albeit not an operator nor a correlation function)
follows the same behavior.

We stress again that Hys 4+ Hyg, although completely ex-
pressed in terms of local integrals of motion, is different from
the effective 1-bit Hamiltonian of MBL systems, as already
pointed out in Sec. IITC. In particular, the TLS interactions
in Hig scale as a power law with distance. Following general

10—1 J
10—2 4
_ 10—3 4
=
O A6 t {
1049 ¢
0 4
3
10—5 4
1072
A \
10°6 T T T
1074 1073 1072 107! 10° 10!
t

FIG. 5. Dependence of the average concurrence decay exponent
Bi on A in the case of unitary evolution (¢ = 0). We set N = 50,
n = 10°, and averaged over 5000 disorder realization. We see that the
smaller A, the faster the decay, which remains however compatible
with a power-law C(t) ~ t~# (dashed lines).
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10724 (a)
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10-4] — n=107""
— n=1071
10754 — n=10°
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1076 . : : :
1075 104 1073 1072 1071 100

tn/10°

FIG. 6. Results for the unitary dynamics, € = 0. (a) Plateau
value of the average concurrence at long times (dots), with errors
coming from statistical fluctuations. From a fit (solid line) we find
that C(co0) oc eV with a ~ 0.8. This is considerably larger than
the value given by the ETH prediction, i.e., a random state, which
obeys C o« e=®" with a ~ 0.127 (see Appendix C). Here n = 10°,
A = 0.1, and an average over 10 000 disorder realizations was per-
formed. (b) Average concurrence for different interaction strengths
1. Rescaling the time as t — t5/10° (we normalize to n = 10° to
compare to the other plots) the curves collapse, showing that the
value of 1 only shifts the timescale but does not modify the shape
of the curve C(t). Here N = 50, A = 0.1, and an average over 1000
disorder realizations was performed.

arguments [70,73], one would expect that for long-range in-
teractions the correlation functions decay in time as stretched
exponentials. We cannot exclude that a stretched-exponential
behavior would be observed in TLSs if one pushes the dynam-
ics at larger times. In the present study, however, we are only
interested in the TLS relaxation dynamics at intermediate time
scales since, at long times, dissipation would always bring the
system to a thermal state.

The results on the half-system entanglement entropy
(HSEE) are shown in Fig. 7, compared with the behavior
of C(t). This comparison confirms, as anticipated, that the
concurrence starts to decrease when the entanglement spreads
and, thus, Sg (¢) starts to increase.

In addition, Fig. 7 shows that Sg(#) grows slowly for a
large time window. This slowness is known [74] to be the
signature of localization, and shows that TLSs remain coher-
ent and nonergodic during the time-evolution. According to

0.2007_
8

0.1751
)

0.150 1

=

S 01251

Z 0.100+

X 0.0751
0.050-
0.025-

0.000

10% 103 102 10!  10° 10!

FIG. 7. Unitary evolution: half-system entanglement entropy per
unit volume Sg(#)/N, as defined in Eq. (29), for various system
sizes (solid lines). We set A = 0.1, 7 = 10°, and averaged over 1000
disorder realization. The average concurrences C(t) [Eq. (28)] are
shown as dashed lines for comparison. We see that the concurrence
reaches a maximum at short times, as nearby TLSs start to evolve co-
herently. Then, it starts to decay because the entanglement becomes
many-body, as shown by the increase in the HSEE. In this regime,
the growth of the HSEE is compatible both with a small power law
Sg(t) ~ t* with o ~ 1, as well as In(¢); the dotted line shows In(r)
as a guide for the eye. (Inset) The HSEE saturates to a volume law,
as expected for an MBL system: the phase of each spin depends
on all the others. The error bars are computed from the statistical
fluctuations of the plateau values.

the arguments in [8,73,75], we expect that for a long-range,
3d system as the TLS one entanglement would grow alge-
braically in time, Sg(¢) ~ t* with @ ~ 1. From our data, the
entanglement growth is compatible with both a power-law
with small exponent (~1), and a logarithmic growth. In the
inset of Fig. 7, we see that the asymptotic value of HSEE,
Sk (00), is proportional to N, indicating a volume law.

D. Full evolution of the TLSs

This Section is entirely devoted to the study of the time
evolution of the TLSs governed by the GKSL master equation
(15), that we reproduce here for clarity:

i hl),' ,
0 p(t) = _g[ — Z 75; + %:J,-J-S,?Sj, p(t)]

i

+ Y Vifr(u)ISf p(0)S; + 7 p(1)SF —4p(@)]

+ Y Y[STo0)ST + (o). Si} = 20(1)].

We set T = 0, but € # 0 [see Eq. (25)], i.e., the system is in
the presence of dissipation and decoherence. Increasing €, we
increase the typical dissipation rate. For our particular choice
of parameters (Sec. IV A), when € = 1, dissipation ultimately
becomes comparable with the timescale of the interactions J;;.

To investigate the time evolution of the system, one has to
integrate numerically the GKSL master equation for the TLS
density matrix (see Appendix D for more details). Because of
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0200 p e

0.175
0.150 1
0.125 1
< ]
S 0.100
0.075 1

0.050
0.0254

0.000 1
1077 1075 1073 1071 10! 103 105

FIG. 8. C(t), as defined in Eq. (28), for € = 0, 107, 1, and dif-
ferent values of N. We see that the presence of dissipation in the
GKSL master equation (15) decreases the concurrence maximum
and moves it at earlier times. We set A = 0.1, n = 10, and averaged
over at least 1000 disorder realizations.

the doubling of the Hilbert space dimension, we are forced to
small system sizes, up to N = 9. In the following analysis, we
varied both N (to perform a finite-size scaling) and €.

As can be seen from Fig. 8, when € is small enough
the concurrence C(¢) reaches its maximum at the same time
as with unitary dynamics (¢ = 0). Then, it decays from
such peak and stabilizes around a finite value dependent on
N (cf. Sec. IVC), following the same behavior as in the
case € = (. Ultimately, the dissipation forces C(¢) to vanish;
C(t) departs from the € = 0 plateau, C(oco;€ = 0), with a
stretched-exponential functional form (Fig. 9). We can ascribe
this feature to the interaction between TLSs and phonons:
when € # 0, thanks to the dissipative terms in the GKSL equa-
tion (15), entanglement can spread among infinitely many

100_
10714,
T
w o N, €
B 107y 4,106 \
L — 6,107° X
S107 g 10° '
— 4,107
107y —— 6,107 \
8, 1074 ‘ \
1075 : : : : :
1074 1072 10° 102 10 106

t

FIG. 9. Stretched-exponential fit of the concurrence for
€ =107% 107*, normalized to the plateau reached at e = O0:
C(t;€)/C(oc0;e = 0). Using as fitting function aexp{—(“’%)s},
we obtained § ~ 0.2 and t = O(1). The plot shows the results for
A=0.1, n = 10°, averaged over at least 1000 disorder realizations.

107!

10—2_

10—3-

C(t)

10—4_
1073
10~
t
5
' (b)
N\,
49 °
_\_ﬁ*\k
o . N
\ T
‘\A H ~—‘. __________ hd
N o e
«Q k- N~ “
1 4 T \.\4
_-_-_--.\;\_\._--.._
in - N -~
o e
+ - ; -]

0.15 0.20 0.25
1N

0.00  0.05 0.10

FIG. 10. (a) Power-law fit of C(¢) at large times for € = 1.
(b) Power-law exponents B; (¢ = 0; data from Fig. 4) and 8, (¢ = 1)
as a function of 1/N. We see that the concurrence decays faster
as € increases (dashed lines). However, our data can capture the
behavior of C(¢) in the presence of dissipation only at small N,
i.e., in the preasymptotic region. We expect the large N behavior
to give a larger exponent B,, as it happens for B; (dashed-dotted
line). We set A = 0.1, n = 10°, and averaged over at least 5000
disorder realizations. The errors are computed by using the statistical
uncertainties of the concurrence values.

phonons, preventing the concurrence from stabilizing around
the plateau value.

Furthermore, Fig. 8 shows that, increasing the dissipation
strength (¢ = 1), the concurrence maximum becomes smaller
and is reached at earlier times. However, the decay from
the maximum follows a power-law behavior as in the uni-
tary case, albeit with a different exponent j,, as reported in
Fig. 10(a). This feature is very important since it shows that
the signatures of localization are visible also in the presence
of dissipation, if the latter is not too large. The reason at its
origin might be linked to the specific (in particular, on-site)
form of the dissipation operators in the GKSL equation [45].
The power-law exponent 8, depends on € and N, as shown in
Fig. 10(b), and remains finite in the thermodynamic limit. Due
to the small sizes accessible when integrating the full GKSL
equation, we expect the extrapolated thermodynamic value of
B, to be underestimated [see Fig. 10(b), and the results on the
unitary case € = 0].
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Se(t)/N

10! 10! 103

FIG. 11. Half-system entanglement entropy Sg(7), as defined in
Sec. IV B, per number of TLSs for various N and €. The plot shows
the results for A = 0.1 and 1 = 10°, averaged over at least 1000
disorder realizations. For € = 1075, we see that the entanglement
spreading takes place in two steps: first, the TLSs become entangled
with other TLSs and Sg(z)/N reaches the plateau found in the case
of unitary dynamics (¢ = 0); then, HSEE grows further due to the
spread of the entanglement among TLSs and phonons. For € = 1,
Se(t)/N is almost independent of N, indicating a volume law.

Notice that the behavior of the concurrence is determined
only by the ratio iY;/J;;. Remember that, in the unitary case,
where the dissipation is absent, changing the typical strength
of J;; through the parameter n only shifts the timescale of
C(t), without modifying the shape of the curve [see Sec. IV C,
Fig. 6(b)]. Hence, in this section, we employ the artificial
parameter € to investigate the behavior of pairwise entangle-
ment in the different regions of the phase diagram (Fig. 2) by
(effectively) changing the ratio iY;/J;;.

Complementary to the concurrence is the half-system en-
tanglement entropy (HSEE), Sg(¢), as defined in Sec. IV B.
Its behavior for various N and € is shown in Fig. 11. As
in the unitary case, HSEE starts to increase roughly when
C(t) reaches its maximum, i.e., when the TLSs start to evolve
coherently. It keeps increasing at larger times when entangle-
ment spreads inside the system. From the data at € = 1079,
it can be seen that the entanglement spreading takes place in
two steps: first, the TLSs become entangled one with another
and Sg(t) reaches the plateau found with unitary dynamics
(e = 0); then, the HSEE increases further due to the dissipa-
tive terms in the Lindbladian (15). Indeed, for € # O the TLSs
entangle also with the thermal bath.

V. CONCLUSIONS

In this study, we investigated the well-known Two-Level
System (TLS) model for glasses at low temperatures. We
studied the quantum dynamics of tunneling TLSs coupled to
phonons. Within the framework of the Gorini—Kossakowski—

Sudarshan—Lindblad (GKSL) master equation, and by means
of a weak coupling approximation, we computed explicitly
the phonon-mediated interactions among TLSs and the dissi-
pation rates.

We found that, as a consequence of disorder, the Hamil-
tonian responsible for the unitary part of the TLS dynamics,
and accounting for TLS-TLS interactions, is completely ex-
pressed in terms of local integrals of motion, and is thus
Many-Body Localized (MBL). Even though it differs from
the effective 1-bit Hamiltonian of standard MBL systems, in
particular because the TLS-TLS interactions decay as a power
law with distance, the TLS relaxation dynamics presents clear
signatures of quantum many-body localization. Indeed, simu-
lating the artificially isolated system with unitary dynamics
governed by the TLS Hamiltonian, we found that the con-
currence decays slowly in time as a power law, rather than
exponentially fast as it would for an ergodic system. We also
observed that the entanglement entropy grows slowly, as in
standard MBL systems.

This picture is broken by the presence of dissipation, in-
duced by real processes of TLSs and phonons, which destroy
MBL and ultimately drive the system to a thermal state.

The competition between TLS-TLS interactions and dissi-
pation determines the presence of two distinct regions in the
dynamical phase diagram of the model: when interactions are
comparable or stronger than dissipation, the system dynamics
presents a transient bona fide MBL region; in the opposite
case, the system quickly thermalizes. Considering the typical
disorder distribution parameters encompassed in the literature,
it seems that real glassy materials sit in the bulk of the tran-
sient MBL region of the phase diagram.

We explored numerically the dynamical phase diagram of
the model, by tuning interaction and dissipation strengths. We
found that, in the MBL region of the phase diagram, even for
dissipation strengths of the same order of magnitude of the
interactions, the dynamics of the entanglement resembles the
one in the absence of dissipation, showing clear signatures of
localization: the concurrence decays as a power law as in the
artificially isolated system.

These findings suggest that the signatures of MBL might be
experimentally accessible in real glassy samples at ultralow
temperatures, for instance, using ultrafast laser probes. The
dynamics we have depicted in this paper should be robust
from material to material and against the uncertainty in the
characterization of the disorder distributions.
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APPENDIX A: EXPLICIT FORM OF INTERACTIONS AND DISSIPATOR

We want to compute explicitly ¥; and J;; defined in Eqgs. (19) and (20), respectively. To do so, we need I defined in Eq. (18),
that we reproduce here

1 © . A A
= i ds e Trg[pg E () E;(t — 5)]. (A1)

Therefore, as a first thing, we need to evolve the operators E; in the interaction picture. Recalling that [Eqs. (8) and (17)]

h
E; =&Yy + Heeo = —i lzva y;DS ethelTiyy + H.c., (A2)

Ei(t) tH,zht/hE ele,;Jlt/ﬁ Z(s keflwktwk + %.lx;(etwkt wT) (A3)

it holds

Thus, it follows

[e¢]
RT = / ds Trg{pg Z(sike—’wwk +h.c)(Ejre ™y, + Hee.)
0

kl

= fo dse™ &k e Trg[ o v W] + & € Teg[pg v v, ]}

Kk
= / dse™ Y (&€ e (fr(hox) + 1) + EiEj € fr(hey)], (A4)
0 k
where we recall fr is the Bose-Einstein distribution function at temperature 7. We perform the time integral using the identity
oo
‘ 1
/ dse® = iPVZ + w8(2). (AS)
0

Plugging in the explicit expression of & from Egs. (8), we arrive at

o = VY5 NS pabpyed L b 1 iq-(ri—))
Fij = Eamd Z/ (27[),% T P qa|:(fT(h(l)qa)+ 1)<ZPV0)——% —i—nS(w—wqa))e j

, 1
+ fT(hwqa)<zPVF

+ 78(0 + Wga )> ei‘l'(r,r,f)i|. (A6)
C()qa

1. The dissipation rates

The dissipation rates ¥; can be computed from Eq. (A6) by taking the real part of I'{? [see Eq. (19)]:

A
Y = <h_v) 2ReT™|, . (A7)
Hence, we need to compute [see Eq. (A6)]
w nyl a C a
Rely = zp Dy Z / Gy o i et [(fr (wge) + D80 — wqo) + fr(hwge)d(@ + wga)].  (A8)

abed

One could in principle consider the longitudinal and transverse polarizations separately, however it is convenient to employ an
isotropic Debye model with sound velocity

1 1 1

F = g Z U_g' (A9)

Within this assumption, it is convenient to compute the angular averages summing over all polarizations as
— Z > / dQ elh et DDy = Tr(D,-z) 7. (A10)

abcd a
and therefore,
. vTe(D})

Rel% = W dqq [(fr (hvg) + 1é(@w — vg) + fr(hvg)d(w + vg)]. (ALD)
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We know from the theory of the GKSL equation [64,65] that dissipation and dephasing rates are obtained by setting
respectively @ = £v;, 0 in Eq. (A11). However, as argued in the main text we are effectively at zero temperature: fr—o = 0,
and we are left with only

y2v3Tr(D?)

R FV‘ .
©litlr=o = 127 phv?

(A12)

Notice in particular that I" 2 = 0 since the phonons have zero density of states at @ = 0. Using Eq. (A7), we finally arrive at

A2y20.Tr(D?
_ LY 3( z) (A13)
127 ph v

that is exactly Eq. (21).

2. The interaction strengths

From the general considerations reported in the main text (see Sec. III B and Fig. 1), we know that interactions take place
mostly in the $*°—§* channel. What we need to compute is the coefficient J;; in front, that comes from the imaginary part of Fioj of
Eq. (A6). With hindsight, we note that the temperature-dependent terms will not contribute; therefore, we just need to compute
the following quantity:

. yly] ab rycd 1 aAb cnd d sc eiq-(r;—rj)
I;; .= —i[T); — (%) DDy PV o T 078 (a8, + ') —. (A14)
I Yo e[ e+ )
The interactions J;; are then given by [see Eq. (20)]
28, 281 ﬁ
= . (A15)
g sz, hv; 2 I

We can proceed as follows: we split the different polarization contributions, then evaluate the angular integrals, and, finally, the
|q| integral. Treating separately the different polarization here is crucial: as will be clear from Eq. (A27), there is a contribution
that vanishes if v, = vr.

Let us define some quantities that will soon appear in the computation:

1
Iabcd(é-) = /dQ ~a ~b Achd ICCOSG (A16)
4
1 .
1°(¢) = yo / dQ gighe’ s’ (A17)
T

Explicitly, they read

3§cos§ +(¢% = 3)sin¢
{5
4r(c% —6)cos¢ + (¢* — 12¢%2 4+ 24)sin¢
é‘S

(% = 12)cos¢ — (5¢2 — 12)sin¢
¢ ’

— cos;—i- sin;“’ () = 2¢ cos¢ + 24; — 2)sm§

IXXVy(g) IXXXX(Q-) — , IXXZZ(Z) —_

[ZZZZ(;)Z , ]XX({)Z
(A18)

Similar ones are obtained exchanging x and y and permuting the indices; all the others are zero. We can parametrize them as

4 2
1 1
1) = =Y s e), 1) == Y P si), (A19)
&% Sy
where
sin [ even
si(§) = {cosi [ odd. (A20)
Let us start considering the longitudinally polarized modes. Since &g = ¢, we find
YiVj ab yed d3 1 ~a ab ac ad iq-(ri—r;)
(M1, = === ) " DD PV Gy T zqqqqq e (A21)

abcd
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Setting the Z axis along (r; — r;), defining the modulus distance |r; — r;| = r;; and { = gr;;, and using the definition of Jebed ip
Eq. (A16) above, we find

ViVi abycd 2 yabed
il =—=——— ) DP"D¥“PV | dqq’l i
Mk = =3z pz 2 PP [ dar=arp
ViV abed ryab rycd / 1-3
= DD | PV | dE & si1(8). (A22)
]
One can check that all the IR divergences cancel out (since Cgbfd =-C bed), while the UV divergences are harmless thanks to

the oscillating functions s;(¢ ). We find

YiVi abcd abcd ab cd YivVj abcd abcd ab Ld
I1;; -G C D; D —_— C + 2C37)D; D A23
e ) o 2 ) e

Now we perform a similar computation for the transversely polarized modes. Using the relation,

D Pl =" 4", (A24)

« trans.

we see that there are terms involving /%’ (coming from §%°) and terms involving 1**? (coming form §¢¢"). It is easy to check
that the result is

YiVij

Uijlr = —0—5=
! Snpth iJ abed

(2cge8™ — ¢! —2¢5") D DY (A25)

Summing the longitudinal and transverse contributions in Egs. (A23) and (A25), we finally obtain

viv;iDij

—_ A26
8 phvzrfj (A26)

ij =

having defined

2 ZCSC bd abcd abed L _ i ab ryed
Djj=v>Y |- + (Cgbed 2050 el | A (A27)

v
abcd T L

where v is the average velocity defined in Eq. (A9). Despite the cumbersome appearance, [D;; are dimensionless random variables
with zero average and standard deviation of order 1. Finally, by means of Eq. (A15):

vieivigj D

. A28
hv; hv; 4npv2ri3j (A28)

ij =
that is Eq. (22) of the main text.

APPENDIX B: TWO-SITE OBSERVABLES WITHIN THE DIAGONAL UNITARY EVOLUTION

In this section, we show how to compute with O(N) steps the two-site density matrix p;;, and therefore any two-site
observable, for the Hamiltonian (23). Call the initial density matrix

N

N
o=@ i =D polsids] (B1)
i=1

i=1 s,

and recall that the Hamiltonian (23) reads explicitly
1 Z 7
HTLS + HLS = —5 E hU,‘Sf + E J,jS;S;

Time evolving the density matrix according to the von Neumann equation and rearranging the sum, one finds

p(t) = Z 1_[ po |s s'le” i(H[s1—H[s Dtk ®2)
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with H[s] = Z hvisi + ), ;Jijsisj, where s; = £1 is the projection of the spin-1/2 on the z axis. Without loss of generality,
we can trace out all the spins but the first two. The matrix elements of the two-site reduced density matrix read

/o 315 52,85 83,8 SNSSN . —i(H[s15253--Sn|—H[S' shs3--sy])t /R
(51521 p12(1)|8)55) = E Po. 1 27/00333' pnve i(H[s15283-sn1—H[s, 5353 -sn Dt/

(s152|Tr3.y p(1)]s)55) = 0.

83 SN

N
— pSIIYIpYZ Y2 7ZAH17[S]t/h l_[[pTT —iAHy;[s]t/h +pl 3 lAle,[S]t/h] (B3)
j=3
having defined
. ’ vy / vy ’ . ’ /
AHip[s] := 2J12(s152 — 5785,) — 7(31 —5)— — (52— 59),  AHypi[s]:=2J1j(s1 — 87) + 2J2j(s2 — 53). (B4)

From the knowledge of p;;, the concurrence follows by using Eq. (27).

Notice that an analog procedure gives the k-site reduced
density matrix with O(k>N) steps. Thus this computation al-
lows to access few-sites observables for large system sizes.

APPENDIX C: CONCURRENCE IN A RANDOM STATE

Let us consider a system of N spin-1/2. A random,
uniformly distributed state is |) = U|vyyg), U being a Haar-
random unitary, and |y) a reference state. Equivalently, a
random state is |{) = Z{s} Aygl{s}), with the coefficients Ay
being uniformly distributed over CPY~!, with M = 2V,

The concurrence of two spins, say sites 1 and 2 wlog.,
follows from the knowledge of the square roots of the eigen-
values of the matrix Ry = pi2(0y ® 0,)p},(0, ® 0y). The
exact determination of such eigenvalues has evaded our an-
alytical attempts, but we can give an heuristic argument that
captures the scaling with N. Consider, instead of the square
roots of the eigenvalues of R),, directly the eigenvalues X, of
p12. Classical works [80,81] give us their probability density
function:

PO, Ao, A3, ha) o 5( ZA ) HAT“‘H(M — )

a=1 a<b

(CI)

with the constraint A, > 0, a = 1, ..., 4. With hindsight, we

perform the change of variables

1

1
—T12,
4yM -4 "
so that

P, o, 13, ha)
4 p M-4

1+—a a 2

H( M_4) E,(M M)
4 1 1
x 8 alexp| —= 2+O(—>

(ZM) p[ 22/@ v

(C3)

We see that, at this order, we can let i, range from —oo to
~+o00 if N is big enough.

(

At this point, we note that not only the eigenvalues of 5,
but every entry of the matrix is at most of order 1 because of
our rescaling. This enables us to expand

1
VR = |: 6Id + m[ﬂz + (Uy ® Uy)fl*z(o'y ® (Ty)]
1\ 71172
+0( —
(3)]
1 1 *
= Zld + 8\/ﬁ[‘flz + (O’y &® (Ty)flz(Uy ® O’y)]

1
ol — ). C4
+o(3;) ()
The matrix —[112 + (0y ® 0y)1]5(0y ® 0y)] is traceless and
very roughly its eigenvalues will have a joint probability den-

sity function very similar to that of tj,. For this reason, we
can approximate the average concurrence with

. 2u —1 1
€1~ [[anp max o, =L 7}

M—4 2 €

where we have used the §-function constraint and called
the largest eigenvalue. Integrating only on w;, and forgetting
the presence of i, i3, (4 (otherwise the integration becomes
rather cumbersome), we find

o~ M+/M=5)/2

Oy ——————————, Co6
(C) NI (Co)

from which
In, (— In(C)) ~ In(a) + bN + - - - (C7)

with a = 1/2 and b = 1. As can be seen from Fig. 12, this
scaling is correct, but the numerical factor a is different.

APPENDIX D: INTEGRATION OF THE GKSL MASTER
EQUATION

The density matrix of the system can be parametrized as

P =D Cupppy S @+ @ SYY,

M- UN

(D)
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e numeric
4 fit
=37
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g
T 2]
<
o
o
1_
0_

FIG. 12. The average concurrence in a random state follows the
scaling (C) ~ ¢=2" . The dots show the concurrence averaged over
107 randomly generated states, and over every couple of spins for
each state. A linear fit is shown for comparison: b = 1.009(6), but
a = 0.127(3), differing from a = 1/2 found analytically [Eq. (C7)].

where S € {1d;, S;", S, S7}. Writing explicitly the GKSL
equation (see Egs. (15) and (23) in the main text), we get

. -
dpt) = _%[ = Z—”sz ZJ 8585, p(t)]
+ anr<hvi)[srp(r>s; +87p)S —4p()]

+ Y VISTpST + {p(). ST} = 2p(1)].  (D2)
In the absence of the interactions (i.e., ignoring the term

>_i; JijS;5%), the evolution can be easily computed, and the
dens1ty matrlx evolves as

81CNI"'MN = |:Z )\’;Li]cﬂl"'l/w + Z4Yt Suizc,ulmo,wu,vv

’ (D3)
where the §# are Kronecker deltas, the A!"’s are given by

A= —4Y(1+2fr), A=Ay, (D4)

and k? = 0. When interactions are suppressed, the TLSs
evolve independently one from the other and any factorized

initial state will remain such at all times. One has

N
p(t) =)D PUWOSE = Cpupoopyy (1)
i=1
=Pl(t)-- P (t) Vi (D3)

The interactions among TLSs make the evolution more
complicated. Computing the commutator
2Qz QUi QM — QzQMi[ gz Qi i1 QMi ¢z
[S7s%, 8185 ] = Sisis3, 8]+ [S7, S1]8) S5
) Z[(3Mi05u§z + Sz gii0 + St gt
Wil
_3ui—8uﬁ—)(5M/+3M}+ _ 3Mj—8M}—)
+ (Su_fo(gu’,z + SHizgwi0 _ st gt

+ ST TSt st — 3ui76u§7)]sl{/«255‘}

(D6)
and defining
PR ) IR V¥ T S ¥ e L ¥ Lo U
(D7)
one arrives at
> [sisz, stist]
i#]
=2 Z]ij Z[{ltiﬂf,(/t///-} + (l o ])]SZIL;S;I’J (D8)

i<j o mu

The full evolution of the density matrix is given by

0Cpryopy = Z,\’."‘CMI...MN + Z4Y- 8" Cy 0y

21 ZJ’J Z(gu,u,,(um,

i<j

Hil] W
R Al S J)CMI'"MQ'--M}"MN‘

D9)

This is a systems of 4V partial differential equations. We
solved it by matrix exponentiation, using the library for linear
algebra with sparse matrices contained in SCIPY (PYTHON).
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