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New field in quantum many body physics: 
arose over the last 20 years
Can be loosely split into:

1. Bottom-up engineering: using elements 
designed to perform as quantum degrees 
of freedom to build up a quantum many 
body systems. Superconducting qubits, 
cold ions. 

2. Hamiltonian engineering: a gas of cold 
atoms with adjustable interactions, placed 
in external “trap” or optical lattices, with 
random potential.

Advantage over more conventional solid state systems:

1. Hamiltonian is known precisely. Can be used as “quantum simulators”.

2. Precise accounting over degrees of freedom. Can be fully isolated from the environment. 
Can easily be driven out of equilibrium or prepared in an arbitrary state.

3. Detailed probes: measures of momentum distribution, spatial density distribution; harder to 
measure transport
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Hamiltonian engineering: 

1. Bose-Hubbard model
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2. Optical lattice

3. Probing (quasi)momentum distribution
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4. Observing phase transition between synthetic states of matter
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Progress isn’t as fast as initially anticipated.

Very slow progress on creating equilibrium quantum matter. 
Cooling in optical lattice remains a challenge. 

More progress on quenches (sudden changes of the Hamiltonian) and out of equilibrium 
evolution.

Progress comes from just a few key labs. 

At the same time, entanglement as a characteristics of quantum many body states received 
wider recognition.

Synthetic quantum matter provides an access to entanglement inaccessible to other methods.
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• Quantum gases. Bose, Fermi, Bose-Fermi. Spin-0, 1/2, 1, … 
 
Spinor condensates 
BCS-BEC Crossover 
Polarons, impurity in gases  

• Hubbard model.  
 
Bose, Fermi, higher spin, SU(N). Disorder: Anderson and MB localization  

• Long-range interacting transverse field Ising model. 
 
Quantum phase transitions. 
Many body localization  
 
New observables: 
                                 entanglement entropy  
 
 
 
 

tr e�iHt
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AL: Quantum motion in a random potential

All wave functions below 3D and 
sufficiently low energy wave functions at 

3D and above are localized
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Manifests itself in inhibited transport

Was successfully studied in the 70s-90s using 
conventional methods of quantum many body 
theory. 

MBL: Originally had to do with adding 
interactions to the Anderson-localized 
system and asking if transport is still 
inhibited.
In this formulation, turned out to be an 
extremely difficult question because of 
initial lack of technical tools to access 
interesting observables.

Basko, Aleiner and Altshuler (2006) were 
the first to meaningfully address this 
question using suitably resumed 
perturbation theory.

Metal–insulator transition in a weakly
interacting many-electron system with

localized single-particle states

D.M. Basko a,b,*, I.L. Aleiner b, B.L. Altshuler a,b,c

a Department of Physics, Princeton University, Princeton, NJ 08544, USA
b Physics Department, Columbia University, New York, NY 10027, USA

c NEC-Laboratories America, 4 Independence Way, Princeton, NJ 085540, USA

Received 14 August 2005; accepted 30 November 2005
Available online 23 January 2006

Abstract

We consider low-temperature behavior of weakly interacting electrons in disordered conductors
in the regime when all single-particle eigenstates are localized by the quenched disorder. We prove
that in the absence of coupling of the electrons to any external bath dc electrical conductivity exactly
vanishes as long as the temperature T does not exceed some finite value Tc. At the same time, it can
be also proven that at high enough T the conductivity is finite. These two statements imply that the
system undergoes a finite temperature metal-to-insulator transition, which can be viewed as Ander-
son-like localization of many-body wave functions in the Fock space. Metallic and insulating states
are not different from each other by any spatial or discrete symmetries. We formulate the effective
Hamiltonian description of the system at low energies (of the order of the level spacing in the
single-particle localization volume). In the metallic phase quantum Boltzmann equation is valid,
allowing to find the kinetic coefficients. In the insulating phase, T < Tc, we use Feynmann diagram
technique to determine the probability distribution function for quantum-mechanical transition
rates. The probability of an escape rate from a given quantum state to be finite turns out to vanish
in every order of the perturbation theory in electron–electron interaction. Thus, electron–electron
interaction alone is unable to cause the relaxation and establish the thermal equilibrium. As soon
as some weak coupling to a bath is turned on, conductivity becomes finite even in the insulating
phase. Moreover, in the vicinity of the transition temperature it is much larger than phonon-induced
hopping conductivity of non-interacting electrons. The reason for this enhancement is that the

0003-4916/$ - see front matter ! 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.aop.2005.11.014

* Corresponding author.
E-mail address: basko@phys.columbia.edu (D.M. Basko).

Annals of Physics 321 (2006) 1126–1205

www.elsevier.com/locate/aop
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Progress occurred after D. Huse and collaborators recognized that the signature of MBL was 
lack of thermalization.

A
B

⇢A = trB | i h |

⇢A is thermal, S obeys volume law 
ETH (eigenstate thermalization hypothesis):

MBL:

S = �trA [⇢A ln ⇢A]

⇢A is not thermal, S obeys
area law

high energy eigenstate | i

MBL: every eigenstate looks like a ground state for some Hamiltonian
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Occurs in isolated quantum systems.

Hard to see in solid state systems because no solid state system is isolated.

Cold atoms a natural playground to see many body localization.

Manifests itself in the inhibited transport and absence of thermalization.

A
B

⇢A = trB | i h |

⇢A is thermal, S obeys volume law ETH:

MBL:

S = �trA [⇢A ln ⇢A]

⇢A is not thermal, S obeys
area law

Cold atoms also provide unique tools which allow to measure signatures of MBL unavailable in 
solid state. In particular, the ability to see entanglement directly.

high energy density state | i
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Probing Slow Relaxation and Many-Body Localization in Two-Dimensional
Quasiperiodic Systems

Pranjal Bordia,1,2 Henrik Lüschen,1,2 Sebastian Scherg,1,2 Sarang Gopalakrishnan,3

Michael Knap,4 Ulrich Schneider,1,2,5 and Immanuel Bloch1,2
1Fakultät für Physik, Ludwig-Maximilians-Universität München, Schellingstr. 4, 80799 Munich, Germany

2Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Straße 1, 85748 Garching, Germany
3Department of Engineering Science and Physics, CUNY College of Staten Island, Staten Island,

New York 10314, USA
4Department of Physics, Walter Schottky Institute, and Institute for Advanced Study,

Technical University of Munich, 85748 Garching, Germany
5Cavendish Laboratory, Cambridge University, J.J. Thomson Avenue, Cambridge CB3 0HE,
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(Received 25 April 2017; revised manuscript received 5 October 2017; published 28 November 2017)

In a many-body localized (MBL) quantum system, the ergodic hypothesis breaks down, giving rise to a
fundamentally new many-body phase. Whether and under which conditions MBL can occur in higher
dimensions remains an outstanding challenge both for experiments and theory. Here, we experimentally
explore the relaxation dynamics of an interacting gas of fermionic potassium atoms loaded in a two-
dimensional optical lattice with different quasiperiodic potentials along the two directions. We observe a
dramatic slowing down of the relaxation for intermediate disorder strengths. Furthermore, beyond a critical
disorder strength, we see negligible relaxation on experimentally accessible time scales, indicating a
possible transition into a two-dimensional MBL phase. Our experiments reveal a distinct interplay of
interactions, disorder, and dimensionality and provide insights into regimes where controlled theoretical
approaches are scarce.

DOI: 10.1103/PhysRevX.7.041047 Subject Areas: Atomic and Molecular Physics,
Condensed Matter Physics

I. INTRODUCTION

The ergodic hypothesis underlies quantum statistical
mechanics, linking reversible microscopic dynamics to
irreversible macroscopic behavior. In an ergodic system,
local degrees of freedom get rapidly entangled with one
another, and local quantum correlations are rapidly erased
[1–4]. Nonergodic many-body localized (MBL) [5–10]
systems, however, defy this ubiquitous behavior and show
persistent local quantum correlations [11–14]. Furthermore,
MBL systems are believed to be robust to small, local
perturbations and formadistinct, nonergodic phase ofmatter.
The phase transition from the ergodic phase to the MBL
phase appears to be a highly unusual critical phenomenon;
as ergodicity breaks down in the MBL phase, its description
lies beyond the scope of thermodynamics and traditional
statistical physics [8,9].
Because of limitations of the available numerical meth-

ods, most theoretical explorations of MBL concentrate on
one dimension. Whether, and under which conditions,

MBL can occur in higher-dimensional systems remains a
challenging question for both theory and experiment. While
the initial theoretical work in Ref. [5] on MBL does not
depend strongly on dimensionality, it was recently argued
that rare, locally thermal regions [15] in systems with true
random disorder can destabilize the MBL phase in two
dimensions. It is presently unclear if such arguments also
hold for systems with deterministic disorder such as
quasiperiodic potentials. At the same time, initial experi-
ments provided evidence for a MBL phase in higher
dimensions by measuring global transport [16,17].
Moreover, the nature of a possible MBL transition in
higher dimensions might itself be very different compared
to the one-dimensional transition [18–24]; for example, a
subdiffusive phase as a precursor to localization in one
dimension [18,24–28] might not exist in higher dimensions
[29] (but see Ref. [30]). Given the apparent conflict of
available theoretical results [15,29,31,32] and infeasibility of
reliable numerical simulations, experiments stand to play an
important role in elucidating these regimes [10,16,17,33,34].
Ultracold atoms in optical lattices provide a particularly

well-suited platform to explore these phenomena, as they
combine almost ideal isolation from the environment with
individual experimental control of all microscopic param-
eters. In this work, we employ ultracold fermions in a
quasiperiodic optical lattice to experimentally investigate

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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the appearance of a nonergodic many-body phase in two
dimensions by directly tuning the strength of a quasiperi-
odic potential. By quantifying the dynamical relaxation of
an imprinted striped density pattern, we find evidence for
three dynamical regimes: a regime of fast relaxation at
weak disorders consistent with thermalization; a regime of
slow relaxation at intermediate disorders, resembling the
relaxation expected in a Griffiths regime [23]; and, finally,
a strong-disorder regime with negligible relaxation, con-
sistent with the appearance of a MBL phase. The slow
relaxation regime begins only once the single-particle states
are already strongly localized, highlighting that the slow
dynamics is an inherent interaction effect. Compared to one
dimension [27], the slow relaxation regime is observed to
much stronger disorders in two dimensions, revealing an
important role of dimensionality. Furthermore, tracking the
relaxation dynamics appears to be useful in locating the
many-body localization transition, even in the presence of
weak couplings to the environment [27,35].

A. Experiment and model

Our system is composed of a degenerate 40K Fermi gas
prepared in an equal two-component spin mixture of its two
lowest hyperfine states. The spinful fermions hop on a
square lattice, and the two species interact via on-site
interactions that are tunable by a Feshbach resonance. Two
quasiperiodic potentials with different incommensurabili-
ties are created along the x and y directions of the lattice
and form a quasiperiodic two-dimensional disorder poten-
tial; see Fig. 1. Our system is described by the following
Hamiltonian:

Ĥ ¼ −J
X

hi;ji;σ
ðĉ†j;σ ĉi;σ þ H:c:Þ þ U

X

i

n̂i;↑n̂i;↓

þ Δ
X

i;σ

½cosð2πβxmÞ þ cosð2πβynÞ&n̂i;σ: ð1Þ

Here, ĉ†i;σðĉi;σÞ is the creation (annihilation) operator of
a fermion with spin σ ∈ fj↑i; j↓ig on a lattice site
i ¼ ðm; nÞ, characterized by the Cartesian coordinates
ðm; nÞ, and n̂i;σ ¼ ĉ†i;σ ĉi;σ is the particle number operator.
In the first term, the angle brackets h; i restrict the sum over
nearest-neighbor sites. The tunneling matrix element is set
to J ≈ h × 300 Hz (h is Planck’s constant), and U denotes
the on-site interspecies interaction strength. The disorder
potential is characterized by the strength Δ and the
incommensurable wavelength ratios βx ≈ 0.721 and βy ≈
0.693 [36]. In the absence of interactions, this system is
separable along the two directions and admits an Aubry-
André-type metal-insulator transition at a critical disorder
strength of ΔU¼0

c ¼ 2J [37].
To probe the many-body dynamics of this system, we

prepare a far-from-equilibrium initial state where atoms
are selectively loaded only on the even stripes; see Fig. 1(a).

In an ergodic time evolution, this density-wave pattern will
quickly vanish as the dynamics erase the microscopic
details of the initial conditions. In contrast, a persistent
pattern indicates a memory of the initial state and hence
nonergodic behavior. This can be captured by the normal-
ized atom number difference between the even Ne and
odd No stripes, defined as the imbalance I ¼
ðNe − NoÞ=ðNe þ NoÞ, which serves as our dynamical
order parameter. Such an observable has several key
advantages. Whereas mass transport is a slow process even
in clean ergodic systems [38], the imbalance relaxes within
a few hopping times [10,39]. Since all experiments are
limited to finite observation times, such a local measure-
ment allows us to clearly identify any longer relaxation
time scales emerging because of the disorder. Furthermore,
the dynamical time evolution of the imbalance could
capture eventual microscopic Griffiths-type effects, even
in higher dimensions, where mass transport might not be
sensitive to them [23].

B. Identifying slow relaxation

We choose a fixed intermediate interaction strength of
U ¼ 5J and monitor the time evolution of the imbalance

J

e o e eo o

x
y

U

J

(a)

Thermal  MBLRare regions
slow relaxation

Disorder strength,  

(b)
2
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FIG. 1. Schematic of the experiment. (a) The system is
initialized in a striped density-wave pattern of fermionic 40K
atoms in a random mixture of two spin states (red and blue) in a
square lattice with tunneling matrix element J, quasiperiodic
potential of strength Δ, and tunable on-site interactions U
between the different spins. The largest realized 2D system is
composed of approximately 200 × 100 sites with several thou-
sand atoms. (b) For weak disorder strength, the system thermal-
izes quickly (green area), whereas at strong disorder it is likely to
exhibit a many-body localized regime (blue). Close to the
transition (red dot, Δc), a regime of slow relaxation is observed
(red area), potentially caused by locally insulating regions.

PRANJAL BORDIA et al. PHYS. REV. X 7, 041047 (2017)

041047-2

the appearance of a nonergodic many-body phase in two
dimensions by directly tuning the strength of a quasiperi-
odic potential. By quantifying the dynamical relaxation of
an imprinted striped density pattern, we find evidence for
three dynamical regimes: a regime of fast relaxation at
weak disorders consistent with thermalization; a regime of
slow relaxation at intermediate disorders, resembling the
relaxation expected in a Griffiths regime [23]; and, finally,
a strong-disorder regime with negligible relaxation, con-
sistent with the appearance of a MBL phase. The slow
relaxation regime begins only once the single-particle states
are already strongly localized, highlighting that the slow
dynamics is an inherent interaction effect. Compared to one
dimension [27], the slow relaxation regime is observed to
much stronger disorders in two dimensions, revealing an
important role of dimensionality. Furthermore, tracking the
relaxation dynamics appears to be useful in locating the
many-body localization transition, even in the presence of
weak couplings to the environment [27,35].

A. Experiment and model

Our system is composed of a degenerate 40K Fermi gas
prepared in an equal two-component spin mixture of its two
lowest hyperfine states. The spinful fermions hop on a
square lattice, and the two species interact via on-site
interactions that are tunable by a Feshbach resonance. Two
quasiperiodic potentials with different incommensurabili-
ties are created along the x and y directions of the lattice
and form a quasiperiodic two-dimensional disorder poten-
tial; see Fig. 1. Our system is described by the following
Hamiltonian:

Ĥ ¼ −J
X

hi;ji;σ
ðĉ†j;σ ĉi;σ þ H:c:Þ þ U

X
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n̂i;↑n̂i;↓

þ Δ
X

i;σ

½cosð2πβxmÞ þ cosð2πβynÞ&n̂i;σ: ð1Þ

Here, ĉ†i;σðĉi;σÞ is the creation (annihilation) operator of
a fermion with spin σ ∈ fj↑i; j↓ig on a lattice site
i ¼ ðm; nÞ, characterized by the Cartesian coordinates
ðm; nÞ, and n̂i;σ ¼ ĉ†i;σ ĉi;σ is the particle number operator.
In the first term, the angle brackets h; i restrict the sum over
nearest-neighbor sites. The tunneling matrix element is set
to J ≈ h × 300 Hz (h is Planck’s constant), and U denotes
the on-site interspecies interaction strength. The disorder
potential is characterized by the strength Δ and the
incommensurable wavelength ratios βx ≈ 0.721 and βy ≈
0.693 [36]. In the absence of interactions, this system is
separable along the two directions and admits an Aubry-
André-type metal-insulator transition at a critical disorder
strength of ΔU¼0

c ¼ 2J [37].
To probe the many-body dynamics of this system, we

prepare a far-from-equilibrium initial state where atoms
are selectively loaded only on the even stripes; see Fig. 1(a).

In an ergodic time evolution, this density-wave pattern will
quickly vanish as the dynamics erase the microscopic
details of the initial conditions. In contrast, a persistent
pattern indicates a memory of the initial state and hence
nonergodic behavior. This can be captured by the normal-
ized atom number difference between the even Ne and
odd No stripes, defined as the imbalance I ¼
ðNe − NoÞ=ðNe þ NoÞ, which serves as our dynamical
order parameter. Such an observable has several key
advantages. Whereas mass transport is a slow process even
in clean ergodic systems [38], the imbalance relaxes within
a few hopping times [10,39]. Since all experiments are
limited to finite observation times, such a local measure-
ment allows us to clearly identify any longer relaxation
time scales emerging because of the disorder. Furthermore,
the dynamical time evolution of the imbalance could
capture eventual microscopic Griffiths-type effects, even
in higher dimensions, where mass transport might not be
sensitive to them [23].

B. Identifying slow relaxation

We choose a fixed intermediate interaction strength of
U ¼ 5J and monitor the time evolution of the imbalance
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FIG. 1. Schematic of the experiment. (a) The system is
initialized in a striped density-wave pattern of fermionic 40K
atoms in a random mixture of two spin states (red and blue) in a
square lattice with tunneling matrix element J, quasiperiodic
potential of strength Δ, and tunable on-site interactions U
between the different spins. The largest realized 2D system is
composed of approximately 200 × 100 sites with several thou-
sand atoms. (b) For weak disorder strength, the system thermal-
izes quickly (green area), whereas at strong disorder it is likely to
exhibit a many-body localized regime (blue). Close to the
transition (red dot, Δc), a regime of slow relaxation is observed
(red area), potentially caused by locally insulating regions.
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for varying disorder strengths Δ; see Fig. 2. In the initial
state, almost all the atoms occupy even stripes, such that
the imbalance at zero evolution time is close to unity
[see Fig. 2(a)]. For low disorder strength (Δ ¼ 1J), we
observe a quick relaxation, and the imbalance vanishes
within a few tunneling times. However, upon increasing the
disorder, relaxation slows down dramatically (Δ ¼ 4J)
and essentially comes to a full stop for strong disorder
(Δ ¼ 10J).
To quantitatively analyze this slow relaxation, the

time dependence of imbalance is modeled as IðtÞ ¼
~IðtÞ × fðtÞ. Here, ~IðtÞ is the closed-system imbalance
describing the dynamics of a perfectly isolated system, and
fðtÞ represents a weak coupling to the environment. Such
couplings are present in all real systems and will always
thermalize any system at long enough times [40,41]. In our
experiment, this weak coupling is dominated by a small but
nonzero hopping rate between multiple two-dimensional
planes along the z direction, with a rate Jz ≈ J=103 [40].
We model the resulting imbalance relaxation due to this
weak coupling with a stretched exponential fðtÞ ¼ e−ðΓtÞ

β
,

with the decay rate Γ ¼ Γexp ¼ 10−3τ−1 and the stretching
exponent β ¼ 0.6 measured independently in a previous
experiment [40].
The resulting ~IðtÞ is shown in Fig. 3 (a) for short (10τ)

and long (100τ) evolution times and fixed interaction
strength U ¼ 5J as a function of the disorder strength.
We can identify three dynamical regimes. For weak
disorders Δ≲ 2J (1), we observe vanishing values of
short and long time imbalances, signaling the presence
of a rapidly thermalizing system. Upon increasing the
disorder strength, for 2J ≲ Δ≲ 9J, we find a regime

(2) characterized by a nonvanishing imbalance and clearly
visible differences between the short and long time closed-
system imbalances. This indicates that, in this regime, the
system relaxes much slower than the microscopic time
scales. For Δ > 2J, all single-particle states are localized,
but in many regions of the system, interactions with nearby
atoms can still result in local thermal equilibrium. However,
in some rare regions with anomalously low density or large
spin imbalances (see below), this thermalization mecha-
nism could be largely ineffective. Such regions can be
thermalized only by their greater surroundings, which are
thermal, but to which they couple in a significantly weaker
fashion. Thus, the overall thermalization time scale grows.
As the disorder is increased, these surroundings themselves
gradually become more localized and less effective thermal
baths. For strong disorder Δ≳ 9J, we identify regime (3),
where the values of ~IðtÞ at short and long times are both
large and, within the experimental uncertainty, identical.
This is consistent with the system being many-body
localized.

C. Relaxation exponents and noninteracting
inclusions

Identifying a suitable model to analyze the slow relax-
ation in regime (2) is challenging, as the underlying
dynamics in two dimensions at intermediate disorder is
theoretically unknown. In one-dimensional models with
random potentials, anomalously strongly disordered
regions have been argued to give rise to a subdiffusive
phase via Griffiths effects [18,20,21,23]. Because our
system contains quasiperiodic rather than random poten-
tials, it should not contain such anomalously disordered

FIG. 2. Time evolution of an imprinted density-wave pattern in the interacting, two-dimensional Aubry-André model. We measure the
time evolution of the imbalance between atom numbers on even and odd stripes for intermediate interactions U ¼ 5J and varying
disorder strengthΔ. (a) At weak disorder (Δ ¼ 1J), the imbalance vanishes quickly within a couple of tunneling times, signaling ergodic
dynamics. For intermediate disorder (Δ ¼ 4J), we observe a markedly slow relaxation. At even stronger disorders (Δ ¼ 10J), relaxation
is absent up to a weak, previously measured [40] coupling to the environment. (b) The same time evolution is shown on a double
logarithmic plot for additional values of the disorder strength. The solid lines denote fits to the model described in the main text [Eq. (2)].
In both plots, error bars denote the error of the mean from six individual experimental realizations. All times are in units of the tunneling
time, τ ¼ h=ð2πJÞ.
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Probing entanglement in a
many-body–localized system
Alexander Lukin, Matthew Rispoli, Robert Schittko, M. Eric Tai, Adam M. Kaufman*,
Soonwon Choi†, Vedika Khemani, Julian Léonard, Markus Greiner‡

An interacting quantum system that is subject to disorder may cease to thermalize owing
to localization of its constituents, thereby marking the breakdown of thermodynamics.
The key to understanding this phenomenon lies in the system’s entanglement, which
is experimentally challenging to measure.We realize such a many-body–localized system in
a disordered Bose-Hubbard chain and characterize its entanglement properties through
particle fluctuations and correlations. We observe that the particles become localized,
suppressing transport and preventing the thermalization of subsystems. Notably, we
measure the development of nonlocal correlations, whose evolution is consistent with a
logarithmic growth of entanglement entropy, the hallmark of many-body localization.
Our work experimentally establishes many-body localization as a qualitatively distinct
phenomenon from localization in noninteracting, disordered systems.

I
solated quantum many-body systems main-
tain their initial global purity while under-
going unitary time evolution. However, the
presence of interactions drives local ther-
malization: The coupling between any sub-

system and its complement mimics the contact
with a bath. This causes the subsystem’s degrees
of freedom to be ultimately described by a ther-
mal ensemble, even if the full system is in a pure
state (1–3). A consequence of thermalization is
that local information about the initial state of
the subsystem gets scrambled and transferred
into nonlocal correlations that are only acces-
sible through global observables (4–6).
Disordered systems (7–18) can provide an

exception to this paradigm of quantum thermal-
ization. In such systems, particles can localize
and transport ceases, which prevents thermal-
ization. This phenomenon is called many-body
localization (MBL) (6, 7, 19–23). Experimental
studies have identified MBL through the per-
sistence of the initial density distribution (24–29)
and two-point correlation functions during tran-
sient dynamics (25). However, while particle
transport is frozen, the presence of interactions
gives rise to slow coherent many-body dynam-
ics that generate nonlocal correlations, which
are inaccessible to local observables (30–32).
These dynamics are considered to be the
hallmark of MBL and distinguish it from its
noninteracting counterpart, called Anderson
localization (7–11, 14, 15, 18). Their observation,

however, has remained elusive because it requires
exquisite control over the system’s coherence.
We study these many-body dynamics by probing

the entanglement properties of an MBL system
with a fixed particle number (30–34). We dis-
tinguish two types of entanglement that can
exist between a subsystem and its complement
(Fig. 1A): (i) Number entanglement implies that
the particle number in one subsystem is cor-
related with the particle number in the other.
This type of entanglement is generated through

tunneling across the boundary between the sub-
systems. (ii) Configurational entanglement im-
plies that the configuration of the particles in one
subsystem is correlated with the configuration of
the particles in the other. It therefore requires the
presence of at least one particle in each subsys-
tem. Tunneling alone does not generate config-
urational entanglement, as it acts individually
on each particle. Interactions, in contrast, can en-
tangle pairs of particles. As a result, the combi-
nation of tunneling and interactions can lead to
configurational entanglement at long distances.
The formation of particle and configurational

entanglement changes in the presence or absence
of interactions and disorder in the system (Fig. 1B).
In thermal systems without disorder, interact-
ing particles delocalize and rapidly create both
types of entanglement throughout the entire
system. In contrast, for Anderson localization,
number entanglement builds up only locally at
the boundary between the two subsystems.Here,
the lack of interactions prevents the formation of
a substantial amount of configurational entan-
glement. InMBL systems, number entanglement
builds up in a similarly local way as for Anderson
localization. However, notably, the presence of
interactions additionally enables the slow forma-
tion of configurational entanglement through-
out the entire system.
In this work, we realize an MBL system and

characterize its key properties: breakdown of
quantum thermalization, finite localization length
of the particles, area-law scaling of the number
entanglement, and slow growth of the config-
urational entanglement that ultimately results
in a volume-law scaling. The first three properties
are also present for an Anderson localized state;
the slowly growing configurational entanglement
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Fig. 1. Entangle-
ment dynamics in
nonequilibrium
quantum systems.
(A) Subsystems
A and B of an isolated
system out of
equilibrium entangle
in two different
ways: Number entan-
glement stems from
a superposition of
states with different
particle numbers
in the subsystems and
is generated through
particle motion across
the boundary; config-
urational entangle-
ment stems from a superposition of states with different particle arrangement in the subsystems
and requires both particle motion and interactions. (B) In the absence of disorder, both types
of entanglement rapidly spread across the entire system owing to delocalization of particles
(left). The degree of entanglement and the time scales change drastically when applying disorder
(center): Particle localization spatially restricts number entanglement, yet interactions allow
configurational entanglement to form very slowly across the entire system. A disordered system
without interactions shows only local number entanglement, whereas the slow growth of
configurational entanglement is completely absent (right).
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qualitatively distinguishes our system from a
noninteracting, localized state.

Experimental system

In our experiments, we study MBL in the in-
teracting Aubry-André model for bosons in one
dimension (35, 36), which is described by the
Hamiltonian

Ĥ ¼ "J
X

i

ðâi
†âiþ 1 þ h:c:Þ þ

U
2

X

i

n̂iðn̂i " 1Þ þ W
X

i

hin̂i ð1Þ

where âi
† (âi) is the creation (annihilation) op-

erator for a boson on site i, and n̂i ¼ âi
†âi is the

particle number operator on that site. The first
term describes the tunneling between neighbor-
ing lattice sites with the rate J=ℏ, where ℏ is the
reduced Planck constant. The second term repre-
sents the energy shift U when multiple particles
occupy the same site. The last term introduces a
site-resolved potential offset, which is created with
an incommensurate latticehi ¼ cosð2pbi þ fÞ of
period 1=b ≈ 1:618 lattice sites, phase f, and am-
plitude W . In our system, we achieve indepen-
dent control over J, W , and f (Fig. 2A).
Our experiments begin with a Mott-insulating

state in the atomic limit with one 87Rb atom on
each site of a two-dimensional optical lattice
(Fig. 2B). The system is placed in the focus of a

high-resolution imaging system through which
we project site-resolved optical potentials (37).
We first isolate a single, one-dimensional chain
from the Mott insulator and then add the site-
resolved potential offsetsWi with the incommen-
surate lattice. At this point, the system remains
in a product state of one atom per lattice site.
We abruptly switch on the tunneling by re-
ducing the lattice depth within a fraction of
the tunneling time (Fig. 2C). This quench brings
the system to a nonequilibrium state and ini-
tializes the unitary time dynamics correspond-
ing to the above Hamiltonian. The tunneling
time t ¼ ℏ=J ¼ 4:3ð1Þ ms and the interaction
strength U ¼ 2:87ð3ÞJ remain constant in all
our experiments. After a variable evolution time,
we abruptly increase the lattice depth and image
the system in an atom number–sensitive way
with single-site resolution (38). This projects the
many-body state onto the number basis, which
consists of all possible distributions of the par-
ticles within the chain.
In some realizations, particle loss during the

time evolution and imperfect readout reduce
the number of detected atoms compared with
the initial state, thereby injecting classical en-
tropy into the system. We eliminate this entropy
by postselecting the data on the intended atom
number, thereby reaching a fidelity of 99:1ð2Þ%
unity filling in the initial state, which is limited
by the fraction of doublon-hole pairs in the Mott

insulator. The result is a highly pure state, in
which all correlations are expected to stem
from entanglement in the system.

Breakdown of thermalization

We first investigate the breakdown of thermal-
ization in a subsystem that consists of a single
lattice site. The conserved total atom number
enforces a one-to-one correspondence between
the particle number outcome on a single site
and the number in the remainder of the sys-
tem, entangling the two during tunneling dy-
namics. Ignoring information about the remaining
system puts the subsystem into a mixed state of
different number states. The associated number

entropy is given by Sð1Þn ¼ "
X

n
pn logðpnÞ, where

pn is the probability of finding n atoms in the
subsystem (38). Because the atom number is the
only degree of freedom of a single lattice site, Sð1Þn

captures all of the entanglement between the
subsystem and its complement and is equivalent
to the single-site von Neumann entanglement
entropy Sð1ÞvN.
Counting the atom number on an individual

lattice site in different experimental realizations
allows us to obtain the probabilities pn and
compute Sð1ÞvN . We perform such measurements
for various evolution times. At low disorder
depth ½W ¼ 1:0ð1ÞJ ', the entropy grows over a
few tunneling times and then reaches a stationary
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Fig. 2. Site-resolved measurement of thermalization breakdown.
(A) One-dimensional Aubry-André model with particle tunneling rate J=ℏ,
on-site interaction energy U, and quasi-periodic potential with
amplitudeW. (B) We prepare the initial state of eight unentangled atoms by
projecting tailored optical potentials onto a two-dimensional Mott insulator
at 45Er lattice depth, where Er ¼ h ( 1:24 kHz is the recoil energy.
(C) We create a nonequilibrium system by abruptly enabling tunneling
dynamics. After a variable evolution time, we project the many-body state
back onto the number basis by increasing the lattice depth and obtain the
site-resolved atom number from a fluorescence image (38). (D) Single-site

von Neumann entropy Sð1Þ
vN computed from the site-resolved atom number

statistics (inset) after different evolution times (scaled with tunneling time
t ¼ ℏ=J) in the presence of weak and strong disorder. (E) Inset: Probability
p1 of retrieving the initial state; main panel: Sð1Þ

vN as a function of W
and measured after 100t. The deviation from the thermal-ensemble
prediction for strong disorder signals the breakdown of thermalization
in the system. All lines in (C) and (D) show the prediction of exact
diagonalization calculations without any free parameters. Each data
point is sampled from 197 disorder realizations (38). Error bars denote
the SEM.
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QUANTUM SIMULATION

Probing entanglement in a
many-body–localized system
Alexander Lukin, Matthew Rispoli, Robert Schittko, M. Eric Tai, Adam M. Kaufman*,
Soonwon Choi†, Vedika Khemani, Julian Léonard, Markus Greiner‡

An interacting quantum system that is subject to disorder may cease to thermalize owing
to localization of its constituents, thereby marking the breakdown of thermodynamics.
The key to understanding this phenomenon lies in the system’s entanglement, which
is experimentally challenging to measure.We realize such a many-body–localized system in
a disordered Bose-Hubbard chain and characterize its entanglement properties through
particle fluctuations and correlations. We observe that the particles become localized,
suppressing transport and preventing the thermalization of subsystems. Notably, we
measure the development of nonlocal correlations, whose evolution is consistent with a
logarithmic growth of entanglement entropy, the hallmark of many-body localization.
Our work experimentally establishes many-body localization as a qualitatively distinct
phenomenon from localization in noninteracting, disordered systems.

I
solated quantum many-body systems main-
tain their initial global purity while under-
going unitary time evolution. However, the
presence of interactions drives local ther-
malization: The coupling between any sub-

system and its complement mimics the contact
with a bath. This causes the subsystem’s degrees
of freedom to be ultimately described by a ther-
mal ensemble, even if the full system is in a pure
state (1–3). A consequence of thermalization is
that local information about the initial state of
the subsystem gets scrambled and transferred
into nonlocal correlations that are only acces-
sible through global observables (4–6).
Disordered systems (7–18) can provide an

exception to this paradigm of quantum thermal-
ization. In such systems, particles can localize
and transport ceases, which prevents thermal-
ization. This phenomenon is called many-body
localization (MBL) (6, 7, 19–23). Experimental
studies have identified MBL through the per-
sistence of the initial density distribution (24–29)
and two-point correlation functions during tran-
sient dynamics (25). However, while particle
transport is frozen, the presence of interactions
gives rise to slow coherent many-body dynam-
ics that generate nonlocal correlations, which
are inaccessible to local observables (30–32).
These dynamics are considered to be the
hallmark of MBL and distinguish it from its
noninteracting counterpart, called Anderson
localization (7–11, 14, 15, 18). Their observation,

however, has remained elusive because it requires
exquisite control over the system’s coherence.
We study these many-body dynamics by probing

the entanglement properties of an MBL system
with a fixed particle number (30–34). We dis-
tinguish two types of entanglement that can
exist between a subsystem and its complement
(Fig. 1A): (i) Number entanglement implies that
the particle number in one subsystem is cor-
related with the particle number in the other.
This type of entanglement is generated through

tunneling across the boundary between the sub-
systems. (ii) Configurational entanglement im-
plies that the configuration of the particles in one
subsystem is correlated with the configuration of
the particles in the other. It therefore requires the
presence of at least one particle in each subsys-
tem. Tunneling alone does not generate config-
urational entanglement, as it acts individually
on each particle. Interactions, in contrast, can en-
tangle pairs of particles. As a result, the combi-
nation of tunneling and interactions can lead to
configurational entanglement at long distances.
The formation of particle and configurational

entanglement changes in the presence or absence
of interactions and disorder in the system (Fig. 1B).
In thermal systems without disorder, interact-
ing particles delocalize and rapidly create both
types of entanglement throughout the entire
system. In contrast, for Anderson localization,
number entanglement builds up only locally at
the boundary between the two subsystems.Here,
the lack of interactions prevents the formation of
a substantial amount of configurational entan-
glement. InMBL systems, number entanglement
builds up in a similarly local way as for Anderson
localization. However, notably, the presence of
interactions additionally enables the slow forma-
tion of configurational entanglement through-
out the entire system.
In this work, we realize an MBL system and

characterize its key properties: breakdown of
quantum thermalization, finite localization length
of the particles, area-law scaling of the number
entanglement, and slow growth of the config-
urational entanglement that ultimately results
in a volume-law scaling. The first three properties
are also present for an Anderson localized state;
the slowly growing configurational entanglement
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Fig. 1. Entangle-
ment dynamics in
nonequilibrium
quantum systems.
(A) Subsystems
A and B of an isolated
system out of
equilibrium entangle
in two different
ways: Number entan-
glement stems from
a superposition of
states with different
particle numbers
in the subsystems and
is generated through
particle motion across
the boundary; config-
urational entangle-
ment stems from a superposition of states with different particle arrangement in the subsystems
and requires both particle motion and interactions. (B) In the absence of disorder, both types
of entanglement rapidly spread across the entire system owing to delocalization of particles
(left). The degree of entanglement and the time scales change drastically when applying disorder
(center): Particle localization spatially restricts number entanglement, yet interactions allow
configurational entanglement to form very slowly across the entire system. A disordered system
without interactions shows only local number entanglement, whereas the slow growth of
configurational entanglement is completely absent (right).
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qualitatively distinguishes our system from a
noninteracting, localized state.

Experimental system

In our experiments, we study MBL in the in-
teracting Aubry-André model for bosons in one
dimension (35, 36), which is described by the
Hamiltonian

Ĥ ¼ "J
X

i

ðâi
†âiþ 1 þ h:c:Þ þ

U
2

X

i

n̂iðn̂i " 1Þ þ W
X

i

hin̂i ð1Þ

where âi
† (âi) is the creation (annihilation) op-

erator for a boson on site i, and n̂i ¼ âi
†âi is the

particle number operator on that site. The first
term describes the tunneling between neighbor-
ing lattice sites with the rate J=ℏ, where ℏ is the
reduced Planck constant. The second term repre-
sents the energy shift U when multiple particles
occupy the same site. The last term introduces a
site-resolved potential offset, which is created with
an incommensurate latticehi ¼ cosð2pbi þ fÞ of
period 1=b ≈ 1:618 lattice sites, phase f, and am-
plitude W . In our system, we achieve indepen-
dent control over J, W , and f (Fig. 2A).
Our experiments begin with a Mott-insulating

state in the atomic limit with one 87Rb atom on
each site of a two-dimensional optical lattice
(Fig. 2B). The system is placed in the focus of a

high-resolution imaging system through which
we project site-resolved optical potentials (37).
We first isolate a single, one-dimensional chain
from the Mott insulator and then add the site-
resolved potential offsetsWi with the incommen-
surate lattice. At this point, the system remains
in a product state of one atom per lattice site.
We abruptly switch on the tunneling by re-
ducing the lattice depth within a fraction of
the tunneling time (Fig. 2C). This quench brings
the system to a nonequilibrium state and ini-
tializes the unitary time dynamics correspond-
ing to the above Hamiltonian. The tunneling
time t ¼ ℏ=J ¼ 4:3ð1Þ ms and the interaction
strength U ¼ 2:87ð3ÞJ remain constant in all
our experiments. After a variable evolution time,
we abruptly increase the lattice depth and image
the system in an atom number–sensitive way
with single-site resolution (38). This projects the
many-body state onto the number basis, which
consists of all possible distributions of the par-
ticles within the chain.
In some realizations, particle loss during the

time evolution and imperfect readout reduce
the number of detected atoms compared with
the initial state, thereby injecting classical en-
tropy into the system. We eliminate this entropy
by postselecting the data on the intended atom
number, thereby reaching a fidelity of 99:1ð2Þ%
unity filling in the initial state, which is limited
by the fraction of doublon-hole pairs in the Mott

insulator. The result is a highly pure state, in
which all correlations are expected to stem
from entanglement in the system.

Breakdown of thermalization

We first investigate the breakdown of thermal-
ization in a subsystem that consists of a single
lattice site. The conserved total atom number
enforces a one-to-one correspondence between
the particle number outcome on a single site
and the number in the remainder of the sys-
tem, entangling the two during tunneling dy-
namics. Ignoring information about the remaining
system puts the subsystem into a mixed state of
different number states. The associated number

entropy is given by Sð1Þn ¼ "
X

n
pn logðpnÞ, where

pn is the probability of finding n atoms in the
subsystem (38). Because the atom number is the
only degree of freedom of a single lattice site, Sð1Þn

captures all of the entanglement between the
subsystem and its complement and is equivalent
to the single-site von Neumann entanglement
entropy Sð1ÞvN.
Counting the atom number on an individual

lattice site in different experimental realizations
allows us to obtain the probabilities pn and
compute Sð1ÞvN . We perform such measurements
for various evolution times. At low disorder
depth ½W ¼ 1:0ð1ÞJ ', the entropy grows over a
few tunneling times and then reaches a stationary
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Fig. 2. Site-resolved measurement of thermalization breakdown.
(A) One-dimensional Aubry-André model with particle tunneling rate J=ℏ,
on-site interaction energy U, and quasi-periodic potential with
amplitudeW. (B) We prepare the initial state of eight unentangled atoms by
projecting tailored optical potentials onto a two-dimensional Mott insulator
at 45Er lattice depth, where Er ¼ h ( 1:24 kHz is the recoil energy.
(C) We create a nonequilibrium system by abruptly enabling tunneling
dynamics. After a variable evolution time, we project the many-body state
back onto the number basis by increasing the lattice depth and obtain the
site-resolved atom number from a fluorescence image (38). (D) Single-site

von Neumann entropy Sð1Þ
vN computed from the site-resolved atom number

statistics (inset) after different evolution times (scaled with tunneling time
t ¼ ℏ=J) in the presence of weak and strong disorder. (E) Inset: Probability
p1 of retrieving the initial state; main panel: Sð1Þ

vN as a function of W
and measured after 100t. The deviation from the thermal-ensemble
prediction for strong disorder signals the breakdown of thermalization
in the system. All lines in (C) and (D) show the prediction of exact
diagonalization calculations without any free parameters. Each data
point is sampled from 197 disorder realizations (38). Error bars denote
the SEM.
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Single site entanglement: S(1) = �
X

n

pn ln pn

pn probability of seeing n bosons on the leftmost site



MBL as ultra quantum states  11

• Every eigenstate looks like a ground state for some Hamiltonian  
 
 

• Topologically ordered states at finite energy density 
 
 

• A method to prevent heating in driven systems, such as Floquet quantum matter



Role of measurement: Quantum Zeno effect  12

Measurements inhibit quantum evolution

B
Spin rotating in the Zeeman field B.

H = �JB
x
S
x

!with frequency

� ! 1

� � !Suppose we take measurements of the spin’s z-component with the rate 

Probability that spin the still points up at the time of the measurement

cos2 (!/�) ⇡ 1� !2/�2

N = t�
Probability that spin the still points up after time t or

measurements

cos2N (!/�) ⇡ 1�N!2/�2 = 1� t!2/� ! 1

For frequent measurements the spin stops rotating

x
z

Misra, Sudarshan (1977)



Evolution of entanglement in quantum circuits  13

spins

random unitaries

time

A product state evolves into a highly entangled state quickly, saturating in a volume law

S ⇠ VA (volume of the smaller of the two subsystems)



Quantum circuits with projective measurements  14

Quantum Zeno E↵ect and the Many-body Entanglement Transition

Yaodong Li,1 Xiao Chen,2 and Matthew P. A. Fisher1

1Department of Physics, University of California, Santa Barbara, CA 93106, USA
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(Dated: November 2, 2018)

We introduce and explore a one-dimensional “hybrid” quantum circuit model consisting of both
unitary gates and projective measurements. While the unitary gates are drawn from a random
distribution and act uniformly in the circuit, the measurements are made at random positions and
times throughout the system. By varying the measurement rate we can tune between the volume
law entangled phase for the random unitary circuit model (no measurements) and a “quantum Zeno
phase” where strong measurements suppress the entanglement growth to saturate in an area-law.
Extensive numerical simulations of the quantum trajectories of the many-particle wavefunctions
(exploiting Cli↵ord circuitry to access systems up to 512 qubits) provide evidence for a stable “weak
measurement phase” that exhibits volume-law entanglement entropy, with a coe�cient decreasing
with increasing measurement rate. We also present evidence for a novel continuous quantum dy-
namical phase transition between the “weak measurement phase” and the “quantum Zeno phase”,
driven by a competition between the entangling tendencies of unitary evolution and the disentan-
gling tendencies of projective measurements. Detailed steady-state and dynamic critical properties
of this novel quantum entanglement transition are accessed.

I. INTRODUCTION

Entanglement provides a convenient characterization
for both stationary states and unitary dynamics of quan-
tum systems, especially those with no symmetry. For
many-body systems, the entanglement entropy is use-
ful in classifying both ground and excited states [1–7].
Entanglement dynamics under unitary time evolution in
a driven system or after a quench also exhibits univer-
sal behavior. From an unentangled state, the entangle-
ment entropy grows linearly in time, saturating with a
volume-law. For integrable systems the emission of en-
tangled pairs of quasiparticles [8, 9] o↵ers a convenient
picture, but chaotic systems also exhibit similar entan-
glement growth [10, 11], as illustrated in random unitary
circuit models [12–14].

Quantum systems subjected to both (continuous) mea-
surements and unitary dynamics o↵er another class of
quantum dynamical behavior, described in terms of
“quantum trajectories”, and well explored in the context
of few qubit systems [15], quantum spin systems [16],
and trapped ultracold atoms [17, 18] . With strong and
continuous measurements the state vector can become
localized in the Hilbert space, an example of a quantum
Zeno e↵ect [19]. While the related quantum dynamics
has been explored in many-body “open” systems [20],
which focus on the mixed state density matrix and can
be described by Lindblad equations, this formalism does
not o↵er access to quantum entanglement. Very recently
in Ref. [21], the entanglement dynamics of quantum state
trajectories have been explored for (an integrable) model
of non-interacting fermions subjected to continuous mea-
surements of local occupancy, performed at a constant
rate throughout the system. Remarkably, authors of
Ref. [21] conclude that the late time entanglement en-
tropy growth saturates to an area law for arbitrarily weak
measurement. A “weak measurement phase” with vol-

ume law entanglement is not present.

In this work we explore the many-body dynamics of
a “hybrid” one-dimensional quantum circuit model con-
sisting of both (projective) measurements and unitary
gates, depicted in Fig. 1. The dynamics of quantum en-
tanglement can be accessed by following quantum tra-
jectories of the many-body wavefunctions. We primarily
focus on circuits that consist of measurements that are
made at random positions and times throughout the sys-
tem and have unitary gates, chosen from a random dis-
tribution, that act uniformly in the circuit. While being
a discrete-time generalization of the model in Ref. [21],
this model is non-integrable. By varying the measure-
ment rate we can tune between the volume law entan-
gled phase for the random unitary circuit model (no mea-
surements) [13, 14] and a strong measurement “quantum
Zeno regime” where entanglement growth is suppressed,
saturating in an area-law. We analyze the quantum tra-
jectories numerically both for random Haar and random
Cli↵ord unitaries, which are minimal models describing
chaotic non-integrable systems. In the latter case, by re-
stricting measurements to the Pauli group, we can access
the long-time quantum dynamics of very large systems,
up to 512 qubits. Our numerics supports several striking
conclusions.

Firstly, we find that volume law entanglement of the
random unitary model survives “weak” measurements,
but with the coe�cient of the volume law decreasing
with increasing measurement strength - a stable “weak
measurement phase”. The absence of this phase in the
integrable model of Ref. [21] is perhaps due to the e↵ec-
tiveness of (local) measurements in removing long-ranged
entanglement from their highly susceptible EPR pairs. In
contrast, the entanglement in chaotic systems is encoded
in the sign structure of the (essentially) random wave-
function [22], evidently less disturbed by measurement.

Secondly, we present numerical evidence that upon
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increasing the rate of the measurement p, this “weak
measurement phase” with volume-law entanglement, un-
dergoes a continuous dynamical quantum phase transi-
tion into an area-law entangled “quantum Zeno phase”.
While we do not have analytic access to this transition,
our data can be collapsed into a standard finite-size scal-
ing form: the entanglement entropy, SA(p, LA), with sub-
system size LA and p � pc the deviation of the mea-
surement rate from criticality, fits a form SA(p, LA) =

L�
AF

⇣
(p� pc)L

1/⌫
A

⌘
, with scaling function F . Right at

criticality, p = pc, the entanglement grows with system
size as a sub-linear power law, SA(pc, LA) ⇠ L�

A, with
� ⇡ 1/3 - intermediate between volume and area law scal-
ing. Moreover, we investigate the entanglement entropy
dynamics starting from an initial product state with no
entanglement. We find that when p = pc the entangle-
ment grows as a sub-linear power law in time.

The rest of this article is organized as follows. In Sec-
tion II, we define the circuit model. In Section III, we
discuss dynamics of the entanglement entropy and pro-
vide numerical evidence for the entanglement transition.
We conclude with discussions in Section IV.

II. THE CIRCUIT MODEL

We consider a setup with one-dimensional geometry,
where the qubits are arranged on a chain of L sites, with
one qubit on each site. The dynamics of the system is
governed by the quantum circuit with “brick-layer” struc-
ture, see Fig. 1. The circuit is composed of quantum
gates on pairs of neighboring qubits, whose pattern of
arrangement is periodic in the time direction. Each dis-
crete time period of the circuit contains two layers, and
each layer has L/2 gates, acting on all the odd links in the
first layer, and all the even links in the second. Through-
out the paper we will assume open boundary conditions
on the circuit.

In Fig. 1, we take each block to represent a gate opera-
tion. There are two di↵erent types of gates, as labelled by
di↵erent colors. Each gray block represents one unitary
gate (denoted U), and acts on the states as

| i ! U | i , (1)

while each blue block represents a “unitary-projective”
gate, which performs a projective measurement before
the unitary (which we denote UP ), and acts on the state
in the following fashion,

| i ! U
P↵ | i

kP↵ | ik , (2)

where {P↵} is a complete, mutually exclusive set of pro-
jectors, for which P↵P� = �↵�P↵ and

P
↵ P↵ = 1. The

outcome ↵ happens at a probability given by Born’s rule,
p↵ = h |P↵ | i. We need not specify the ordering of the
gates within each layer since they commute with one an-
other. Notice that the unitary transformation U can be

U

UP

t

0

1

2

3

4

5

FIG. 1. The structure of the hybrid circuit model. In this
paper we will focus on 1D circuits with nearest neighbor gates.
Each site has a spin-1/2 degree of freedom, and each block
represents a gate operation on two qubits. See main text for
details.

chosen to be conditioned on the outcome of the measure-
ment ↵, which is approriate for the binding of symmetric
Posner molecules [23], and plays a prominent role in the
quantum brain scenario [24–26]. In that context, a simi-
lar circuit for quantum information processing in the Pos-
ner model appeared in [27], where unitaries conditioned
on the measurement outcomes are utilized in preparing
resource states for universal measurement-based quan-
tum computation.
In Fig. 1, we draw the circuit in such a way that the

occurrences of the unitary-projective gates in space and
time are random. For concreteness, we focus on the sim-
ple situation in which we independently choose each gate
to be a UP gate with probability p and a U gate with
probability 1� p. In the limit p ! 0, no projections are
made in the circuit, and it reduces to a unitary circuit.
In the limit p ! 1, a projective measurement is made
before all of the unitaries.
When simulating these circuit models, we will primar-

ily follow the evolution of a pure state wavefunction, as
in Eq. (1) and (2) - that is, a quantum trajectory. Al-
ternatively, these quantum circuit models can be stud-
ied in terms of quantum channels [28], by keeping track
of the mixed state due to projections, rather than pure
states given by di↵erent instances of the measurement
outcomes individually. Generally, a quantum channel is
a trace-preserving, completely positive map that takes
one density matrix to another. It has the operator-sum
representation,

⇢! E [⇢] =
m�1X

↵=0

M↵⇢M
†
↵, (3)

where {M↵} are Kraus operators which satisfy the con-

unitary evolution

unitary plus projective 
measurement

Novel type of a transition between area law and volume law as a function of the relative 
number of projective measurements. (Large number of measurements = area law = 
“Zeno effect”). Perhaps, with new experimental capability, we will see it observed soon?

(also Skinner,
Ruhman, Nahum)
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• Synthetic matter = an avenue not only to create new types of quantum matter 
but also to probe it in new ways. 

• Provides access to measure entanglement directly. 
 

• Can create matter in new ways, and also allows us to concentrate on those  
aspects of quantum matter potentially accessible to synthetic matter experiment.


