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Abstract: <p>A closed quantum system is ergodic and satisfies equilibrium statistical physics when it completely loseslocal information of itsinitial
condition under time evolution, by 'hiding' the information in non-local properties like entanglement. In the last decade, a flurry of theoretical work
has shown that ergodicity can be broken in an isolated, quantum many-body system even at high energies in the presence of disorder, a phenomena
known as many-body localization (MBL). In this novel phase of matter, highly excited states of an interacting system can serve as quantum memory

and even protect exotic forms of quantum order. Recent claims of experimental observation of MBL in two dimensions using ultra-cold atoms has
further raised a plethora of intriguing questions.</p>

<p>& nbsp;</p>

<p>In one dimension, the strongly localized regime is described in terms of quasi-local integrals of motion, also known as I-bits. Based on this
picture | will describe an efficient tensor network method to efficiently represent the entire spectrum of fully many-body localized systems. This
ansatz is also successful at capturing features of the MBL to thermal transition. For higher dimensions, | will develop a refined phenomenology of
MBL in terms of I*-bits which are only "approximately’ conserved, based on the stability of the localized phase to perturbations on the boundary. |
will conclude with abird's-eye view of some of the open problemsin this rapidly growing field.</p>
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Quantum matter

Bose-Einstein Condensation

Cornell, Ketterle, and Weimann, Nobelprize (2001)

BEC- macroscopic quantum coherence

Quantum condensed matter physics: novel equilibrium states with
EXO'[IC propertles ﬁ Perimeter Institute
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Quantum devices
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Awschalom, Lukin, Walmsley,... Loss, DiVincenzo,....

« Manipulation of quantum states in solid state systems- quantum
information processing. o

Perimeter Institute

- Decoherence due to interactions is a major road-block. m Skype
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Quantum thermalization
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Single-particle localization

Absence of Diffusion in Certain Random Lattices

P. W. ANDERSON
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received October 10, 1957)
Motivated by experiments raised the question,
can generic, isolated quantum systems fail to equilibrate?
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Canonical model of MBL
Pal and Huse, PRB (2010)
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Discovered this novel quantum phase transition in this model
using conceptually new quantities.
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Emergent integrability of MBL in 1D
(L-bit picture) |
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Quantum memory

« Acomplete set quasi-local operators which commute exactly with the
Hamiltonian
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Emergent integrability of MBL in 1D
(L-bit picture) |
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Quantum memory

« Acomplete set quasi-local operators which commute exactly with the
Hamiltonian

Z

T, acts as a two level system with eigenvalues +1
W ) =+-++-—— . ++-)
« Transition between many-body eigenstates using T;

H oo =U HU' =UoU’

diagonal

* U can be approximated as a tensor network—IChandr
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Multi-leg tensor network ansatz

u Z
X, y ATE
is a general f T
unitary tensor U2 | [Ux+12
acting on 1 ij _
spins — Ux 1 Ux41.1 |
RERRRRRRRR:RRRRERRR
1:4 -~ _
z
Oi
« The multi-leg ansatz captures the structure of short range
entanglement efficiently. N
~ o~ z.,..f
t.=Uo; U

Wahl, Pal, and Simon, arxiv1609:01552
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Multi-leg tensor network ansatz

u Z
X,y LT
is a general f T
unitary tensor ~ Uxo | [Uxs10
acting on 1 U —
spins I Ux.1 Ux41.1
JERRRRRRER BRRRRRRA
1:4 -~ _
z
Oi
« The multi-leg ansatz captures the structure of short range
entanglement efficiently. N
~ o~ z.,..f
t.=Uo; U

« Computational resources grow exponentially with | and linearly
with N.

Wahl, Pal, and Simon, arxiv1609:01552
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Multi-layer tensor network ansatz

Ux 4 Uxy1,4

Uy 3 Ux41.3

Uy 2 Ux 11,2

Ux 1 Ux41,1

« Fixing the the number of legs at 2, but increasing the number of
layers (Deep tensor network).
)

« Computational resources grow super-exponentially with the
number of layers for a fixed accuracy. Also, scales linearly in N.

Pollmann et al., PRB (2016)
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Multi-leg vs Multi-layer

Pal ansatz Pollmann ansatz
Number of layers=2 Number of layers=4
Number of legs= 4 Number of legs= 2
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Multi-leg ansatz much more accurate than the multi-layer ansatz.

Wahl, Pal, and Simon, arxiv1609:01552
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Benchmarking with Exact Diagonalisation
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A huge majority of the eigenstates have more than 95% overlap with
the exact eigenstates.

Wahl, Pal, and Simon, arxiv1609:01552
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Benchmarking with Exact Diagonalisation
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A huge majority of the eigenstates have more than 95% overlap with
the exact eigenstates.

Wahl, Pal, and Simon, arxiv1609:01552
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L-bits as quantum memory

* The operators T* and T# define a qubit in an interacting system.

« Not effected by decoherence due to interactions!!

AN

« Effects of noise?
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Experiments in 2D

Neutral atoms (Bloch group, Munich)
Jae-yoon Choi et al., Science (2016)
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MBL in d>1: L*-bit

® L-bits are no longer stable = ||[H, 7.""]|| ~ K exp(—L/()

Chandran, Pal, Laumann, and Scardicchio, PRB (2016)
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MBL in d>1: L*-bit

~ Kexp(—L/()

« L-bits are no longer stable = ||[H, 7;""]

» Gedanken experiment
* Bulk L-bits and boundary thermal.

« Turn on weak coupling.

Chandran, Pal, Laumann, and Scardicchio, PRB (2016)
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Experimental predictions

« Experiments in the Bloch group.

» Local relaxation as a function of position.

Chandran, Pal, Laumann, and Scardicchio, PRB (2016)
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Future Goals
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Long range interactions

* NV centers, trapped ions, and semiconductor§ have long-range
interactions.

 Infinite-ranged models can avoid thermalization but don't have L-bits.
Laumann, Pal, Scardicchio PRL (2014),
Baldwin, Laumann, Pal, Scardicchio PRL (2017)

 Finite temperature MBL in short ranged models.
Mondragon-Shem, Pal, Hughes, Laumann PRB (2015)

Temperature

Non-
thermal, BL
No |-bits |

Range of interaction oo Range of interaction oo Range of interaction 00

Non-thermal,
No I-bits

Non-thermal
No I-bits

W
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Nature of the phase transition

« No theory for the transition.

* Novel multi-scale concepts to capture the richness of many-body
entanglement.

» Measures of quantum inform?tion for the transition.
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Resource for guantum computation

QO ¢ ¢ @GuecermP O

Yaaedey” “aowdh® “asgdoe YanN YenN

Microsoft Station Q, Caltech, Delft, Copenhagen

Topological qubit- Edge modes in ground states of 1D topological
superconductors.

Challenging to realize and manipulate in experiments.

MBL can protect topological order even in highly excited states.
Huse, Nandkishore, Oganesyan, Pal, Sondhi (2013)
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Synerqgies

Quantum Information

;Cold atoms

Trapped ions :[I And
Many-body localization
and

Quantum Optics
Thermalization

Novel numerical Z % Universality

techniques II In
Out-of-equilibrium
systems
Semiconductors
and
NV centers

Prospective collaborations with experimentalists and theorists at
IQC and University of Waterloo
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Summary

« Efficient representation of MBL systems using tensor networks.
« Construction of L-bits.
e L*-bits in d>1 and experiments.

* Open problems in MBL.
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