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@ Emergence: due to coopertative effects,

new properties emerge which belong to
the system as a whole and not to its
parts.

It refers to the appearance of
(unexpected) features on a (bigger)
scale that were not present on another
(smaller) scale,

Examples: Superconductivity,
Superradiance, etc...Understanding
Emergence is one of the main
challenges of CMP. Robustness to noise
and Functional role.

Inrterplay of different cooperative effects:

Imaginary Mobility Edge = localization
of Light in cold atomic systems.

Cooperativity and Disorder in Complex Systems

Emergence of Fractal

Crystal Structure
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Localization of Light in Cold Atomic Clouds

Cold Atoms: A < L
Robin Kaiser Lab
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A Challenging Problem:

. Disorder: positional and

diagonal

. Long Ramge Interactions
. Open quantum systems
. Cooperative effects:

Super-subradiance

. Qualifies as a complex

systems!



PART |

ANDERSON LOCALIZATION

AND

ITS SIGNATURES




Two Level System

Excitation Transfer in Two Level Systems
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Anderson Localization as an emergent phenomenon

Linear Chain of N sites with small disorder

\%
—&_f_‘\Q_(rW

H=X E_i|i><i|+ QX |i><i+]|+hc.

400
a1 ]
<= 300
v 200 H =
E 100 — W/Q=0 -
s | | = wie=1] |
OO 1000 2000 3000 4000 5000
t

G.L.Celardo Chiricov Conference



Anderson Localization

Mobility edge

Free e'ectrons d:} all states are localized 4
X (Gl =2 the same o
d=3: mobility edge

Single-band Anderson model (7>2)

increase
€ disorder
_ Anderson
transition all states

are

localized ‘/

DoS

Fermi
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Charactherization of Anderson localization

Localized wave functions

Participation Ratio:

B 1
VTG
EXTENDED:

PR

. 1
(ilv) = = PRN

LOCALIZED:

J. Billy et al., Nature, 2008. 453: 891-4.

~ e~ X—%l/¢
¥~ e i J (i) =1 = PR = const.

¢ @ localization length.
M.L.T.: DIVERGENCE OF PR AT THE MOBILITY EDGE
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Localization in 3D

Eigenstates for weak and strong W
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weak disorder, band center strong disorder, band edge
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PART Il

ANDERSON LOCALIZATION

AND

LONG RANGE INTERACTION




Localization and long range.

@ Levitov, PRL 64, 547 1990: "IT
IS KNOWN THAT IN
SYSTEMS WITH DIMENSION
d WITH r—« INTERACTION,
LOCALIZATION CAN EXIST
ONLYIFa>d. FORa <dA
DIVERGING NUMBER OF
RESONANCES DESTROYS
LOCALIZED STATES".

@ ANDERSON (1958): More distant
sites are not important because the
probability of finding one with the
right energy increases much more
slowly with distance than the
interaction decreases

Number of Resonances:

V)
Noes = Wka x R~ & 00 for a<d
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RANDOM VS NON RANDOM INTERACTIONS

@ Absence of Localization of Vibrational Modes Due to
Dipole-Dipole Interaction, L. S. Levitov, Europhys. Lett. 9, 83
(1989); Phys. Rev. Lett. 64, 547 (1990);

@ Anderson transitions, F. Evers and A. D. Mirlin, Rev. Mod.
Phys. 80, 1355 (2008).

@ Transition from localized to extended eigenstates in the
ensemble of power-law random banded matrices, A. D.
Mirlin, Yan V. Fyodorov, F.-M. Dittes, J. Q., and T. H. Seligman
Phys. Rev. E 54, 3221 (1996).

@ Kastner, New J. Phys. 17 063021 (2015), PRX 3, 031015
(2013). Suppression of information spreading in long range
systems (Lieb-Robinson Bounds).

@ Anderson localization on a simplex, A Ossipov, Journal of
Physics A: Mathematical and Theoretical, Volume 46, (2013)
H =3 EPliy (il — v 3 1i(il

PR and all its moments independent of N.

How do we explain such contradiction?
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Infinite Range interactions

All to All Coupling, no Disorder H=-Y X |i> <]
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Cooperative Shielding

@ Dynamical Evolution can be
determined by an effective short
range Hamiltonian, even in
presence of long range.

@ Givenasystem H=Hy + V, we
can eliminate V from the
dynamics up to a time scale
diverging with the system size.

@ H=Hy+ V, Hy: ANDERSON
MODEL, V: LONG RANGE

Cooperative Shielding
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Cooperative Shielding
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Long Range: H = Hp + 4

V does not affect the evolution
(shielding) up to a time scale that
grows with N (cooperativity).
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References

Sh|e|d|ng in Many Body Systems Sh|e|d|ng in Single excitation

We found effective Short Range Hamiltonian for « = 0 and
signatures of Shielding for « # 0
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Duality Between short and long range

PHYSICAL REVIEW LETTERS 120, 110602 2018)

ed Oy

“Power-law localization emerges
because long-range (1/r*) hops are
not fully shielded, but rather become

effectively short range.”
Wave functions have power law tail
with

Y(a) =72 - «a)

Shielding in 3D and role of Anisotropy

ge hopping on localization in th
lattices

The effect of ani: of 1

wer, B.C., V6T 121, Canada

Long range dipole like interactions.
Localization and Shielding in 3D.
Anisotropy may break localization and
shielding.
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PART Il

SUPER and SUB-RADIANCE

AND

INTERPLAY WITH DISORDER




Super and Sub-Radiance

Dicke, PR 93, 99 (1954).

Atom 1 Atom 2

——
Y

effective interaction mediated by the common environment

One atom:
P(t) c e /"

with v/h = 22| A[2p from FGR:
Two atoms: If | start with one atom

P1)2 — 1/4

Single Excitation Superradiance: The
Super of Superradiance Marlan O.
Scully et al., Science, 325, 1510
(2009). Single Atom:

e—'y[/h
1K) = [0)110)2-.. | 1hk... O}

Cooperative Emission of N entangled
atoms:

|Superradiant) = Z k),
k 1,N

e "/ I'sp = Ny

Subradiant, I'syp =0

G.L.Celardo Chiricov Conference



Interaction with EM and effective Hamiltonian

The effective Non-Hermitian Hamiltonian:

N . N
H=">"eolidtil + > Aglivtil = 5 > Qyliy(l. (1)
i=1

i#i i.j=1

B = % [(-trs) s+ L)) -t

Konm in(Konm Kornm ~ + n +
- (— Co(sk(o;)n;) ) + 3s(kgr:;)z) + 3C(();((,r:,£)3)) (Mn : rnm) (Mm : rnm)} )

_ 3 sin(Kolam) cos(Kkornm) sin(Kolom) \ ~ A
Qmm = ?’Y |:( (kol?nm) + (kor:m)2 o (korzm)3 )'un “Hmt

sin(Konm cos( Ko rnm sin oo A~ ~ ~ A
( (Igofn;)) +3 (kgr:,,r,)z) -3 (kg’;:,:,)S)) (ftn - Tom) (fom - rnm)] )

VECTORIAL AND SCALAR MODEL
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Complex Eigenvalues and Eigenmodes

|€): eigenstate of the non-Hermitian

Dicke Example: Hamiltonian,
(K|}
, , PK)= =——+—"+ 2
H.. — Eo—iv/2 Q—iv/2 (k) Yok (KIE)2 )
eff Q—iv/2 Ey—iy/2
Conditional probability to find the
Complex Eigenvalues: excitation on site k given that the
Ex=Ep —iI/2 excitation is in the system and not in
the photon field.
Triplet: [+) = (1) + |2))/v/2, with P
I, =27, |¢(t)> _ e—iHefft/h|¢o>’

Singlet: | ) = (|1) ~[2))/ V2, with I'. = 0, l4(t)): projection on the single

excitation manifold of the molecular

(1)) = ce € /h| ) + c_e~i€-1/h|—y aggregate full wave function (including
also the photon field degrees of
freedom) at time t.
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Interplay of Superradiance and Disorder: Shielding in

Subradiant states

@ Cooperativity can affect the response of
the system to disorder in a drastic way:
while superradiant states show robust-
ness to disorder, in the subradiant
subspace, long range interaction is
effectively shielded and signature of
localization can emerge

7

metal | insulator

disorder

@ Subradiant hybrid states in the open 3D
Anderson-Dicke model, A. Biella, F.
Borgonovi, R. Kaiser, G.L. Celardo,
EuroPhys. Lett. 103 57009, (2013).
Interplay of superradiance and disorder
in the Anderson Model G.L. Celardo, A.
Biella, L. Kaplan and F. Borgonovi,
Fortschritte der Physik 61, 250 (2013).

notsuperradiant I superradiant
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Robustness and Shielded subradiant states

Open Anderson model: , )
Hybrid subradiant states

Hefr = Ham + Q
100 S — T — T T T =3
o o o0lE Wed — =128
HAM:ZEI"I><I|+“Q E |[><[+1‘ N 10 g = — - closed system 3
< 10%k — N=256
== ULE — N=512
Q=—ir/2> | B
v
2 [~ . —- closed © 10°F !
107 : ! - SR IR H R I
FOAT, N STy. *_sub 60 40 20 0 20 40 60
.. n
A 10'E N i
g 1 N 1 ., .
N : N _1| .................. e, FIgU '€ The averaged probability distribution of all
107 | : | sl 1 ‘:‘ m_ T o H‘Tm‘m‘.‘-‘:‘ eigenstates of the non-Hermitian Hamiltonian that are strongly
| 0 1 2 3 4
10 10 10 W 10 10 10" peaked in the middle of the chain is shown. verage the logarithm

of In all cases we fix 2 = 1,~v = 0.1.

Fortschr. Phys. 61, 250 (2013); EPL 103,
57009 (2013); PRB 90, 075113 (2014);
PRB 90, 085142 (2014); PRB 91, 094301
(2015).
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Common lore: no localization with long
range..connection with CS



PART IV

LIGHT LOCALIZATION

IN
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Localization of Light in Cold Atomic Clouds

Cold Atoms: A <« L
Robin Kaiser Lab

Super and Subradiance: optical
thickness

Fluorescence decay at large detuning
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Comparison with Anderson Model

T. Kottos and A. Mendez-Bermudez

ANDERSON MODEL

1) Sites in an ordered lattice

2) Nearest-Neighbor Interactions

3) Closed Systems

COLD ATOMS

1) Atoms randomlly distributed
ina 3D Volume

2) Long range 1/r interactions
3) Open System

4) Cooperativity:
Sub and Super-radiance
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FIG. 1. Scattering setup. The sample is a cubic lattice of linear
length L. To each of the M =L? sites of the layer n,=1 semi-infinite
single mode leads are attached.




Extended Subradiant States
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nsional (3D) ensemble of

in a random three-di
er level, in a six

ation phase diagram for
with a threefold degene
in a narrow spectral band when the number density of atoms p exceeds a critical

K. where Ky is the wave number of light in the free space. A eritical exponent of the
P s estimated to

We establish a loc

tion taking place upon varying the frequency of light at a constant p
0.07. This classifies the transition as an Anderson localization transition of 3D orthogonal

universality class.




Localized Subradiant States
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Mobility Edge in the Imaginary axis
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FIG. 4: (Color online) Mobility edge in the imaginary axis. Upper
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Discussion

Mean Level Spacing and Decay Width

1005 T
Critical Decay Width . o'k
10_2% /’.’.,1".’ E
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Conclusions and Perspectives

1. Interplay of cooperative effectes can lead to interesting effects:
Mobility edge in the imaginary axis. (see G. L. C., M. Angeli, R.
Kaiser, arXiv:1702.04506.)

2. Criticality and Experimental realization

THANK YOU!!!
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