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1.

2.

Contents of the course

Introduction to localized waves

. Historical perspective
. Diffusion of waves and mean free path
. Localization in a nutshell

Theories of Localization
Random Matrix theory
Ab-initio methods
Supersymmetric theory
Selfconsistent theory of localization

Mesoscopic transport theory
Dyson Green function
Bethe-Salpeter equation
Diffusion approximation
Interference in diffusion

From matter towards classical waves
. Analogies and differences
. Mesoscopic regime for different waves
. Energy velocity of classical waves
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7.

8.

Contents of the course

Enhanced backscattering as a precursor of strong localizain

Reciprocity principle
Observation of enhanced backscattering of lightsouhd
Return probability in infinite and open media

Speckles and correlations in wave transport

Gaussian statistics
Short and long-range correlations

Random laser

Historical perspective
Recent experiments and link with localization

Observation of Anderson localization in high dimensions

3D light localization
2D transverse localization
Quasi 1D localization of microwaves
3D localization of ultrasound
- dynamics in transmission
- transverse confinement
- selfconsistent theory
- speckle distribution
- multifractal wave function



Contents of the course

5.  Anderson localization of noninteracting atoms in 3D
. Self-consistent Born approximation in speckle pts
. Phase diagram from selfconsistent theory
. Energy distribution of atoms



. Introduction to
Anderson Localization



50 years of Anderson localization

Localization [..] very few believed it at the time, and even fewer saw its
Importance, among those who failed was certainly its author.
It has yet to receive adequate mathematical treatment,
and one has to resort to the indignity of numerical simulations
to settle even the simplest questions about it.

P.W. Anderson, Nobel lecture, 1977

..... and now we have (numerical) experiments !




Physics Today, August 2009
50 years of Anderson Localization
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Yes

Anderson 's 1958 paper has « often been quoted but hardly ever read »
and even less understood

Several of his results have become mathematical the  orems

Anderson localization has become an  « unrecognizable monster »

Weak localization is (just) a precursor of strong | ocalization

P.W. Anderson created condensed matter physics

Anderson 's definition is zero diffusion constant
Anderson shows how wave loops induce localization
A local defect in a metal induces Anderson localization
Anderson transition is discontinuous

Maybe

90 % of the publications is either wrong, trivial,
already shown by Anderson, or not relevant

Anderson localization would never have been found « accidentally »
in a computer simulation

After this lecture you will finally understand Anderson localization

)
e 1
B



1958 Anderson « vanishing of diffusion »
1960 Mott/loffe-Regel /< A
2T
1965 Mott Minimum conductivity
Variable range hopping
1972 Thouless Sensitivity to BC: g < 1
(Thouless criterion)
1973 Abou-Chacra/ Anderson model on the Caley
Anderson/Thoules Tree
1977 Anderson/Mott Nobel Prize
1980 « gang of four » Scaling theory of 9 log (g)
open media d log(L)
1980 | GoOtze, Vollhardt, Wdlfle Self-consistent transport theory
1982 Halperin, Pruisken Scaling theory of
Quantum Hall effect
>1982 Sharvin, Lagendik, Weak localization

Maret, Maynard,...

Mesoscopic physics!




1983 Frohlich & Spencer Mathematical proof for 3D
Anderson model
1984 Anderson 25 years localization
« unrecognizable monster »
1986 Anderson « Theory of white paint »
1986 Kramer, Mackinnon, Tight binding model and numerical
Economou, Scaling
Soukoulis, Schreiber
1987 | Papanicolaou, Sheng Prediction of Localization of
Seismic Waves in layered Earth
Crust
1987 Souillard Localization of Gravitational Waves
In Universe?
1988 John Prediction of Localization of light in
Photonic crystals
1990 Dorokhorov, Mello DMPK equation for wire

etal, Beenakker
Altschuler

interactions




1992 Bell-labs 2D localization microwaves
Weaver 2D localization of ultrasound
Genack Q1D localization microwaves
Exxon (Sheng etal) 2D localization of bending waves
Lawandy Observation of laser action in random media
1991 (threshold and line narrowing)
>1995 BEC community Localization of light in BEC cold atomes
gazes or the contrary?
1997 Wiersma, Lagendijk 3D localization naturc
of infrared light
> Cao, Wiersma etal. Sebbah, ... Random lasering from
1998 (pre) localized states
2000 Genack Statistics in localized regime (exp)
Beenakker, ... Idem (theo)
Van Tiggelen/ D(r) in localized regime
Lagendijk/Wiersma
2006 Maret Anomalous dynamic transmission of light
near mobility edge
2007 Fishman/Segev Transverse Light Localization in 2D lattices




2008 Germinet, Klein etal Proof of delocalized states near 2D
(Cergy-Pontoise/ Irvine) Landau levels
2008 Palaiseau group 1D localization of noninteracting cold atoms
Florence group
2008 Lille group/ LKB 3D dynamical localization of cold atoms
2008 Winnipeg/Grenoble 3D localization of ultrasound
50 years of Anderson localization
2008 Cambridge UK

IHP Paris

https://www.andersonlocalization.com




Urbana Champaign 3D localization of fermions

Palaiseau group 3D Localization of cold bosons

4D kicked rotor with cold atoms

Localization of light in BEC

Localization of seismic waves in
the Earth crust of La Réunion

Non-observation of gravitational

Localization of Waves
Review « Les Houches »,
http://lpm2c.grenoble.cnrs.fr/Themes/tiggelen/cv.html




Diffusion = random walk of waves

o p(r.t) - D 02p(r.t) 20V =5 50y & -r)

absgain

o (PED) D = ¢
<I’ (t)>_ <p(r,t)> = 6Dt % v

diffusion constant



Multiple scattering of Waves

Mean free path B

« particle language»: meandistancebetweensuccessivacatterings

cwavelanguage> | (exp ) = O)

distance to randomise phase




Diffusion works even better than expected!

10" —

! o '

T8 | £V,
107 i L =20um
S0 i T, i porous GaP
s | g T I s o A=739nm
8 10°; ‘ |
%ﬂ 1D?’H Lagendijk etal, PRE 2003

10° s Diffusion equation

D=23m?/s




What iIs localization?



Dimension =1

/\/ « sea level »

« Trivial »
Localization V
(most mathematical

proofs)



« Tunnel /percolation
assisted »
localization
(Anderson model)

« Trivial »
Localization

(most mathematical
proofs)

Dimension =1

« sea level »




. Dimension =1
« genuine »

Localization
E > Vmax

(Classical waves,
cold atoms ??)

« Tunnel /percolation
assisted »
localization

(Anderson model) « sea level »

« Trivial »
Localization

(most mathematical
proofs)



Dimension = 3

\
« metal » T
Mobility
edge « sea level »
«insulator» | — I
=1 ..(.:.|;.S.;i.c;;|..F;.e.;(.;.(.)];;i.c.):].;hresho|d




Dlight _~7 T~

£(r)

Co

Classical waves

oaw(r,t)—0%w(r,t) =0
fv(r):[l_g(r)]% E>V

E=" Localization of classical waves
Co IS not trivial

W=y(r)expFiat) = -




« Unrecognizable monster ?»
e

Mott minimum conductivity =

Gw
o)

*Thouless criterion and scaling theory

Quantum Hall effect

MIT and role of interactions

A A
Tight binding model and loops ‘!’

Chaos theory (DMPK equation) ‘
o

Localization near band gaps

l%

®

Full statistics of conductance and transmlssmn @@

Random laser @9

\

eTransverse localization

*Kicked rotor

o @ @



Il. Theory of Localization



lla Random Maitrix Theory

Elegant, and « nonperturbational » restricted to Q1D
‘full counting statistics (Beenakker, RMP 1997)

=
=)
=

" Chaos theory of S-matrix

=

P(5) = constant,
with respect to dS measure that respects symmetry

u 0 ) ( JI—T T ) (u" 0 ) Tnm:TnGnm

0 1 fal T T—T » ] NxN diagonal transmission matrix
dS =dudvdu dv 1_1 1T — I}[ﬁ ]_I + 'rfI} B=1,2,4
I=z] j

2¢? 2e" [N B—2 |
(G) = < ZT> —[?+ Y + O(N~ }] Vﬂt‘ﬂfﬂ[ﬁgﬁ L

Weak localization UCF



lla Random Maitrix Theory

N N
—£ — “fuuu
g |y L
1
I DMPK T = _
P Equation B }'Ln
IEEF'[J&{ Y CYRR T 5y (Dorohhov 1982,

Mello, Pereya, Kumar, 1988)

2 d o op B 5
- | —_— JUNL )= A — A
ﬁNJ“z—ﬁan ﬂhnh”{Hh”” N, J (ihah) :1:1; A

N

_]2e* _2e* N/ _2 L < N&: ‘diffuse’
<G>_<hnZ_;T”>_hL Var Gqu—1_5ﬁ . :

L > N&: ‘localized’

(g) =~ ? (L IREY e lA, ~(In(G/Gg))=1} Var [In(G/Gg)]=2LIyl

i Lognormal distribution
nonOhmic conductance ognormal distrib

E= NI



lla Random Maitrix Theory

N N
(a)

e RN KA = o B H H H UFLJ]:

L

Eigenvalues of Transmission matrix T,

. 1
.I'r'“: 'Ir I _ e 1 : T
v T ] Chaotic cavity

Bi-modal transmission !



lla Random Maitrix Theory

Eigenvalues of Transmission matrix T,

D |: T | B —

Bi-modal transmission !

lor

|

-
L -

Chaotic cavity

Mello Kumar ,1989

I~ 1 L<N¢& diffuse’

Localized regime: necklace states exist with T=1 (Pend  ry, 1992)



llb. Ab Initio (« exact solution of simplified model »)

Anderson Tight Binding Model (80-90), Random Dipoles 2000),
Large systems difficult (N < 5000)

H= 2 ]+ 2 Vi |n)n|

Random Disorder:

Disorder

* Band edge

Kroha, Wolfle, 1992

SC theory
|} ~ - 1 1 el L 1 i 1

LI 14 il
LN

> Energy E



llb. Ab Initio (« exact solution of simplified model »)

Ayl e _
w(r) P O;G(r DY) =g, ()=

G(r) :ieprKr) 0|

M o= 100

= . _—
0.6 | i T — T =
- ™ e il e —— ¥ -
oM | n-:\._\_ — e —, _'_: - -
Ll

1.8 =

Eigenvalues of Im g/ )‘O

I )
o . o8]
K——l +idy [0, +G(ax, /G,) y \
a'g e .8 e oo s
9i 0,8 S —;:_;_;___;.; T
= e —
. “] ] 5 .0 . 5
fu} TN
(4N ] —— i——
0.2 |
o4
1.6 S
Rusek: Orlowski, 1997 -trh| e
1.0
-1 i.0




P(I')

10°

10

llb. Ab Initio (« exact solution of simplified model »)

...............
. *e
. ce
. ®e
.* .

Random electric Dipoles (2000), O o
" o
tel e | 1l X |—."}___-!“.u g, O OO
" " o ./

.
"""""
.
. .
.o e
----------

M(2) =T (2|
=[,exp(2z/{)

dn| |dn dz
dif| |dzdl

P(") =

10°

= constant™ *

leakage I / leakage of 1 dipole

Pinheiro etal PRE 2004



llc. Super symmetric field theory

» works for all dimensions
 nearly equivalent to DMPK in Q1D, also close to transition
e difficult to engineer with....

ﬁ R L . a’". r '

_ j D® D®' S, (11)S; (r2)S2(r2)S3 (1)

X BXp {J / drdf (v)[(E — H)A + % + h;r]if*[['}}

Inverse participation ratio

(P,y = L4 (r)|?9) ~ L~ =0y — L

Multifractality near mobility edge

; | ) '“I‘r | f(x): singularity spectrum
P([?) ~ ..,lL ATy T ey S

f(a) is the fractal dimension of the set of those points r where the
eigenfunction intensity is |@?(r)| ~
Evers and Mirlin, RMP 2008



Il.c Multifractality of wave function
Evers and Mirlin , Rev. Mod. Phys. (2008).

BoXx jbd d I |(r)
counting 4% I(r)
J.Ld

A<<b<<lL

P =2 (1,) =® | Pog1,)0( 7] i,
b

Generalized Inverse Participation Ratio Probability Distribution Function




Multifractality of wave function

X
] o logl
l ][] L[ _ 1 b ‘ f( IogL/bbJ
Box P(Iog lb) - L
y counting L/b
b\"
azloglb /I:Elo ! Zb: i L
log A L
Pp:N<|§>:A‘dNijdlog|b|§Ad'f(g%g”)
| AA (rq:a*q—f(a*)
— Og —f(a)+qa — 1
N, Ida]‘/](a):f(a*)+}/f"(a'*)(a—:r*)2 q=1(@)
2 r,=—-d+dg+A
Method of steepest descend a —— g
N
Extended

Anomalous gIPR

A(Q) = JaL-q) - f(a)=d—4i(a—d— ?|  regime:
14

Lognormal PDF




Multifractality of wave function

Anomalous gIPR Lognormal PDF

A(G) = Ja-q) - f(a):d—}(a—d—y)z
14

Z—q —
hlj“ i T 5 £
‘! "Iqlq—l_blqj—f; + 1)e”

d@-D+ AP = g(1 —q)e +
7 . . iy - 5 5
a0 AL = q(1—g)(e/2)'? - 2a(a - D*B)E

(Wegner, 1987) e=d-2



lld. Selfconsistent theory of localization

» « Approximate solution of an exact model »
» Generalized diffusion equation, « simple »,
» Close to experiments, but mean field theory

(Vollhardt & Wdlfle, 1980)






l1l. mesoscopic transport theory




l1l.a Dyson Green function

G(E,r,r') =(r| ; 1 r’) = G(E,k,k")
E-P —v(r)+i0
2m G(E,k,k')=G(E,~k',~k) reciprocity
1 5 '
(G(E,k,k")) =G(E,k)Jy. = hk;kz
E-<V >- -2(E, k)
2m
Dyson Green function
2
S(E, k) = 5(E) = G(E, k) = m/n”_ =12
Self energy K(E)+ i e strongly scattering
20(E)

Mean free path

A(E,k) — —1|mG(E,k) Spectral function j dE A(E k) =1
7T

P(E) = % A(E, k) Average LDOS



Example 1: 3D white noise

(V)= 0 (v (r)aV (r))=4mu 5(r -r') => B(q)=47U

B(p-p’)
1 PRt
G = -
(P E-p°-% — R Ll K 47
1 1 1 1
S =471 = 471) s cauy =
; E-p°-2 ; (E—pz—z pzj ; p’
= —iUJE-Z -KU 1
= (E) ==U2-KU -Ui,/E - (%U?-UK)

2

Imz=0forE<E, = % U”-UK

1 _ 1 .
E—EB—%UZHU E-E, (k+i/20)?-p? K:U

2 \? 3
k€S1:>ESEB+U2 [:(%]Ui E<EB+(2—rznjU2

k=,E-E,

E>E;:G(E p)=




Example 1: white noise

Spectral function

1 UE
(E p° % )+U2E

Energy distubution of cold atoms

A(E, p) = Broad: E 372

N(E) = Z ®,(P)A(E, p) = A(E 0)
u<<uy2

Fraction of localized atoms

2

U
N, :j dEA(E,O):E arc:tarQ—g = 45%
oC A 77_ 5



Example 2: discrete scatterers in d dimensions

v =-a0)Z 7 o7
<E:£ ° \ :jdr(—&“(r)ngexp{i(k—k')lj]z—dfchd
G

2 e (w) = <(ka' + kak" G(w K" )V +-- ) eXF{i (k —k) ]>

=n|dr T, (@) exdi(k —k') @] = nT, I

r

%: -ImZ, (@) =-nImT, (@)= -nY M| ImG(awk')+

B dk' 2 a)z_ 2
_nﬂj W’ka.‘ J(CS k j

a)4
=nC,(de)V? - ki? =kno
0

d+1

w
=0 = Cd (58)2de ﬁ




Mie sphere cross-section (3D)

Quality Factor (Q)

Log (Stored Energy W)

t0

Elastic
Cross-section

O 1 2 3 4 5
size parameter (x)

— S .
3 —

L | Stored energy in
Z] Co | ) 7 sphere
L fU{U \LJ’JI\ ) y | \ f | A

/ VY e
0 |= |

O 1 7 3 4 5



Example 3: nematic liquid cystal

B(f) = twﬁ-”}ﬂ:ﬂ:?ﬁ"fﬁ’ _ De Gennes, 1968
2+ Alf ~-n)fo- 152

b Z (e,n + ne,)(e,n + ne,).

=12

—Im L{p, oo & ee)

3 T | IS
b | B * - * ]
. 1 " N

: .

8]
—1.0 -0.5 0.0 0.5 1.0
cas (angle)

Mean free path depends on angle with optical axis and on polarization



I1l.b Bethe -Salpeter equation

(G(E, 1,1, )G* (E',r,,r,") = <G(E—7 k-3 k- OI)G*(E+7 K+ k+—)>

Two particle Green function

Momentum conservation P Ekk” (Q, Q)éqq
lu;;,wifﬂ;frm ~
. rﬁuwr / J CD Ekk' (t1 r) Wigner function
gt i (looks like phase space distribution)

W(r,1)°[= D Dy (r,1) SK) J(r,t):zhr:; ®,.(r,t) Sk')

kk'

Proba density Proba current density



I1l.b Bethe -Salpeter equation

O (t,r) obeyes ageneralized transport equation
(Bethe-Salpeter equation)

<GGE>=<GCG><(G*>+<G><CG*>1HUU<GG >

propagation

[—iQ+ik [q+Z(E+%hQ.k + %q) -Z* (E- %1Q,k - %q)|®.,. (Q,9)
= A(E, k) +A(E’k)z Ug-(Q,9) P, (Q,0)

Re: effective medium .
scattering

(mass renormalization)

e r
Im: extinction Source

(initial condition)



I1l.b Bethe -Salpeter equation

Born approximation: continuous media

(3,0)=0 By (@)= [ or (4, - %X, (r + 1) expia®)

Structure factor

Rip-n’
o)
. “,._:p, - ;
. ; :: , s X = zll'k [p} lml fﬂ,p}: J. rﬂ:‘jf,-_l.-klr{p—p H_flf“ll w.p ).
i p G[F!J P
w—Q72
p"_'q"fz S P p’+q/2
I ; J
B(p-p")’ = Yupp(@Q) = B|jk| (P—p’)
p-q/2 ——O0—< p'-g/2

k n+Q72 !



I1l.b Bethe -Salpeter equation

—iQ) ®, (Q,9)+iq) k@, (Q,q)=S(E)

Continuity equation

provided
Z(E+5hQ.k +3,0) —Z* (E-41Q,k - %0) = D Ugy.(Q,0)
e

Ward identity
Probability is conserved

S(E)=> A(E,k)S(E, k)

Golden rule
Emitted power of source is determined by phase space distribution



k+q/2 E+hQ/2+I0 k'+g/2 k+q/2 E+hQ/2+I0 k'+g/2

b - b
K-g/2 k’-q/2 k-g/2 K’-q/2
E+hQ/2-10 E+hQ/2+I0
Real fields All retarded Green functions
bottom line « advanced » Green function - G(E+0) |
G(E-i0) Bottom line is complex conjugate

A\ /\

(k[T(E-iO)k") =(k'[T(E-i0)k) =(k'[T*(E-iQ)k)
= (k' [T(E+i0)k)

Time reversal symmetry



k+q/2 E+hQ/2+I0 k'+g/2

0 = reciprocity
K-g/2 k’-q/2 : :
> Ty (E+10) =T, (E+10)
E+hQ/2+i0
-(k'+q/2) E+hQ/2 -(k+q/2)
1) _ ® Dey (Q2,9) =P, (Q,—Q)
-(k™-g/2) -(k-0/2)
E-hQ/2
Dy (Q,9) =
k+q/2 E+hQ/2 k’+9/2 q)Ek_k,+q k-t (Q,k +k')
2 2
2) = o
) -(k-a/2) -(k-0/2)

E-hQ/2



lll.c Diffusion approximation

Q-.0qg-0 1th reciprocity

) _2n ¢(Ek,q)¢(Ek',q)
cDEkk' (Q,Q) — E —'Q 5
P(E) 1Q+D(E)q

Proba of quantum diffusion

DOS normalization

¢(E k,q) = A(E,k) -1k [ F(E,k)

Equipartition Small non-equilibrium
in phase space current
dQ — | —
Jar Y @, tn)=[ exption®  (@.q=0) \T/
k T Ekk'
o d0 | Zk: A(E,k)A(E,k)_ |
= _[ exp[-1Qt] _ =2mTA(E, k') (t>0)
po(E)° 2 -1Q /
I —( )=1 Source weigted

by spectral function



__2n ¢(Ek,q)¢(EK'.q)
p(E) -iQ+D(E)q*

D (2,0)

¢(E,k,q) = A(E, k) —ik [g F(E,k)

o1
D(E) = KF (E,k
( ) 3m ,O(E); ( ) K;bo Greenwood formula
F E1k — ImZG E’ +...
(k) 1-(cosd) (E, p)
Boltzman_n
k+q/2 E+hQ/2 C+q/2 approximation
X% :
k-g/2 i
’ X
E-hQ/2
1 14 7] .

3 1-(cos®d) 3m

Mahan, many particle physics



Equipartition of diffuse seismic waves In phase space

Event 11
; ~ g | a)Z
IOP,S(w) - 2;_28(:3

P,S

splacement

Di

|
o
=)
R

12; -0.25

— ok

Energy
S/P
D o ®

T T . . . 1234567 89101112 1234867
e : : : : (c) # Event # Event

R s

0 0 40 80 120 160

H® V2
= — M3 [ 1%} L o
K / (P+S)
=
o

S/P
mm.Ls::LnEI;/L_Lng.L :
b

4 T 1234567 8 9101112 1234567 89101112
] H H = %]
: 5 : : ;o # Event # Event
H i "'._l‘?'__r__:_l-_____‘?':"'-'_____:T___
1 ...............'.........I.......'."...-:...!-..'f....'.t..............'.'.'..............'....‘.'.'.\_2 <

g8

K/(P+S)

Hennino etal 2001



11l.d Inclusion of interference

What about 2 "d reciprocity ? cDEk'k (Q’q) = cDEk—k'+q k'—k +q (Q’ k +k )

2 2
P, (Q,q) = k+0/2 E+hQ/2 k'+q/2
EkK ( Q) q X % . g
« ladder » ; -
k-g/2 ‘ ‘ ‘ k'-q/2
¢ =
E-hQ/2
1
. 2
-1Q+D(E)q k+q/2 E+hQ/2 K'+q/2
+ XX :
t d k'q/2 X .......... )'; ........... X k’_qlz
« . » g
most-crosse A
1

—i0 + D(E)(k + k')2 Fully connected diagram: part of U Ekk " (Q, Q)



11l.d Inclusion of interference

Self-consistent theory of localization

1 1 C, 1
— + Z 5
D(w) D; vo(w)!5 D(w)

DOS return quantum probability

1 (how)® G(r.)
T2 md

E

Vollhardt and Wolfle, 1980

D:%vf* > £/



3D unbounded medium

G(r,r')=G(r -r"); G(r, r)=G(0) :jq<1/€d3q Dg°

= | D= Dgll- Cs >
vo(w)/

OK Mott:

2 2
PO )=
Ve Ve ke=1

Electrons E = light

->Localization of electrons at low energies
->Localization of light at frequencies with low DOS
(near band gaps)



The erroneous (?) Mott argument for metalinsulator
transition (1960)

o(E) = ezp{E)D(%z) = 2;;yd eh k3%

d-1

e 1
DOSperunitvolume= y, Ih(F Diffusion constant= HVFZ*
VF

if ke*>1: 0>/ ki? e

|f kg* < 1 g = O insulator

Quantum phase transition Is discontinuous ???

_ 2
2D minimum conductivity ? O = constan%



Slab with periodic BC's

1 1
D()=D= G(r,r)=[_ d D2 T

D(L)zDB(l— 12+€j
(ki) L

OK scaling theory



Quasi-1D wave guide

=
_1 1 _ 1,2 _ v =
G(r,r)—AG(z,z):D(z) DB+£G(Z’Z) ¢ =2Ac,o(a)l = 2N/
drE—DCZ) =- 0°G(r,1")=dr-1) =G, 0)= 1
:>g::1 :i+§ r= | D(z) =D, ex _ZZ
dz D D, ¢ 4
SCT 1:v der:v _[LdziDexp(L/f)
T = T D(2)

Difference ?

DMPK: T OL?*expL/2%)



Quasi-1D wave guide

Level spacing  5¢y= B — C_f Aw

_1lc
KK N L

broadening

Continuous spectrum Quasi -discrete modes
Transport theory Random matrix theory

Courtesy: A.Z. Genack (Queen College, NYC)



source

Diffusion coefficient D(z)/e

o0

o

o

Quasi-1D wave guide

_ ()
0= W)

R T T L
Illllll ,\"‘H - -b-'r:’q-_l'_.‘_‘:—'i-'id.'-._-:;._'____.- N PeTeTaTelurats QOOBSE= T,
Moy Peg, - ~*292n0e00000000000000000305

0.2 (.4 (1.6
Position z/L

1.0

Yamilov, Skipetrov, etal 2010



V. From matter waves to classical waves



Wave equation

Wave

conserved

scattering
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IV.b mesoscopic regime

Mesoscopic regime
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I\VV.c Energy velocity of classical waves
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Diffusion approximation for classical
waves
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Small diffusion constant# localization !
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V. Enhanced Backscattering as a precursor
of localization
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V. a Reciprocity T = Ticik
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Constructive interference of oppositely propagating pa ths at backscattering in equal
polarization channels  -> Factor two enhancement at backscattering



EnhancedBackscatteringas aprecursor
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EnhancedBackscatteringas aprecursor

Dielectriz haif space

Qo(r—r')=[47xD|r—r'|]"!
halfspace — Q(r—r)=Qu(r—r') — Qp(r—r'*)

a(6) 0] d’plL+cosq(p] Qz=r.2=1,p)

2z, N 1 - 1 —exp(—2q,zp)
[ (1+qJ_”2 q.!

w(f) = ——

- 1 +

g--=2k sin 9/2 z0=2/3 ¢~ (Akkermans, Maynard, 1986)



Boundary condition for diffuse propagator

- DO*Q(r) = I(r)
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Coherent Backscattering in natural media

Opposition effect from Saturn’s
rings: CBS? (M. Mishehenko )

Normalized Intensity
- =

—100 (L1}

 —

Phase angle




Enhanced Backscattering of ultrasound
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FIG. 4. Cone width versus time. Slope of the fit: 0.49,



