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@EPG Random Laser: an old idea r

Laser Random Laser
1958: 1967: VS Letokhov - JETP Lett. (theory)
Infrared and Optical Masers, by Idea: Stimulated emission without a resonant cavity
Arthur L. Schawlow, Charles H. Townes,
Physical Review 1994: Lawandy

Laser action in strongly scattering media (experiments)
Realization: multiple scattering medium (i.e., set of
stochastic resonators), a multimode laser with disorder.

2500071 ——T—"T T T

20000

Laser owrput spectrum
15000

10000}
I‘ I 5000
1 ||.
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Pumping mode-locked laser (pulses of high intensity)
in an optically active disordered material (powder/precipitate in light amplifying medium)

@l’pgﬁ Random Laser

1650
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1550
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u

o

o
I
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1450 -

1400 -

1350

500 550 600 650 700 750

wavelength [nm]

E.g., precipitate of TiO, particles (scatterers) in methanol solution
doped by rhodamine (light amplifying)
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@j}gﬁ Random Laser

Pumping mode-locked laser (pulses of high intensity)
in an optically active disordered material (powder/precipitate in light amplifying medium)

e Light Scatterers:
Ra ndom Stochastic Resonators
N
laser

?\/’ )
> 28 Y
Iy |

v
" x ?
umpin ¢
I:ser Eea?n ‘ ‘ “ j
N

D ‘

Mode-Locking:
Short pulses (1 ns)
High intensity, with 10Hz Y

freq. emission - A
CCD acquires for 1 ms nghltw»:aniﬂlln:ymg

.

E.g., precipitate of TiO, particles (scatterers)

in methanol solution doped by
rhodamine (light amplifying)
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@EPG Experiments - Random Laser r

Random laser

Light Scatterers: M. Leonetti, LL, C. Conti, unpublished,
Stochastic Resonators colloidal dispersion of TiO2 particles in
. “\ methanol solution doped by Rhodamine
Pumping y 9000 |
laser beam v 8000 :
R 7000
¢ L
» C
= 4000
=
Mode-Locking: “ ‘ ' 3000
Short pulses (1 ns) |
High intensity, with 10Hz_1¢ l 2000
freq. emission ; A
CCD acquires for 1 ms % ngh:nlzmﬂlln:ymg 1000 ‘ T .
25000 ——r—— "7 T T 0
H.C tal 500 550 600 650 700
.Caoetal. .
20000 {1 PRL 99 A [nm]
?; ZnO powder 200- _
8 15000 - { =538 4
z
2 10000 - h l
O 4
g 100 M
5000} ’ S. Mujumdar ”/,(“"w
etal. PRL'04 0 — v . .
N AT T ST SO (NS SR N (NN N T NSV S AN S et H
S7¢ B0 OBt BSE @92 ‘356 400 Suspensions  of 570 580 590 600

ZnO in Rh6G
Wavelength (nm) el Wavelength (nm)
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@J‘\PCF Experiments - Random Laser r

Random laser
Light Scatterers:
Stochastic Resonators

I M. Leonetti, LL, C. Conti, unpublished

Pumping 9000 |
laser beam 8000 |
7000
,‘ 6000 Y
A POF
2 4000 e : P
=
Mode-Locking: “ ‘ 3000
Short pulses (1 ns) | ‘
High intensity, with 10Hz_| 2000 © s
freq. emission ' . e o
CCD acquires for 1 ms < ngh:nlzmﬁhn:ymg 1000 - » ” e
0
500 550 600 650 700
A [nm]

FAQS
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@E‘Pﬁ Experiments - Random Laser r

Random laser I
Light Scatterers:
Stochastic Resonators . . .
,‘\ M. Leonetti, LL, C. Conti, unpublished
i 9000
Pumping v |
laser beam 8000 '
7000
D o
; 'T 5000
v 3
= 4000
=
Mode-Locking: “ ‘ 3000
Short pulses (1 ns) |
High intensity, with 10Hz | ‘ 2000
freq. emission : e
CCD acquires for 1 ms o ngh:nlzmzlln:ymg 1000 F e T .
' 0 x

500 550 600 650 700
Frequency band of excited modes not including pumping frequency *™™
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@E‘Pﬁ Experiments - Random Laser r

Random laser I
Light Scatterers:
Stochastic Resonators . o .
,‘\ M. Leonetti, LL, C. Conti, in preparation
i 9000
Pumping v |
laser beam 8000 '
7000
.‘ 6000
v A
=< 4000
=
Mode-Locking: “ ‘ 3000
Short pulses (1 ns) |
High intensity, with 10Hz_ 2000
greq. emission ; e ; o
CCD acquires for 1 ms o ngh:nlzmzlln:ymg 1000 L e T .
' 0 b
500 550 600 650 700
A [nm]
Different from multimode standard laser profile
E, Laser output specirum
=

Frequency
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@EPCF Experiments - Random Laser r

Random laser
Light Sca_tterers:
| Stochastic Resonators M. Leonetti, LL, C. Conti, unpublished
Pumping o o B 9000 ‘
laser beam » 8000
" o
¢ D e Y
S 5000 L
d iy : ;.‘
Mode-Locking: U ‘ ' 3000
Sr?o: plc:lcselg% ns) | A .
High intensity, with 10Hz | ’ 2000 :
grgg.aecr::fif;nfoﬂ ms ' < Ligh:nlzaniﬂlin:ying 1000 ,- BT
- oL e 370(10) x 106 wJ/ (um)?
500 550 600 650 700
A [nm]
300
250 : J‘i H |
i . . . . . r ol bRl ARy ¢
Profile typical for high pumping intensity, qualitatively 2| _I3M,.(:,ﬁ;g;?;[:_.mﬁ-é,g;eg\;g.,g.&W;?;;-‘.s,,,
. . . . « . - i -[(,\;".- | sl ;;4!}-_.'1 £ : =s;¥.‘ AR
different from low pumping intensity: “transition” from i w Qﬁ%ﬂ-‘»f’:ﬁ i |
continuous wave emission to random lasing regime. © 68(1) x 106 uJ/ (um)?
This also happens decreasing temperature,
D Wiersma and S Cavalieri Nature 2001 %
0 500 550 600 650 700
A fnml
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gjtpﬁ Experiments - Random Laser

Random laser

Pumping
laser beam

i

Mode-Locking:
Short pulses (1 ns) |
High intensity, with 10HzJ

greq. emission '

CCD acquires for 1 ms

5

™

-

N

Light Scatterers:
Stochastic Resonators
a > 3
O 2
| =
<
N
» 3
. <
; Ll
(14
v o
wl
(]
; 3 [
] (@) -
’ 0N =
rest a &£
Light Amplifying T w
Medium HHE s
] <
/2]

Equilibrium spectra from the same
piece of sample (same spot) of

random laser: different ensembles of
modes activated on each

experimental measurement.

I(#) [a.u.]

500 550 600 650 700
A fnml

500 550 600 650 700
A [nm]

500 550 600 650 700
A [nm]

M. Leonetti, LL, C. Conti, unpublished
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ﬁipﬁ Experiments - Random Laser r

Random laser

Light Scatterers:
. . Stochastic Resonators
Pumping > 1
laser beam

N

Ll

f
-

_ 9
Mode-Locking:
Short pulses (1 ns) Light Amplifying 2000 ) ! Random Laser Ti:O
High intensity, with 10Hz Medium i roCamEe 59
greq. emission 8000 : | in mathanol
CCD acquires for 1 ms Pumping Laser Nd:YAG
7000
8000 F peak RL: A - 800 nm
Equilibrium spectra from the same = 5000 pumping: A - 532 nm
iece of sample (same spot) of =
P ple ( pot) = 4000 pin: 8k~ 0.03 nm
random laser: different ensembles of
modes activated on each 3000 | of pumping beam
. A 2.
experimental measurement. 2000 ~ 0.0004 [u/um®]
Explanation: 3 Y | of AL absorbed by CCD:
Chaos? 1000 3
. i . 611(8) x 10” (countings)
Experimental uncertainty? 0 . .
560 580 600 820 640

A [nm]

ZDIPAR,
N OitARy,
Ty

2.

M. Leonetti, LL, C. Conti, unpublished
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E@‘PCF Experiments - Random Laser

Random laser

Pumping
laser beam /|

Mode-Locking:

In;

<

Short pulses (1 ns) ~
High intensity, with 10Hz ©~
greq. emission

CCD acquires for 1 ms

2000
8000

7000

6000

5000

(&) [a.u.]

4000
3000

2000 1/

1000 +

560 580 €00 820 640
A [nml

- Light Scatterers:
Stochastic Resonators

»
Zz :
O &
=
» :
9 0
<
-~ E
9 o
: o w
Light Amplifying (=)
Medium 14
o -
Qi
Q =
L
2
Random Laser Ti:O
':::";;"';r?waqer i h
Pumping Laser Nd:YAG
Explanation (proposal):
peak RL:1 ~ 600 nm Mode competition phenomena
pumping: 4 ~-532nm  (frequency locking at each measure)
oin: k- 0.03nm Conjecture: :
=

Complex free energy landscape

| of pumping beam
~0.0004 [wlium?]

| of AL absorbed by CCOD:
611(8) x 10° (countings)

§
500 550 600 650 700
A fnml
"br‘
500 550 600 650 700
A [nm]
500 550 600 650 700

A [nm]

M. Leonetti, LL, C. Conti, unpublished
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@fpm Experiments - Random Laser B

Random laser

- Light Scatterers: |
Stochastic Resonators 8000 i

Pumping >\ 000

laser beam | | - |
{0,
v

I(#) [a.u.]
g

500 550 600 650 700
i fnml

2

Mode-Locking: 3 e
Short pulses (1 ns) 3 Light Amplifying
High intensity, with 10Hz Medium g
greq. emission

CCD acquires for 1 ms

() [a.w]
g

SAME DISORDER REALIZATION

550 600 650 700

-
§ .
g

A [nm]
8000
“N :
3000

configurational space (1D projection) 2000 _,,//

Free energy

I(#) [a.u.]
g

Complex free energy landscape 500 550 600 6% 700

A [nm]

M. Leonetti, LL, C. Conti, unpublished
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ﬁj&PG Experiments - Random Laser

Random laser

Light Scatterers:
. n Stochastic Resonators
Pumping -
laser beam | .

1 X0

Mode-Locking: e
Short pulses (1 ns) Light Amplifying !
High intensity, with 10Hz ’ Medium i

greg. emission
CCD acquires for 1 ms

This is not general for all random lasers
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ﬁi}\PCF Experiments - Random Laser B

Random laser

- Light Scatterers:
. Stochastic Resonators
Pumping >
laser beam [® -

0

v
Mode-Locking: 'Jl SEM MAG: 50.03kx  DET:SE I bl a ] Vega © Tescan
Short pulses (1 ns) - Light Amplifying HEGOSSEY BT G2 A e
High intensity, with 10Hz Medium
greq. emission
CCD acquires for 1 ms Porous Ga P

This is not general for all random lasers

There are also random lasing materials [porous semiconducting
matrix infiltrated with and embedded in laser dye]

where reproducibility of spikes is claimed.
El-Dardiry et al. Phys. Rev. A 2010

normalized spectral radiance

600 610 620

wavelength (nm)
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ﬁi}\PCF Experiments - Random Laser B

Random laser

- Light Scatterers:
P m .n Stochastic Resonators
u I
ping | . A
laser beamr Y
¢ 1 % »
i -J‘ ’ e ’
Mode-Locking: > g SEM MAG: 5003k DET:SE I [P
Short pulses (1 ns) - Light Amplifying HV: 3004V DATE: 020505 Ium T
High intensity, with 10Hz Medium i
greq. emission
CCD acquires for 1 ms Porous Ga P

This is not general for all random lasers 10}

0.8F
There are also random lasing materials [porous semiconducting 0.6}
matrix infiltrated with and embedded in laser dye]

where reproducibility of spikes is claimed.
El-Dardiry et al. Phys. Rev. A 2010

0.4

normalized spectral radiance

600 610 620

cavity-less laser? wavelength (nm)
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@ m Modeling random laser modes in space: r
the electromagnetic field of each localized light mode of

frequency w is non-zero in a given region of spacer.
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Epﬁ Modeling random laser modes in space: r
\ the electromagnetic field of each localized light mode of

frequency w is non-zero in a given region of spacer.

SAPIENZA

) ¥ af s Statistical Phyfics Approaches
} J:-ﬂm?&‘ Networks Across Disciplines UNIVERSITA DI ROMA
- i | it ]

Tuesday, February 12,2013



@ m Modeling random laser modes in space: r
the electromagnetic field of each localized light mode of
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@ m Modeling random laser modes in space: r
the electromagnetic field of each localized light mode of

frequency w is non-zero in a given region of spacer.

NETADIS

Statistical Physics Approaches
0
Networks Across Disciplines

SAPIENZA

UNIVERSITA DI ROMA




@ipm Theory - Coupled Light Modes «r '

Electromagnetic Cavity of refractive index profile n(r)
non linear polarization Pw.(r)

displacement vector  D(r) = €on’ (r)E(r) + Pnr(r)
Maxwell equations in presence of nonlinear polarization in an electromagnetic cavity
oD ., . OE O0PpNL
VXH:—:eonz(r)——i— -
ot ot ot , | .
K Sakoda, Optical Properties of Photonic Crystals, 2001

HA Haus, Waves and Fields in Optoelectonics, 1984
VXE=-— Lo BtH L Angelani et al. PRB 06

Solution to the equations is a superposition of modes:
E =Re [}, an(t)E,(r) exp(—iwnt)]

H =Re ) a,(t)H,(r)exp(—iw,t)]

Complex amplitudes such that total E = Z E, = Z lar|?
energy stored in the EM cavity (closed): . .

: o AN - NETADIS
S 4 IR NSt N By
: , : ‘ L o Y = i [ . Statistical Physics Approaches SAPI LNZ/\
p 'ﬁ,é%%%%&g ——— ﬁji&”%ﬁq L Networks Acrt(?ss Disciplines UNIVERSITA DI ROMA
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i;Pm Theory - Coupled Light Modes «r '

ectromagnetic Cavity of refractive index profile n(r)
non linear polarization Px. and displacement vector D(r) = ¢yn?(r)E(r) + Py (r)

oD OE OPng V X E — —u,8,H

VxH=-"_ =¢n? (r)(?t + 5
E=) &= |al
k k

ot
E=Re [, an(t)En(r) exp(—iwnt)]

H =Re [}, a,(t)H,(r)exp(—iwy,t)]

If Pno=0, amplitudes are constant the whole time dependence is in the oscillation and
E., H. are the eigenvalues of the system

0 0 k Ej”
LFO — o MFO FH =1
H,,
0 iV X eon’(r) 0
—1V X 0 0 o
° TOUININ . o NETADIS ‘ ,
vinilE. AN,
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i;Pﬁ Theory - Coupled Light Modes «r '

ectromagnetic Cavity of refractive index profile n(r)
non linear polarization Px. and displacement vector D(r) = eyn?(r)E(r) + Py (r)

oD OE OPnr
_ _ V XE = —uy0,H
VX H = 5 = €on’ (r) 5 — pm X Lo Oy

E=Re [, an(t)En(r) exp(—iwnt)]

£ = ;gk — zk:]ak|2

H =Re [}, a,(t)H,(r)exp(—iwy,t)]
If Pnc is not zero, amplitudes depend on time and solution has the general form above

To obtain the time evolution of the amplitudes we expand around weak polarization, i.e.,
slowly varying amplitudes: multiscale approach

a(t) — a(tl,tg, e o ,tn)
tn, =n"t tg =t
Oy = Eatk — ;Ukatk ~ O, + 10, +

: — NETADIS

| Seeven | .

) ! & = = [ Statistical Physics Approaches SAP I L NZ/\
e ! ] ﬁ\ ji&’%iﬁlq E— Networks Across Discipli

ss Disciplines UNIVERSITA DI ROMA
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@EPG Theory - Coupled Light Modes «r '

If Pncis not zero, amplitudes depend on time and solution has the general form above
To obtain the time evolution of the amplitudes we expand around weak polarization, i.e.,
slowly varying amplitudes: multiscale approach

E~Re{) EY + nEg) + } exp(—wwnt)}
H~Re {3 [H? +yHY + ] exp(—twnt))

& = 2%
n =1
: o AN - NETADIS
IR . K A -
S % ¥ 3 T I [ - Statistical Phyf(i)cs Approaches SAPI LNZ/\
ST ji'@ﬁ%'q —_— Networks Across Disciplines UNIVERSITA DI ROMA

Tuesday, February 12, 2013



@ipm Theory - Coupled Light Modes «r '

If Pncis not zero, amplitudes depend on time and solution has the general form above
To obtain the time evolution of the amplitudes we expand around weak polarization, i.e.,
slowly varying amplitudes: multiscale approach

E~Re{) EY + nEg) + } exp(—wwnt)}
H~Re {3 [H? +yHY + ] exp(—twnt))

Py = Re [ Po(ty, ta, ...) exp(—iwnt)] bn = 1"
~ Re [Zn (Pq(lo) + P+ ) exp(—@wnt)}
J=0Pnr =Re > Jn(t1,t2,...)exp(—uwwnl)]
~ Re {Zn (J%O) + 77.]7(11) + ) exp(—zwnt)}
J%O) — —iwnP,,(,LO)
. — TRl SAPIENZA

,WE'YQ-O‘
Tuesday February 12,2013



m Theory - Coupled Light

If PNL is not zero, amplitudes depend on time and solution
To obtain the time evolution of the amplitudes we expand aro

J P slowly varying amplitudes: multi-scale ap

E~Re{}, E(O) jjﬁﬁ\s‘r exp(—wwnt)}
H ~ Re {Zz If)(t - e@m@wn o
Py ~Re 3’ 7 (1 e}iép( wn 2) aD
NReXZ (P()+77P J>) )GX(\Q,/ VxH=—=
J%O) = —zwnP%O) M)/ 8t
S VXE= —[.l,()atH

& = %
n —1]
gy m— NETADIS
d“o b,
o‘ g e Statistical Phyfics Approaches SAP] ENZA
‘%’Q o — Networks Across Disciplines INIVERSITA DI ROMA
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= Theory - Coupled Light

If PNL is not zero, amplitudes depend on time and solution
To obtain the time evolution of the amplitudes we expand aro

J P slowly varying amplitudes: multi-scale ap
E~Re{}, E(O) jjﬁﬁ\s‘r exp(—wwnt)}
H~Re (3, HIf)(t ; (”fog(ie@wwn .
Py = Rel Ron 3 : 1) exp( an Z) oD
"\’JRGX (P( ) 4P J>) ..]%(\%/ vxH=2
J 7(10) = zwnP,ElO) M()/ at
S VXE= —,U,OatH
0 1V X - —
L= ( —1V X 0 )
eon?(r) 0 1 1
e LFN —w,MFD =B,
k
Fi) = ( E%k)) ) da
Ha 1500 (1) dt? E 4430
B, =
7’1““0 dtl n
. = 2"
—m NETADIS SAPIENZA
&) — Networtks AciSss Disciplines UNIVERSITA DI ROMA
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‘ EPG Theory - Coupled Light Modes ‘r '

If PNL is not zero, amplitudes depend on time and solution has the general form above
To obtain the time evolution of the amplitudes we expand around weak polarization, i.e.,
slowly varying amplitudes: multi-scale approach

LFY —w, MFV =B,

_ 0 VX [ en?(r) O w [ EY
£_<—z'V>< 0 ) M_( 0 ,uo) T = H®

dCLn ?(10)

Fredholm theorem: orthogonality with the kernel (0) solution:

T : (]-“n,Bn):/]-“;;-BndV:O
V

JO = i, PO

: da,,(t W
yields —;‘t( ) _ = ; E!(r) - P,(r) dV
o S0V = .-,'f‘;"'j;'}’ — Networks Across Disciplines NIVERSITA DI ROMA
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Epﬁ Dynamics of Coupled Light Modes «r '

Master equation damn(t) — W¥m / E* (r) - P,,(r)d°r
dt 4 Jy

=142 PNL(r)zRe

m=1,...,

Z X (@i, wim; T) B (v) /w1 @i

+ D X (Wms s wr, —wjs ) Ef (v) B} (r) B (v) /wjwiir aaray

w_, —Wi —-w{""’wm/

Optical response

Z Vwm am(t)Pm (r)e_iwrrlt]
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@tpﬁ Dynamlcs of Coupled Light Modes «r '

Master equation Z'wm/ E* (r) - P,,(r)d°r

dt

=142 PNL(r)zRe

Z X (@i, wim; T) B (v) /w1 @i

+ D X (Wms s wr, —wjs ) Ef (v) B} (r) B (v) /wjwiir aaray

w_, —Wi —-w{""’wm/

Optical response

dam(t
dt( ) Z%maz + Z gikima;arar + L (t)

l [7kl]

Z Vwm am(t)Pm (r)e_iwrrlt]

Langevin equation

(L5 (O)Tk(t)) = 2kpT 6;x0(t —t')

Spontaneous emission
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@‘PCF Dynamlcs of Coupled Light Modes «r '

Master equation T Z'wm/ E* (r) - P,,(r)d°r

m Z”f’y’ N PyL(r) = Re

m ZXQJ(W Win s I‘)E (I‘)\/_ aj
+ ) X s (W3 Wk @I, —wj; r)ES (r)E} (r)E} (r)/w;wiw] ajara

QJ)*wA ..u{""‘.pm/

Optical response

Z Vwm am(t)Pm (r)e_i“’mt]

Langevin equation

dam/(t) )
T =D Aim@+ Y gikima;akar + D (t)
! [7kl]
Wy — Wi S5 R (T;(t)Tk(t)) = 2kpT 6;16(t —t)
Mode-locking condition Spontaneous emission

Wj — Wi — Wy + Wy, < 0, spectral line width
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@‘PCF Dynamlcs of Coupled Light Modes «r '

Master equation dt wam‘/ E* (r) - P,,(r)d°r

(0] i"faya ZN P]\fL(r) _ Re

P zxad(w W r)E (r)\/wi a;

+ Z XczS'}é(wrna“)ka“)ls —Wj I‘E(I‘)E?(r)\/ijkwl a;akal

Wy Wi —w{"“wm/
: Langevin equation
Optical response 9 .

dam
dt( Z’Ylma'l + Z g]klma' akal +T ( )

; [ik] e
Multimode mode-locking laser (L5t )Fk( ) = 2kpT d;xd(t —t')

- Once cavity is known, fields localization is known.
- Optical susceptibility can be computed in gas lasers

(classical em field approx.) with two and three levels (and N '
- To derive the optical susceptibility in solid state lasers is

more complicated: em field must be quantizied. No known = ROMETMER > L
(by myself!) results for multimode lasing.

Z Vwm @m (t)Pm(r)e_iwmt]
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@‘PCF Dynamlcs of Coupled Light Modes «r '

Master equation dt wam‘/ E* (r) - P,,(r)d°r

(0] i-’faya ZN P]VL(r) — Re

m ZXQJ(W Wiy I')E (r)‘\/_l a
+ Z Xa3’}5(w"“u)k’“)l‘ —@js T)Ed(r)E (r)E} (r)ywjwrwy alara

w}"“"w;\ ..o[""'.pm/

Optical response

Z Vwm @m (t)Pm(r)e_iwmt]

da
67;t( Z YimQl T+ Z gjklma ara; + L', (t)
[7kl] Spontaneous

Langevin equation
oA (T;($)Tk(t) = 2kpT 6;x6(t —t')
This generically holds for light modes interacting in a non-linearly polarized medium
What are the specific features of the modes of a Random Laser?

- NETADIS
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DISORDERED
DISTRIBUTED
INTERACTION
COEFFICIENT

TR
2 |4

dam(t)

dt

@‘;Pm Stochastic Dynamics in Random Lasers ‘r .

T LOCALIZED MODES

- S. Gentilini et al., Opt. Lett 34, 130 (2009).

RANDOMNESS

Cavity-less light amplification: modes are amplified by
scattering through randomly placed dielectric particles.
This implies random spatial distribution of modes,
and induces random susceptibility.

Mode
Interaction

\

Mode spatial overlaps modulated by non-linear

> 2/ susceptibility yield quenched interactions

with (so far) unknown probability distributions
X (um)

X((;?G ¥, 5((4.)_7 y Wk Wi, wm)E% (I‘)E‘;S(I‘)EZ (r)El(S (r)d3r

NONLINEAR RANDOM
SUSCEPTIBILITY

o COMPONENT OF EM
FIELD IN MODE m

=) VMm@ + Y gikima}ara + Lin(t)
! (k]

(T;(OTA()) = 2k5T 8x8(t — t)
NON-LINEARITY + RANDOMNESS
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| ‘;Pm Stochastic Dynamics in Random Lasers ‘r .

~ ~.

- S LOCALIZED MODES
“~~_ S. Gentilini et al., Opt. Lett 34, 130 (2009).

i RANDOMNESS
4 | Mode  Cavity-less light amplification: modes are amplified by
£, nteraction ¢ attering through randomly placed dielectric particles.
N, 2N This implies random spatial distribution of modes,
N w and induces random susceptibility.
14 o ‘ S
< €37, > > < Mode spatial overlaps modulated by non-linear
1 e /./2’ 1 susceptibility yield quenched interactions
y(um)z 3 \4\\_\ 7, 8 with (so far) unknown probability distributions
5 5 x(um)
DISORDERED

DISTRIBUTED WjWEWiWm 3 3 5 -
INTERACTION Z\/ 2 /V Xc(x,,)ﬁ."y,d(wjawkawlawm)E?n(r)Ej (r)E}(r)E (r)d“r

COEFFICIENT NONLINEAR RANDOM

o COMPONENT OF EM
SUSCEPTIBILITY

FIELD IN MODE m

dam(t .
dt( ) = Z”nmaz + Z 9ikim@;arar + L (2)
z [jkl]

NON-LINEARITY + RANDOMNESS

(T; (T4 () = 2k5T bjxb(t )

Physical meaning of coefficients in master equation?
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ipﬁ Standard Mode-Locking Lasers «r '

dam t =
dt( ) = E’Yzmaz + Z gikim@; @k + L' (1)
l k1]

In absence of disorder the Master equation is the
one of mode-locking lasers |H|H||
| I | 1

Laser output spectrum

Iniens

Frequency

da
m . . *
5 = m = [gm — bm +iDm|am + (v — 19) ) alarar+ Tim(t)
W FWp —wW =W,y
v>0
SATURABLE HA Haus, Waves and Fields in Optoelectonics, 1984
- ABSORBER
C ROUND;RIP TIME: Tz >
T D om [
ﬁ% — ISETADIS kSAPIENRZA
N y _— NetworksAcrt(?ssDisciplines INIVERSITA DI ROMA
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E‘PCF Standard Mode-Locking Lasers «- ‘
dam(t .
dt( ) - Z'Ylmal T Z 9jkim@;ara; + L, (%)
: [ik]

In absence of disorder the Master equation is the
one of mode-locking lasers |HHH|
b | I | 1

Laser output spectrum

Iniens

Frequency 0%
A \i(' o &é
> & o Yl & «‘$®°
& L0 L& NV SO
S 90 G L K& S
N o) R Y2 &K <
da F o 7Y & ?
m L / D ] * I t
Wzam—[gm—erz m)@m + (7 — 10) a;ara; + L (t)
Wi tWg —W =W
v>0
SATURABLE HA Haus, Waves and Fields in Optoelectonics, 1984
ABSORBER
# #
C ROUND;RIP TIME: Tz D
PR TV O — ‘ |
Zn " TANE . NETADIS
il il ALIENZAA
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@E‘PCF Standard Mode-Locking Lasers «- ‘

dam(t .
m(t) _ Y Vimar+ Y gikima;ara; + L ()

dt .
l [-7 kl] : Laser owtput specirum
In absence of disorder the Master equation is the
one of mode-locking lasers |HHH|
b | I | 1

Iniensity

Frequency 0%
A \i(' o &é
O\) ()\& "o\o Vg’ é}' Q/é A &$0}0
() Q& O, & Q-QS’ VG > 9
S 90 G L K& S
v 0 D VP && @
oa,, o v .9 O T¢ N ?
5 = am = 9m — &m + i Dp)am + (7 — 19) E a;arar + L'm(t)
Wi tWg —W =W
) B HA Haus, Waves and Fields in Optoelectonics, 1984
>0
SATURABLE
ABSORBER
C ROUND}RIP TIME: Tz >
TR A e — : [
0 TINEE . NETADIS
&) il ALIENZAA
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i‘PCF Statistical Mechanics of waves in
nonlinear disordered media r

From Langevin to Hamilton

o dan(t) . . OH
i Z’Yzmaz + Z Gikim@; 0k + Ui () —— a5 = — Sa* +1;
l [k] J
En - A - NETADIS
ol o it ﬁ ] mm— e SAEIENZA

Tuesday February 12, 2013



@i\PCF Statistical Mechanics of Random Lasers «r '

From Langevin to Hamilton

o dan(t) . . OH
g7 — Xl:'}’lmal + [zkl:] gjklmajakal + Fm(t) —— a; = — Oa’;‘ - I“J
J -
From instantaneous EM energy of the non-linear (closed) cavity to Hamiltonian

o= % / [D(r) - E(r) + poH(r)|2] dV = ;wam|am(t)|2 + % / E(r) - Py (r)dV

1

— H = —§</ E(I‘) ’ PNL(I')dV>optical cycle

NETADIS

[
o Statistical Physics Approaches SA P I E NZA
_——

0 1
Networks Across Disciplines UNIVERSITA DI ROMA
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@‘;Pﬁ Statistical Mechanics of Random Lasers ‘r '

From Langevin to Hamilton

o da . OH
% D Mm@+ ) giuimajaray + L (t) —> @5 = =5
l [ikl] /
From instantaneous EM energy of the non-linear (closed) cavity to Hamiltonian
1 , 5 1
o= / [D(x) - B(x) + polHE)? aV = 3 Nonwomlam (@) + / E(r) - Py (r)dV
1
H= —§</ E(I’) ’ PNL(r)dV>optical cycle
Hamiltonian description:
1 — P X ‘ k% with a global
Hl{a;}] = —Re Z%kajak T Z Jikim@; A A Dm energy constraint
jk [1klm]
" Localized mode Non-linear localized mode- 2
interaction mediated coupling expressed by 4-body E = Z W k |CL k ’
by radiating modes interaction between amplitudes

Mean-Field model with Gaussian distribution of couplings:
2+4 spherical spin-glass [A Crisanti & LL, PRL 04, PRB 06, PRB 07, NPB 13]

Zn TN QRGN o NETADIS ~
: ’”: \ Y St = "f.‘:‘-. [ Statistical Physics Approaches SAPIENZA
i Vﬁ%“{% 7 L 1 'ﬁ\jzg_‘.fu‘ i — Networks Across Disciplines UNIVERSITA DI ROMA
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@Epﬁ Statistical Mechanics of Random Lasers «r '

Topology? Light modes Network?

Hamiltonian description:

with a global
energy constraint

5 = Zwk|ak|2
k

H[{a;j} = -

g - e I — NETADIS
f b 2 i3 m Statistical Physics Approaches S AP I E NZA
X y : J‘lm [ Networks Acrt(;)ss Disciplines UNIVERSITA DI ROMA
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Y’ Modeling random laser modes in space:
m the electromagnetic field of each localized light mode of ‘r .
frequency W is non-zero in a given region of space r.
Modes interaction depends on their spatial overlap (4-uple).

NETADIS

Statistical Physics Approaches
0
Networks Across Disciplines

SAPIENZA

UNIVERSITA DI ROMA
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Modeling random laser modes in space:

m the electromagnetic field of each localized light mode of ‘r .
frequency W is non-zero in a given region of space r.
Modes interaction depends on their spatial overlap (4-uple).

o

7 ’P
ALY
(€ L o S -

H[{a;}] = —Re | D> _vjkaja + Y gjmmajajaial, ¢
ik [ klmn]

et a

W5 W Wl W ‘ N
= VY /V XD, 5(w5, 0k 01, w0m) B2 (£) B (r) B} () B} (r)d°r
@

7

NETADIS

Statistical Physics Approaches
0
Networks Across Disciplines

SAPIENZA

UNIVERSITA DI ROMA

rib |
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the electromagnetic field of each localized light mode of
frequency W is non-zero in a glven reglon of space .

Modes interactio

Y m Modeling random laser modes in space:

H[{a;}] = —Re | D> _vjkaja + Y gjmmajajaial,
ik [ klmn]

et a

Wi WeWiWm, o
= YR [0 s om) B0 OB () B

7

@

NETADIS

Statistical Physics Approaches
0
Networks Across Disciplines

5 AP
oot AN
& 2B o ey
A %) . e
< o ;
5 iy g i
5 7 3
l;% b‘ A
i . s

erlap (4-uple).

Q)

SAPIENZA

UNIVERSITA DI ROMA

Tuesday February12 2013 T



Modeling random laser modes in space:

localized modes can be coarse-grained as nodes of a

graph with links to other nodes if their spatlal overlap is
Pt e y satisfied.

W; — W = W — W,

non-zero and the

©
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Modeling random laser modes in space:
localized modes can be coarse-grained as nodes of a

graph with links to other nodes if their spatial overlap is

non-zero and the mode-locking condition is satisfied.

;q\g ‘ \/ _________________________ h

G

O

" O
. SREA <

% ............... O

S T

CR

) O O
AN /

£ T O AN : NETADIS

SH ) 5 o £ ¥
: 4 g ] ! i os
O\ A ¥ S F
E«v\‘?;'f)-‘;o‘\o - Eoed L
@ L F o
A 24 s LR g

Statistical Phyfics Approaches
0
Networks Across Disciplines

C

M modes
in each
cell

SAPIENZA

UNIVERSITA DI ROMA
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i;Pﬁ Modeling random laser modes in space: (r \
localized modes can be coarse-grained as nodes of a
graph with links to other nodes if their spatial overlap is
non-zero and the mode-locking condition is satisfied.

M modes in each © ' “OO
cell. O

Acellisanodein a
network.

4-mode but 2-node
interaction

~(M,p) model
[Caltagirone et al. PRB10]

Once all non-zero “4-modes” couplings have been selected:
network of cells/nodes, each one containing M modes.

Selection “tools™:

Wy — W = W — W, + i 5 [ X050 1) )8 1) 5 1) )
\4

NETADIS SAPIENZA

S : 1 { Yalk ol - Statistical Physics Approaches
© 4{&“«” ! - r— Networks Acrass Discipli UNIVERSITA DI ROMA
s | T PSR etworks Across Disciplines
O et - Ve -
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"\ - - ="  Summing up and moving forward «r '

Hamiltonian description:

* * * with a global
Hlia;}] = —Re nyjkaja’“ u Z Jiklm@jQEAhm | anargy cgnstraint

ik [1klm]
Localized mode Non-linear localized mode- (C/‘ _ ‘CL ‘2
interaction mediated coupling expressed by 4-body T k
by radiating modes interaction between amplitudes L

Statistical Mechanics allows to model different kinds of random lasers characterized by:

» degree of disorder (ranging from almost standard lasers with an irreducible noise to
completely random lasers),

» extension of modes localization,
« geometry and dimension,

« pumping intensity and mode-locked pulse length,

* role of r: s in modulating localized modes linear/two-body’ interaction
(assumption of pure self-interaction),

» characteristic fimes of magnitude and phase of complex mode amplitudes
(assumption of quenched amplitudes)

Tuesday, February 12, 2013



@‘\Pm Statistical Mechanics of Random Lasers «r '

Hamiltonian description:

* * * with a global
Hl{a;}| = —Re Z%kajak T Z Jiklm@jQEAhm | anargy cgnstraint

Jk [1klm]
Localized mode Non-linear localized mode- (C/‘ _ ’CL ‘2
interaction mediated coupling expressed by 4-body T k
by radiating modes interaction between amplitudes L

Statistical Mechanics allows to model different kinds of random lasers characterized by:

 degree of disorder — COUPLING DISTRIBUTION
PARAMETER VALUES (mean, variance)
» extension of modes localization, } NETWORK/GRAPH
« geometry and dim., STRUCTURE
* pumping intensity — TEMPERATURE
* role of in modulatin S o asa* ~ a2
localized modes 'two-body’ interaction J ;7] kG T Zj:% a1
* characteristic fimes of magnitude and — A RY¥
phase of complex mode amplitudes — ; = A4 €7
| FAST

Tuesday, February 12, 2013




- g B ) \

| ik [jkim)]

Wj — W = Wy — W
. o A 12 i _ Lk * Negligible non-local interaction between
H[{G'J }] = E :'7.7 |a’.7| Re § : gjklmajaLai1Q,, localized modes via radiation modes
J

[jklm] (closed cavity)

HI{Aj 653 = =) viAf — ) AjArAiAnRe [gjklmez(éi—¢k+¢l—¢"‘)} Decoupled ampliude
j

magnitude and phase
[7klm]
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gj‘\PG Random laser Hamiltonian zoology I «r '
I | 2

E =
Hl{a;}] = —Re | ) _virajap + Y gikmajaraiar, zk: ag|

| ik [jkim)]

Wj — W = Wy — W

H{Aj; ¢}~ =) vAf — ) AjAAiAnRe [gjklmez(éi—¢k+¢[—¢m)]
' [7kim]

Quenched approximation for amplitudes

Hﬁby} E :ijlm COS — Ok + @O — Qbm)
[7,k,l,m]
g Sikim X AjALAI A Gikim

Tuesday, February 12, 2013




gj‘\PCF _ Couplings and Localization «r '
2

E =
Hl{a;}] = —Re | ) _virajap + Y gikmajatraar, zk: ag|

| ik [jkim)]

Wj — W = Wy — W

H{Aj; ¢}~ =) vAf — ) AjAAiAnRe [gjklmez(éi_¢k+¢l_¢m)]
' [7kim]

Quenched approximation for amplitudes

H{9j1] ~ ijklm cos (¢j — Ok + o1 — Om)
Gokbm]  Jjrim X Aj AR A Am Gikim

Inferring g’s yields information about light modes localization

Gikim X /VXgifg_%é(wj,wk,wl,wm)E%(r)Ef(r)E,Z(r)Ef(r)d?’r

mode .c.ouplmg . wW; Can we
in position (nodes) 9 ,
and frequency r; measure g’s?

Tuesday, February 12, 2013




@EPG Inverse problem in waves «r '

Hl{a;}] = —Re | ) _vjkajak + ) gimimajazaiar, E=)lal
k

|k [jklm]

Hi{p = — Y Jjkim cos (95 — o + b — dm)

[Jakalam wJ — W = Wm — W
9jkim X / X((x )5 v, 5(%,wk,wl,wm)E%(r)Ef(r)E,Z(r)Ef(r)dgr
|4
Inferring g’s yields information about light modes localization

Cj(k%m (cos(@; — Pk + P1 — Pm)) j{

Clitm = (Re [ajazaral])  C2) = (Re [a;a}))

J J

Tuesday, February 12, 2013




@Lﬁ CF

G /V (@5 Wi w1y won ) S (1) B (1) B () B (1)

Inverse problem in waves

©

Inferring g’s yields information about light modes localization

Fitting graphical problem techniques can be applied/generalized, though:

Theory
- variables are continuous: XY (phases)
or spherical (amplitudes) “spins”;

- quenched disorder is there;

- four point correlations have to be
considered, besides two point.

C’ﬁ%m = (cos(¢j — Pr + &1 — dm))

* * 2
= (Re [ajajaral,]) O

— (Re [a;a))

Experiments

- Intensities (mode magnitudes) are
available versus frequency.

How many modes? From 10 to 1075,
though refinement is finite in spectra
(e.g., .3 nm) ->100:1000 distinct
frequencies can be usually appreciated;

- phases (vs. frequency) have not been
measured yet: set up is ready, probing
standard lasers and seeking high
intensity random lasers (rhodamine+TiO:
is not “energetic” enough).
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@L’v CF

G /V (@5 Wi w1y won ) S (1) B (1) B () B (1)

Inverse problem in waves

©

Inferring g’s yields information about light modes localization

Fitting graphical problem techniques can be applied, though:

- variables are continuous: XY (phases)
or spherical (amplitudes) “spins”;

- quenched disorder is there;

- four point correlations have to be
considered, besides two point.

ikim = (€08(05 — dk + b1 — Pm))

- Intensities (mode magnitudes) are
available versus frequency.

How many modes? From 10 to 1075,
though refinement is finite in spectra
(e.g., .3 nm) ->100:1000 distinct
frequencies can be usually appreciated;

- phases (vs. frequency) have not been
measured yet: set up is ready, probing
standard lasers and seeking high

(4) ok x (2)  _ a* ) . . .
Citim = (Re [ajagaran])  Ciim = (Re la;ai]) intensity random lasers (rhodamine+TiO>
is not “energetic” enough).
“Warm up” with:

- ordered multimode mode-locking laser;

- linearly interacting waves (not lasers): C\;)

= (Re [a;a;])

Jkilm
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g\%}ﬁ\(_’_—[—l Mean-field model for slow amplitudes «r '
In some systems modes can be localized

but non-zero almost everywhere in the optically active medium

[{A CD_; Z"/JAZ Z A AAAlAmRC |:gJ“me( —Pr+P1— cbm.):|
[7klm]
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= G_,j' Mean-field model for slow amplitudes «r '
In some systems modes can be localized

but non-zero almost everywhere in the optically active medium

Mode-locking condition

} W — W = Wy — W

implies dilution:
~ Erdos-Renyi random graph [Tyagi]

Phase model

{A Qb]} Z’Y]AZ Z AjAk‘AlA'/nRC |:gjkhnez(¢i_¢)k+¢l_ém)]

[1klm]
.. . ~ 2 \ Z(¢j—¢k+¢l_ém) . P X <A2> .
H[{Ajs d)] }] ~ —P []%] Re |:' jklm€ ] ; ijlm - gjklmAjAkAlAm/’pz
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@f - G_lﬁ Mean-field model for slow amplitudes  ({{™

In some systems modes can be localized
but non-zero almost everywhere in the optically active medium

Mode-locking condition

} W — W = Wy — W

implies dilution: Erdos-Renyi/
Bethe lattice [Tyagi]

HI{A; ¢} = =D %AF — > AjAAAmRe [ijz7n61(°"_""’k+°ﬁ’_G’"")]
i [ktm)
P o (A2)

L. . ~ 2 . 'Z‘(¢J_@ +® _érn) . .
Mi{4;:6;}] = ~P* 3 Re {ijlme o ] © o Jikim = GikimAj ArArAm [P?

[7kim]

Fully connected Mean-field approximation

1650

Mode-locking always satisfied - !

1550

Wj— W =Wm —w < . |

1400

1350 i i B = i
500 550 600 650 700 750 800 850

H{$;iH ~—P? > Jjkimcos(¢; — b + ¢1 — bm)

I<k;l<m;k<l

Tuesday, February 12, 2013



m Mean-field model for slow amplitudes «r l

H[{;}] ~ —P? Z Jikim €08 (@5 — ¢ + b1 — Pm)

J<kil<m;k<l

Mean-field approximation:
- all 4-plets of phases interact with each other with small couplings
(vanishing in the thermodynamic limit N—o) < GEOMETRY

- bandwidth narrows and the spectral distribution of angular frequencies is
peaked around a value: w;~ v, for all modes j=1,...,N “SMODE-LOCKING

condition w; - w, = o, - w,, is always satisfied

Gaussian independent identically
distributed interaction couplings

(ijlm> JO/N3 ) (A2)2
(Jiktm — (Jjkim))?) = 05 /N° P?=Jo

PARTITION FUNCTION:

kThath

/

N N ) )
Zj = /H de; e PP MU — / H de; e~ PHHoRY, 3= P2ﬂi
=l o j=1 \

Statistical mechanical properties, thermodynamic phases, order parameters,.....
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@J‘\PCF Mean-field replica theory @

Mean-field approximation
H{¢ Y == Y Jikimecos (¢ — ¢k + b1 — dm) "

1< l<m;i<l tf_\e role of inverse temperature
' is played by the square of the
(ijlm> — JO/N3 Gaussian independent identically average stored energy per mode:
((J <J >)2> /N3 distributed interaction couplings “pumping rate”
jklm — \Yjklm =0y
A _ P2 ;
| v , BPr
Zy = /H do; e PP H[{ér} — / H do; 6—5"1[{%}]; 8= 'p'ZIB;S x (€) = (|a;|%)
i=1 j=1 Ry=o0y/Jy
== —— '
I?
n . .
8% = 1 (log Z;); = 1 lim (Z7) —1 | Replica trick
N N n—0 n

In mean-field replica calculation sites interaction is eliminated and replicas
interaction is introduced through the overlap order parameters

Qup = <ez(¢u—¢b)> T <ez(¢u+¢b)>
plus standard o.p.’s (“magnetizations”)
My = <ez¢>u> F, = <e2ch'>u>
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@EPCF Mean-field replica theory @

1 1. (Zh -1
BP = N (logZy); = —N}LIL% -

<Z> ~ /D¢/ H dek:lme—J_?klmeH[qb] ~ /D¢/ H deklme—J?klmerklmcos(...qb...)
Jkim

Jkim

(2") = Loz | D6 [ TLjpam A jrime™tm M1

" @ —J? iklm " cos(...p(P) .
= fHazl D¢< )ijklm deklme Tikim gkt Za:l (-9 )

All replicas enter in the same way: symmetry

Solving the thermodynamics replica symmetry is
spontaneously broken: RSB theory

NETADI

Statistical Phyfics Approaches
0
Networks Across Disciplines
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@i\PCF Statistical Mechanics of Random Lasers «r '

Mean-field approximation

H{$} ~ — Z Jikim cos (¢; — P + &1 — ) G = P2 /kpT
regstemit<t P o (€) = (las[*)
(Jikim) = Jo/N® —_
(Jjktm — (Jikam))?) = 05 /N? Ry =01/Jo
1 1 (Z"’) —1
b =—— (logZ =|——= lim = ica tri
B N ( g J>J N b n Replica trick

It is “correct”, e.g., thermodynamically stable / self-consistent
in the “one-step Replica Symmetry Breaking” scheme of computation

P(X)=m§(X — Xo)+ (1 —m)d(X — X,) | G.Parisi, 1979, 1980
L —— ———

] ‘REPLICATED” FREE ENERGY

_ — - 2 3 4 5 6 7
B = —E2Li|m|* — & [1 — (1 =m) (lg1|* + [r1]*) — m (Igo|* + Iro[*) + lrdlz]
1—m (78 9 m 10 L _12 1_3..

—Re [T (A1q1 + Bar1) + % (Xogo + oTo) — fara — vm]

+e\2f — L [D[0]log [ D[1] [foz”dqs exp £(¢;0,1)]m
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@PG Statistical Mechanics of Random Lasers «r l

Mean-field approximation — P2 krnT
H[{¢J }] = - Z J_yklm COs (¢z O + ¢ — ¢m) Gaussian independent identically B . / B 9
i<gil<myi<l distributed interaction couplings P ox (€) = (|a;]%)
(Jikim) = Jo/N? Ry=o0y/J
(Jjtim — (Jjkim))?) = 07 /N3 “REPLICATED” FREE ENERGY J = CJIY0

Be = — 2% ||t — G5 |1~ (1 —m) (las]* + [r1]*) = m (lgol* + Irol*) + Iraf?|
—Re[l_—m (/—\ q1 + ﬁ17‘1) + 5 (5\0(10 + ﬁOTO) — [BdTqd — 17T7l]
4%§—mfvmwgﬁmnpbd¢apa¢01ﬂ LL etal PRL 09

C Conti and LL, PRB 11

L(4;0,1) = Re{ew [61\/ AN — |Ap| + Co\/ A = |pol + :m/?Tqu Toy/ 2io + u] + % (ud - %)}

Al= A — A A[.L=,U1—/L() 0={$0a 6taCé} 1={(L‘1, fi’cf}

Dlal= L exp [_ (22 + (B2 + (¢)?)
SELF-CONSISTENCY EQUATIONS (2r)3/2 5
592 3 Q2 f'D[]_]( ) f "do eL(#:0,1)
Ao,l =_% (qo’l) ; #0’ ? %lro’l |2 To’l <( )>"l' o fD 1] [j[ d¢ eL(#:0, 1)] ]l
‘“"'shdrd v =B (- o= JDlO](...

qo = <<CC>m>
(

r = (C[;)m) CLSL)m)o RSB parameter

((s2)m)

((sc)i)o N.B.:
— {(sZ)m)

— {(s2)%)

+ 2i((
TO <<cﬁ>m> S 12n + 2i <C£)m)0((56>m>0 m Sti”_
= ({(e 2@)5)"'2‘ : m = (({e! >£)m>0 I undetermined
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HPCF

H[{¢;}] ~ — Z Jjkim €os (¢; — P + 1 — Pm)

Photonic phase diagram

Mean-field approximation

©

Photonics: pumping vs disorder

..||H|H|||._
FM

I

passive mode-locking

1

1

continuous wave

1

SG

glassy
mode-locking

1<gil<mii<l
8
7 -
6 -
A
) s
o 5
€ 4
Q.
= o)
Q.
2 -
1 -
0
0

0.1

0.2

0.3
degree of disorder R;

0.4

0.5
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PG Phase diagram @

Mean-field approximation

H{p;}] ~ — Z Jjkim cos (¢ — & + &1 — Om) . _ _
i<jl<msi<i Photonics: pumping vs disorder

8 r , l 1

pumping rate P
N WA O OO N

glassy
%, mode-locking

passive rfnode-locklng

1 B continuous wave 7

0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

degree of disorder R;
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\b - -
ﬁ Across transjtions |
Mean-field approximation N R mosiosing |
g 5 :
H{d == Y Jikimeos (¢ — i + 1 — bm) g
i<jil<mi<l 2 z
. . 1 continuzln\sllwave
Discontinuous order parameters 0 . ‘ . .
0 0.1 0.2 0.3 0.4 0.5
degree of disorder R,
3 4 5 6 7 8 4 5 6 7 8
L ' | oo B
08 | — P e T 108
0.6 Z| ¥ E;’ - g 0.6
04f E T A | 04
0.2 g R,;=0.101 z! R;=0.101 0.2
0 ' 0
08 | & — c— o N 08
06 | I — 106
0.4 E % 1t Eg' 85 0.4
0.2 2 = R=0.26189 3 = R=0.26189 0.2
0 : : 0
08 | 1 08
0.6 . oy 0.6
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2 - NETADIS
Outlook and Perspectlves

So far....
* Experimental spectral evidence compatible with the conjecture that random laser
thermodynamics/dynamics is ruled by complex free energy landscape.

* Physical replicas realization: in experiments the quenched disorder can be kept
constant for different measurements.

* RL behavior can be modeled by Hamiltonian models with quenched disorder and
effects of tuning disorder strength can be predicted.

[control of disorder is fundamental in the physics and engineering of nano-structured
lasers (and “cavity-less” lasers)].
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Outlook and Perspectlves

So far....

* Experimental spectral evidence compatible with the conjecture that random laser thermodynamics/dynamics
is ruled by complex free energy landscape.

* Physical replicas realization: in experiments the quenched disorder can be kept constant for different
measurements.

* RL behavior can be modeled by Hamiltonian models with quenched disorder and effects of tuning disorder
strength can be predicted.

[control of disorder is fundamental in the physics and engineering of nano-structured lasers (and “cavity-less”
lasers)].

In progress....

* “photonic spin-glasses” can model and reproduce: (i) fluorescence/random laser
transition [Angelani et al. PRLO6], (ii) ordered/random laser transition [LL et al PRL09, Conti & LL
PRB11] (€.g., granulars [Foli et al. PRL12], NANO crystal lasers,..) (iii)) random laser spectra.

®nference of non-linear couplings yield information about modes localization and —
moptical response in random (and non-random) lasers. Graphical problems techniques=

* Construction of quantitative models (real distribution of disorder, total energy profile
with pumping, diluted interactions, finite dimensional structure, ...).

* Applications to other wave problems in nonlinear random media (BEC in temperature,
optical propagation at T=0) [conti & LL PRB11].
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Outlook and Perspectlves
So far....

* Experimental spectral evidence compatible with the conjecture that random laser thermodynamics/dynamics is ruled by
complex free energy landscape.

* Physical replicas realization: in experiments the quenched disorder can be kept constant for different measurements [Leonetti].

* RL behavior can be modeled by Hamiltonian models with quenched disorder and effects of tuning disorder strength can be
predicted [LL et al PRLO9].

[control of disorder is fundamental in the physics and engineering of nano-structured lasers (and “cavity-less” lasers)].

In progress....

* “photonic spin-glasses” can model and reproduce: (i) fluorescence/random laser transition , (ii) ordered/random laser
transition [LL et al PRL09 Cont| & LL PRB11] (e g., in granulars Folli et al. PRL12) (|||) random Iaser spectra [Antenucm Tyagi].

lasers. Graphical problems technigues [Tyadgil.

* Non-linear susceptibility computation for multimode gas and solid state lasers, small disorder effects [Marruzzo].
* Construction of quantitative models (real distribution of disorder, total energy profile with pumping, diluted interactions, finite
dimensional structure, ...) [Antenucci, Ibanez, Tyagi].

;g%qlzc]ations to other wave problems in nonlinear random media (BEC in temperature, optical propagation at T=0) [Conti & LL
Experimentally...

* Experiments to measure phases rather than intensities [Ghofraniha] and directly
access the dynamic variables would allow for correlation measure and theory test and
inference.

* Experiments in which the degree of disorder is tuned changing the compactness
of granular stochastic resonators in random lasing materials [Folli et al. PRL12].
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