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Coupled oscillators

Fundamental Phenomena

» Synchronization of coupled oscillators: neurons, crickets, clapping, clocks, lasers, ...
K. Coffman, et al. PRL 56, 999 (1986) ; S. H. Strogatz et al. Sci. Am. 269, 68 (1993).

« Kuramoto model for phase-oscillators

Sumounded by chocks, Georgia Tech physicist Kurt

g

The sound of many hands Wiesenfeld ponders the phenonemon of mutual

cl app| ng: “the rhythm| Cc synchronization. Wiesenfeld's groundbreaking study of
" synchronized oscillations has sparked interest in its

applause. potential in the fiekd of superconductivity.

* Intrinsic delay in the coupling between distant subsystems

Role of Delay? Self-sustained oscillations but also inhibitor
“Death by delay”, S.H. Strogatz, Nature 394 (1998).
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Mutually coupled semiconductor lasers
Mpﬁ (80s): Two electric contacts device

Cleaved compound-cavity lasers (C3-lasers)
or multi-section lasers

D. Marcuse. IEEE JQE 21, 154 (1985). 2

<Spm 1214 m

, ALL FOUR
FACETS
I CLEAVED

G.P. Agrawal and N.K. Dutta, “Semiconductor lasers”

In-BONDING

Short length (L~L,) and Strong coupling e ETE,
[ single laser with two sections

New features:

Spatially separated lasers (L,>>L) \ L 2

Large separation and Weak coupling L~300um

[0 envisioned as
“Transmitter - Receiver System”

/ Modeling - Rate equation model and limits of validity?

Goal!

Instabilities - Role of the delay, synchronization properties?
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Outline

" 1. Modeling

_ » Electromagnetic problem
Fourier { « Carrier equations
« SVA approximation

2. Monochromatic Steady-State Solutions

SVA|F -1

3. Dynamical Properties

Time { e Coupling induced-instabilities
domain « Synchronization properties
« Symmetric and asymmetric operation
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Electromagnetic problem

(187
rt| rt + + / +
’ ’ El Eo T’ Ez
—_— P |
\'4_,_(_—___’ <— /52 T
Ny E / E, N, 7
| | | | —>
-L-l -| 0 I L+ |
Coupling time: =2l /
Cleaved facets Boundary >
r=-r, tt'=1-r2 Conditions
external and internal’ z=-L-l, -, |, L+
c \L : 4 Relationships
Maxwell’s ounter-propsgatlng Outgoing SVE field
Wave Wavzsf@ 12,0 E amplitudes in laser 1,2
Equation an 'rteq' w E, and E,*
Dispersion

relations in media 1,2|<| EXpansion around
K, ,(wN, ) solitary emission
1,2 11N1.2

J. Mulet, C. Masoller and C.R. Mirasso, Phys. Rev. A 65, 063815 (2002).
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Electromagnetic problem

* Field equations (in frequency domain):

» Solitary lasers single-longitudinal around Q, ,

—
Hypothesis « SVA around the central frequency Q=(Q,+Q.) / 2

. a i g 2 L 2 — 2 e [ i L
[1 . Tﬂg‘ﬂezﬂur _ (1 _ eﬂeﬂu-r) Et&fh,z] 1.111?2 = (1 TT )fEmTEiﬁez’lle,l

- Variation in propagation constants: (with respect to solitary operation)

\Lcavity decay rate
1
&91,2 ~ ’E:T;‘n I::b%& —u — 5(1 - ?:CI)’}’ (gl,z - 1):|

Internal T T

round-trip time u=w-—-90 linewidth enhancement factor

slow frequency

relative detuning

J. Mulet, C. Masoller and C.R. Mirasso, Phys. Rev. A 65, 063815 (2002).
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Interaction with active media

* N,(F) Density of excited electron-hole pairs
current carrier
de£15|ty dlffusion stimulated recombination
ON;(r, t) J;(7) FN; i ) nlx
ot ed - ’}'Bivj +D 922 - ﬁ [PJ (.Z, t)gj (Z,t) _Pj (‘z’t)g-?(‘z’t)]
spontaneous +active material polarization
recombination
for -(L+1)<z<L+I, and appropiate BC

Neglecting diffusion

* Mean field approxima’[ion Homogeneously distributed gain

D, = Total carrier number in laser j / transparency - 1

Variation in standing wave / solitary

~

scaled pump,l

. r
D;(t) = 7. ’ﬁj — D; — G, FTMAi(t)F
) ) -

DT 1+l Al

i=1,2

gain suppression

J. Mulet, C. Masoller and C.R. Mirasso, Phys. Rev. A 65, 063815 (2002).
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Monochromatic solutions

* We impose the conditions:

A =Qep(-iwt) . Dyt)=D,
. _
A, (t) = Q, exp(—iwt +¢) phase  D,(t) = D,
(<1%)
. = - m
« Simplification: 3
. 7
|dentical Lasers, A=0 and u; = 14, WS
Symmetric solutions k;=k,, i.e.
D,=D,, Q,=Q,, but (3)%)
F =
¢:0 inphase solutions Wb
(D=TT antiphase solutions
(25%)
: : o)
* Dependence with coupling strength o

0(&) approx.
Phenomenological model

0.15F
0.10F
0.05E
0.00f
—-0.05F
-0.10F

Quite involved problem!!!
(5 real nonlinear equations)

Exact solution

0(&) solution

—015E 00,

£ () M | ) _
3 0=0 El _
—(p=T[“o Jb —
e g T g
- © /M—-—(d) E
4 e

/ ]
E £ el M'ﬂ 3
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Dynamics: Phenomenological model

« Assumption: weak coupling. We expand field equation to first o()

_ 1 _ o :
dediot) = FAhat g —ia)y[6ro 1A Hkedza(t =)
solitary IM\tribution delayed mutual injection
d:D12(t) = e [p12— D12 — Gi2|A12|°]
aDy o —y2
Gip = ’ : s _Q-r7) ¢ o
1+ |4y o2 Re= e

J. Mulet et al. Proc SPIE 4283, 293 (2001);
A. Hohl et al. PRA 59, 3941 (1999); T. Heil et al. PRL 86, 795 (2001).

Interpretation :

Conventional feedback, _
~ Linear feedback

==

w-Filtered feedback,

Ver sus

Bidirectional ~ Nonlinear feedback

N
injection/coupling {Nonlinear amplification -} i

interaction with carriers
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Results: Symmetric operation

Conditions: A=0 and p1,=|1, 1oET Ll ]
long coupling times: T ~ 4 ns 0.8] — "
-Twofold threshold behavior: 306 E
L . . < 04f ]
|. Onset of coupling-induced instabilities £ i
(irregular pulsations with small correlation) 0.2 o~ Riperiment
ll. Transition to correlated dynamics 000
san = GROPE-AY) 00 02 04 06 08 10
Excellent agreement! Jerzm Yoz ) KIK,
e Behavior in regime |l (current close to threshold)
Experiment Phenomenologic model
}TO( - }-F .‘. . e —— ——— _— _— sol
= . — | | T : I“ll_uz_p’th
g 3] 50 M synchronized LFF
- @© | 2 E
=] s (power dropouts)
=T S but with a time lag
521 A
= s |
400 _ i 400'2 S a— '5o|o, e 600
Time [ns] Time [ns]

T. Heil et al. PRL 86, 795 (2001).
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Symmetric operation

(Unstable) Isochronal state Ph nstabilit
Deterministic numerical simulation ase Instability
0.20 T - — 400 - - . .
200¢
0.15¢ 0
N = 200}
q~ 0.10} = 100}
0.05 ‘ ‘ | -600} l
- =800 P R S
0.00 - - ML S L A 0 200 400 600 800 1000
200 400 600 800 1000 t [ns]
1 t [ns] The injection phases Unlock
Same — S
7 Small - mt)=¢,(t-1)-¢,(t)
Initial . n —> Achronal solution 1 _ 2 !
conditions  REIRatON M,(0) = ¢t 1)~ (1)
p.d.f. time Xcorrelation
between drops s(ar) = RO (2 00)
Jer? }ori) )
050 T T T T T T T3
Statistical | ouf I%egp_z];al 3
quantities | & osof i EN
(over an § o.2o§— — §
achronal state) | * o.of 35S
0.00E
-10
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Symmetric operation

Subnanosecond Return plots
fluctuations [ relatively high correlation degree = ~ 0.8-0.9
[1 generalized synchronization NUMeric Experiment
X‘IOS:""I""I""I"" 1_0_"'I"'|"'I"'|"'
Numeric b P=0.98 ool P08 o
0200 —— T T T T - - = I :
= 0.15} P,(t-1) = = i
g < 1F 1 L o4f .
8, 0.10 o . o -
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. [ 0.8hF -
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_ 1 L 1 L 1 L 1 ,ﬂ, E ﬂ. 06 ]
2 = 1 1 e [
5 L i J 04 ]
o] [} R o™ |
S, o os5F S R S ]
= e ) . T :
e 0""]"“.‘.|....|.".|....' O0B" . v i v
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J. Mulet, et al. SPIE Proc. 4283, 293-302 (2001).
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Asymmetric Current Injection

Conditions: A=0 but pi, # p, coupling time: T ~ 4 ns

* strong impact on dynamical properties |  An(t) =[¢,(t —1) — ¢, ()] —[@,(t —T) — @, ()]
— More periodic power dropouts

— Laser with higher pump drops first

0.20 [T T T T T

» |sochronal solution [] An(t)=0

(@]
a
[¢)]

e Achrona solution (with p,=p,=1)

1000

500

Numeric
Intensity / a.u
o
o

0.05¢ ~500

-1000

o
o
o
[3

10
+— 91
g 3% y
© ] 10000 g T T . ]
g ) ; _ _Dr!ft ofthe 3
QO B > 5000 injection phases 3
§<l S 4 C -
o £ z 0F laser with E
114 -5000— g pump_:
0+ = ]

http://www.imedea.uib.es/PhysDept




Dynamical model with higher-order terms

 Phenomenological o(¢) model:
. diA 2(t) = FiIAA 2(t) + =(1 — i (t) — 1] A1 2(¢
+ Role of higher-order terms: | #41:2() = FidA1a(t) + 31 =iay]G5(8) ~ 12
passive feedback, etc... +Ri 2(t) ,
3 [1 _ Eéﬂtﬁh,z] N Ri2(t) = ReAa1(t — T] — RyAi2(t—27) +
R1,2(u) = — Alﬁ (u) £2le2 (t _ 21..) _ &R‘lal (t _ T) ?
M. Giudici, et al. JOSA B 16, 2114 (1999). I')j () = 7e [#j — Dj — gje—h%*r[ﬂj(t]—l]glﬂj |2] ?
Ke = (1 - TE)C:A/(TT%?!) G, = ﬂ-Dj
kr = (1 —Tﬁ]é‘?/ﬁﬂ ] +E|Aj|2 .
~ N o
¢ =(1-ri)¢/r J. Mulet, et al., PRA 65, 063815 (2002).
® Comparison: 2:025 (:7%)
- 0.20 2_5E (a) : T 5
0_15 o I | ; 2_0;_ El _;
< oo 1'55_ 2 _g
¥ g VYWY
(QQ % 0.05 £ osE g
(,0 \; 0.00 z 00 L . L
YL 8% ) E
0\0Q o o E E
& < "k A
((\ 1.0 —]
&® : —
N o5 £
~ 0_0: ) ) L ) ) ) ) ) ) ) ) ) ) ) ) ) ) -
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M EDEA@ Conclusions - Summary

* Modeling
» Systematic derivation of the governing equations
« Monochromatic solutions
 Phenomenological model obtained for weak coupling

* Dynamical model including higher-order terms

* Dynamical Behavior
» Onset of (synchronized) coupling-induced instabilities
« Unstable isochronal solution
* Phase dynamics under symmetric or asymmetric conditions
» Agreement with experimental results
* Phenomenological model (<5% coupler transmitivity)
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