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We demonstrate a coexistence of coherent and incoherent modes in the optical comb generated by a
passively mode-locked quantum dot laser. This is experimentally achieved by means of optical linewidth,
radio frequency spectrum, and optical spectrum measurements and confirmed numerically by a delay-
differential equation model showing excellent agreement with the experiment. We interpret the state as a
chimera state.
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Optical frequency combs and in particular, those gen-
erated by mode-locked lasers have been at the center of
some of the most important research in fundamental
physics over the last few decades [1,2]. In a passively
mode-locked laser (PML) each line in the comb represents
a longitudinal mode of the laser cavity, and each of these
modes is specified by three numbers: frequency, phase, and
amplitude. That is, each mode in the comb is an oscillator.
Unsurprisingly then, many of the theoretical treatments of
these lasers exploit the existing language of nonlinear
coupled oscillators. Perhaps the most famous theoretical
treatment is the master equation formulation of Haus [3], a
generalization of the nonlinear Schrödinger equation and
the Ginzburg-Landau equation. These equations them-
selves are used explicitly to describe PMLs in Refs. [4]
and [5] among others, and in Ref. [6] the authors showed
how to transform the Haus master equation to a
Hamiltonian modal formulation. It is sometimes convenient
to analyze the electric field of the laser, and the delay-
differentiation model of Vladimirov has been shown to be a
powerful model for understanding the behavior of PMLs
[7]. It was shown in Ref. [8] that it is equivalent to the
master equation of Haus, and so it is again formally a
coupled oscillator model.
When the oscillator coupling is nonlocal, a surprising

phenomenon known as a chimera state can arise. No precise
definition exists for such a state, but a typical working
definition is a state in which some of the oscillators are
mutually coherent but coexist with incoherent drifting
oscillators [9,10]. One can deduce that the coupling in a
PMLmust be nonlocal; different modes couple to each other
with different coupling strengths, since for a uniform global
coupling the optical spectrum would be flat with each mode
of equal intensity. This is manifestly not the case.
Despite the intense theoretical activity, experimental

realizations of such counterintuitive states in nature have

been notoriously difficult to achieve. Thus far, three
experimental realizations of chimera states have been
reported [11–13]. In each case, the coupling was carefully
designed and controlled via computerized feedback. It is
desirable to obtain experimental evidence of chimeralike
dynamics in a system where the coupling is inherent to the
system.
In this Letter, we describe a coexistence of mutually

coherent modes and mutually incoherent modes in the
comb of a PML. By mutually coherent, we mean the modes
are phase locked with fixed relative phase constants
between different modes. By mutually incoherent, we
mean precisely the opposite: the phase differences between
different modes are not fixed and, indeed, are not neces-
sarily even bounded. Each mode has a different frequency,
but when all are mutually coherent a periodic pulse
train is generated, and conversely, when they are not
mutually coherent, irregular dynamics are generated.
Experimentally, we investigate the system via several
complementary techniques that aim to characterize the
mutual coherence and the route to its destabilization. We
study the evolution of the radio frequency (rf) spectrum
with the pumping current and the corresponding evolution
of the optical spectrum. However, one cannot simultane-
ously measure the phase difference between all modes, and
so one needs to tailor the technique to fit the problem.
A well-known characteristic of temporal coherence is the
modal optical linewidth, and we exploit this easily acces-
sible parameter to analyze our system. Our measurements
clearly indicate the loss of coherence in some groups of
modes while other modes remain coherent as the pumping
current is varied. We perform detailed numerical compu-
tations using a system of delay coupled equations and
confirm that the coexistence of the coherent and incoherent
bunches may have a fundamental origin resulting from
nonlinear field-matter interactions. It represents a chimera
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state where the coupling is governed inherently by the
system itself, requiring neither careful prearrangement nor
feedback adaptive algorithms.
In the experiments, the laser used was an uncoated two-

section monolithic InAs=GaAs ridge waveguide quantum
dot (QD) laser, emitting at 1.3 μm with a repetition rate of
10.2 GHz. The device had an absorber section of 20%,
and the temperature was maintained to an accuracy of
10 mK. The absorber bias was −3.0 V for the experiments
described here, with a laser threshold of 51 mA at this bias.
Figure 1 shows the evolution of the rf spectrum with
decreasing forward bias current. The rf spectrum of a PML
typically has a peak at the pulse repetition rate of the laser.
This frequency is naturally related to the optical spectrum as
it equals the modal separation. Working from right to left in
Fig. 1, the evolution of the rf and optical spectra is as
follows. At 140 mA, there are three groups of modes, and
the spectral shape is very reminiscent of bound states
observed in Ref. [14]. (We note that in Ref. [15] the
development of single-pulse mode locking in microreso-
nators was described, and the optical spectra are suggestive
of the appearance of a bound state in the evolution from the
multipulse behavior to the single-pulse regime.) As the
current is reduced, the optical spectrum evolves as the two
redmost groups merge into one large group and the blue-
most group gradually shrinks in intensity until it disappears
at 100 mA at which point there is only one group of modes
formed by the combination of the two redmost groups. Over
this region, the rf spectrum changes from a strong central
tone surrounded by weak, diffuse tones to a strong central
tone again surrounded by weak, diffuse tones but now with
the addition of two weak but still prominent sidebands at a
current of approximately 120 mA. This general structure
holds until 100 mA where the side tones all disappear and
only a narrow rf tone remains. At 95 mA, the rf spectrum
jumps discretely by approximately 20 MHz, and this is
accompanied by a jump in the optical spectrum of approx-
imately 5 nm. From here down to threshold, the rf tone
decreases linearly in frequency as previously observed in

Ref. [16] while the optical spectrum changes continuously,
shrinking in spectral width and intensity until disappearing
at threshold. The lower sideband in the region from 100 to
120 mA appears at approximately the continuation of the
linearly changing tone found at low currents. Note also that
in the regions consisting of the main tone and sidebands, the
positions of the sidebands are symmetric but their inten-
sities are not. This is very suggestive of a wave-mixing
effect such as that observed in master-slave systems outside
of the locking region [17]. From the optical spectrum, it is
clear that the sidebands correspond to the birth of a second
group of modes. The presence of the sidebands suggests that
the two groups are not mutually synchronized. However, the
weakness of the tones is strongly suggestive of bounded
phase variations [18–20], meaning that the system is
synchronized on average. When the current is instead
increased, we find that there is a large area of bistability
and hysteresis between 95 and 105 mA, and this is also
manifest in the optical spectrum, reminiscent of the wave-
length bistability observed with QD PMLs in Ref. [21].
As mentioned earlier, to examine the coherence of the

modes and different groups we used heterodyne modal
linewidth measurements. For a PML where all the modes
are mutually coherent, the optical linewidth varies quad-
ratically with the mode number (that is, with the frequency)
[3]. Figures 2(a) and 2(b) show zooms of the optical
spectrum insets from Fig. 1 and the corresponding line-
width distributions. Figures 2(a) and 2(c) show the optical
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FIG. 1 (color online). Evolution of rf spectrum with current.
Color scale in dB. The insets show the optical spectrum (x axis:
225.7 to 230.8 THz) at various points as indicated by the arrows.
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FIG. 2 (color online). (a) Optical spectrum at 70 mA. (b) Optical
spectrum at 140 mA. (c) Modal linewidth distribution at 70 mA
and best-fit parabola (solid red line). (d) Modal linewidth
distribution at 140 mA. The insets show zooms of two individual
modes. Left: coherent mode. Right: incoherent mode. The x axis
is 400 MHz wide in both cases.
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spectrum and the modal linewidth distribution at a current
of 70 mA, respectively. The spectrum is asymmetric and
consists of one group of modes only. The linewidth
distribution is well fitted by a parabola confirming that
the output is that of a stable passively mode-locked laser
where all the modes are mutually coherent. In Figs. 2(b)
and 2(d), the optical spectrum and linewidth distribution at
140 mA are shown. There are three groups of modes. The
lowest frequency group is highly coherent with all modes
taking almost identical linewidths. The middle group
maintains coherence on the red side but develops incoher-
ence in the blue with the modes near the edge of the group
taking on relatively high values. The highest frequency
group has a large pocket of coherence on the red side near
227.5 THz but for the most part shows a total lack of
structure in the linewidth distribution. The insets show
zooms of two individual modal line shapes, one from the
coherent part of the spectrum and one from the incoherent
part of the spectrum. The first is regular and narrow. The
second is quite irregular and multipeaked, typical across the
incoherent regions. The complete lack of regularity in
the distribution suggests incoherence without any phase
fixing, and all the modes take on very different values of the
linewidth. The spectrum also suggests that the system is
not a so-called partially locked system arising from the
frequency distribution. In these partially locked cases, the
unlocked oscillators are typically those at the edges of
the frequency distribution as their frequency differences
are too great for the coupling level. In our case, this is
manifestly not the situation. Rather, there is a very well-
defined group of modes (oscillators) that has lost coher-
ence. This coexistence of coherence and incoherence leads
us to conclude that the system is now in a chimera state.
To model the dynamics of our device, we use a set of

delay differential equations (DDEs) [7] that has been
successfully used to explain various dynamical phenomena
observed experimentally [22]. We note that a DDE approach
has previously been used in chimera studies [13], although
in a very different physical system. Our system reads

γ−1∂tAðtÞ þ AðtÞ
¼ ffiffiffi

κ
p

e½ð1þiαgÞ=2�Gðt−TÞþ½ð1þiαqÞ=2�Qðt−TÞAðt − TÞ; ð1Þ

∂tρgg ¼ −ρgg=τ þ 2Fgg;ge − Ig; ð2Þ

∂tρge ¼ −ρge=τ − Fgg;ge þW; ð3Þ

∂tρqg ¼ −ρqg=τ þ 2Fqg;qe − Iq; ð4Þ

∂tρqe ¼ −ρqe=τ − Fqg;qe − ρqe=τw; ð5Þ

∂tN ¼ ðJ − NÞ=τ − 4W: ð6Þ

AðtÞ is the normalized complex amplitude of the electric
field at the entrance of the absorber section. The delay T is

equal to the cold cavity round-trip time. The attenuation
factor κ < 1 describes the total nonresonant linear intensity
losses per cavity round trip. The dimensionless bandwidth
of the spectral filtering is γ, and the linewidth enhancement
factor in the gain (absorber) section is αgðαqÞ.
The carrier exchange dynamics for the gain(absorber)

section are described by the occupation probabilities
ρggðρqgÞ and ρgeðρqeÞ of the ground state and the first
excited state (ES) of a dot, respectively [23]. Escape
from the ES to the wetting layer is described by a linear
term τ−1w ρqe, which strongly depends on the reverse bias.
Fgg;ge ¼ ρgeð1 − ρggÞ=τcapg − ρggð1 − ρgeÞ=τescg and Fqg;qe ¼
ρqeð1 − ρqgÞ=τcapq − ρqgð1 − ρqeÞ=τescq where the parameters
τcapg ðτcapq Þ, τescg ðτescq Þ determine the time-dependent recovery
of the QD gain(absorber). J is the pump current per dot, and
NðtÞ is the normalized carrier density in the wetting layer of
the gain section. W ¼ Nð1 − ρgeÞ=τcapew − ρge=τescew where
τcapew ðτescew Þ denote the capture(escape) time for the wetting
layer; τ denotes the recombination times in the wetting
layer and in the dots, which are taken to be equal for
simplicity. The variables GðtÞ ¼ gg½2ρggðtÞ − 1� and
QðtÞ ¼ gq½2ρqgðtÞ − 1� are the time-dependent dimension-
less cumulative saturable gain and absorption, and the
parameters gg;q are the differential gains in the corresponding
sections. Ig ¼ sgeQðeG − 1ÞjAj2 and Iq ¼ sqðeQ − 1ÞjAj2
[7]. The parameters sq > sg are inversely proportional to
the saturation intensities of the gain and absorber sections.
In QD lasers, the α factor is quite a delicate parameter

and may require more care than with conventional devices
[24]. Nonetheless, for many purposes one can assume a
constant α, and in the interest of tractability, we do so here.
The intensity time trace shown in the inset of Fig. 3(a)
displays a typical, regular ML pulse train at J ¼ 3.2
(threshold is J ≈ 2.82). The corresponding optical spectrum
is composed of a set of equally spaced modes, all of which
are synchronized and highly coherent. The pulse profile
becomes asymmetric at J ≈ 3.7, indicating the formation of
a bound state via two groups of modes and a spatial
modulation of the phase as described in Ref. [25] leading to
the development of trailing edge plateaux (TEP) [25]
although the train remains strongly periodic. At J ≈ 3.8,
the spatial modulation develops a temporal component. The
plateaux become amplitude modulated, resulting in an
overall weak amplitude modulation again suggestive of
bounded phase variations. As the current is further
increased, the slow envelope develops in a complicated
pattern with multiple harmonics (affecting only the
plateaux), all in excellent qualitative agreement with the
experimental rf diagram.
Further increase of the current leads to multiple trans-

formations of the optical comb in which coherent and
incoherent modal bunches may coexist. Several intensity
pulses at J ¼ 5.5 are shown in the inset of Fig. 3(b). The
peak intensity remains almost unchanged from pulse to
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pulse while the trailing edge varies significantly. (Note that
the pulses shown are nonconsecutive.) Typically, chimera
states are bistable with either a fully synchronous or a fully
asynchronous state, and in this work the chimera is bistable
with a fully synchronous harmonic mode-locked state [26].
We filter the electric field AðtÞ of Eqs. (1)–(6) and

analyze the modal behavior via a jitter analysis of the
filtered time series. (The timing jitter of a PML is directly
related to the modal linewidths as shown in Ref. [27], for
example.) Again, we exploit the physics of the system to
analyze the phase relationships. A periodic pulse train in a
semiconductor laser is formed by the simultaneous lasing
of a number of longitudinal modes with fixed relative phase
constants. We examine the intensities corresponding to
small groups of modes, and where the resulting intensity is
a regular train we can deduce that the modes have fixed
relative phases: coherence. For groups where the intensity
fluctuates irregularly, we can deduce that they do not have
fixed relative phases: incoherence. It is only in the behavior
of groups of modes that this is revealed.
Each vertical line in Fig. 4 is a distribution measuring the

coherence of five successive modes of the spectrum.
Narrow distributions correspond to statistically strong
coherence and broad distributions to incoherence. The
distributions at the wings of the optical spectrum are very

narrow, and so here the modes are coherent. In stark
contrast, most of the central groups of the spectrum have
very broad distributions and, thus, are incoherent. Note the
pockets of coherence even within the primarily incoherent
part similar to the experimental case, reminiscent of many-
headed chimera behavior [13,28,29]. The inset shows a
snapshot of the analysis.The similarity with the phase
snapshots of Ref. [10] is clear.
The path to the chimera both numerically and exper-

imentally begins with strong synchronization throughout
the system. As the current is increased, the modes break
into several groups and a spatial structure develops with
a possible bounded phase modulation corresponding to
synchronization on average. Finally, one group (or more) of
modes loses synchronization, resulting in the formation
of the chimera. This is precisely the path described
in Ref. [10].
Two aspects central to the appearance of the chimera are

the material type and the device length. The presence of the
TEP in QD devices is the first step towards the chimera.
One can physically reason that it is the Pauli blocking
inherent to the dots that promotes the TEP. As the current is
increased, the dot occupation probability gets closer to 1. In
PML devices, there is typically a fast and slow stage in the
recovery of the gain, and as the dots are filled the slow stage
dominates, becoming increasingly sensitive to perturba-
tions and eventually unstable. There is no equivalent
saturation in quantum-well-based devices. The only other
variable parameter is the device length. The effect of
decreasing the length can be ascertained from previous
works on QD PML devices. Experimental studies of rf
spectra were obtained in Ref. [16] on a much shorter QD
device (repetition rate of about 16 GHz as against 10 GHz

FIG. 3. (a) Optical spectrum at J ¼ 3.2. The inset shows two
regular pulses from the associated periodic pulse train. (b) Com-
plicated optical spectrum at J ¼ 5.5. The inset shows three
nonconsecutive pulses from the associated irregular pulse train.
The other parameters are τcapg ¼ τcapq ¼ 2 ps; τescg ¼ 20 ps;
τescq ¼ τw ¼ 10 ps; τ ¼ 0.5 ns; τcapew ¼ 5 ps; τescew ¼ 50 ps;
γ ¼ 10; T ¼ 150 ps; κ ¼ 0.35; sq=sg ¼ 30; αg ¼ αq ¼ 2;
gg ¼ 8.5; gq ¼ 1.5.

FIG. 4 (color online). Plot of the jitter analysis of the filtered
time series. The x axis measures the position of the filter, and the
y axis measures the coherence. Time is normalized to 5 ps, and
the parameters are the same as in Fig. 3(b). The inset shows a
snapshot of the deviations.
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here). There was no evidence of chimeralike properties in
Ref. [16]. The bound state and TEP phenomenon was
found numerically in Ref. [25], again for a much shorter
device. Nonetheless, no evidence of a chimera state was
obtained. The importance of the length can be ascribed to
the consequent lower modal separation and, hence, greater
intermodal interactions.
In conclusion, we demonstrate a coexistence of coherent

and incoherent modes in an optical comb that we interpret
as a chimera state. DDE modeling is in excellent qualitative
agreement with experimental observations.
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