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Origin of spectral rogue waves in incoherent optical wave packets
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The rogue wave (RW) is a persistent topic in diverse fields of science including optics, hydromechanics,
and electromagnetics. Despite the extensive experimental confirmations, the optical RW in the spectral domain
is still elusive in aspects of its origination and evolutionary dynamics. Operating the fiber laser in a noiselike
pulse (NLP) state, we observe the spectral RW according to the statistics of the shot-to-shot spectral evolution.
Simulations consistent with experiments reveal that the spectrograms of NLPs are constituted by multiple
localized speckles in the temporal-spectral domain, which originate from the interferences in the temporal
and spectral domains. The collective motion of speckles is dominated by the Kerr effect and group-velocity
dispersion. Several speckles can be in alignment at the same frequency, promoting the generation of the spectral
RW. This paper sparks interest in the physics of incoherent wave packets widely existing in nonlinear optical
systems.
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I. INTRODUCTION

The rogue wave (RW) is a ubiquitous phenomenon in vari-
ous physical systems [1–3], referring to the enhancement of
wave parameters, e.g., wave height or energy in an unpre-
dictable, rare, and extreme manner [4–8]. Originally, the term
RW was proposed to describe the freak waves with extreme
heights in seas that are responsible for many oceanic disas-
ters [9,10]. Now the contents of RW have been remarkably
enriched in several regards: the underlying mechanisms of
RWs can be linear [3,11,12] or nonlinear [13,14], the physical
domains where a RW exists can be temporal [15,16], spectral
[17,18], and spatial [14,19] ones, and systems wherein the
RWs exist can be conservative [20] and dissipative [21]. Com-
pared with fluid dynamic systems such as the ocean or water
tanks [2,10,22], optical systems with a compact size are ideal
testbeds for exploring the nonlinear physics of RWs in spatial
and temporal domains [8], which have been observed in lasers
[15,16,23], optical cavities [19], multimode fibers [11], and
Kerr media [14]. Solli et al. [1] discovered temporal RWs
based on the shot-to-shot statistics of the long-wavelength
component in the supercontinuum. It has been recognized
that collisions between solitons and breathers are responsible
for the generation of temporal RWs in conservative optical
systems [20,24–27]. In dissipative systems like lasers, tem-
poral RWs are induced by pulse collision [21,28–30], wave
amplification [31–33], and temporal focusing [34–36].

With the wide application of ultrafast spectroscopy like the
dispersive Fourier transform (DFT) method [37], the transient
spectral dynamics in lasers have attracted intense interest
[37–39]. Subsequently, spectral RWs have been observed
in incoherent wave packets such as the exploding soliton
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[17,40–42] and noiselike pulse (NLP) [18,43–45]. An inco-
herent wave packet such as a NLP is a cluster of temporal
structures varying stochastically with time, whose interfer-
ences result in disordered spectral patterns, constituting a
hotbed for the generation of the spectral RW. The nonlinear-
ities, e.g., Kerr effect or Raman scattering, are the backbone,
accounting for the collective kinetics of such spectral struc-
tures. In an intriguing case of a NLP, the sporadically emitted
redshifted component induced by the Raman effects [18] is
regarded as the spectral RW. Nonetheless, when the power of
the wave packet is not strong enough to stimulate the Raman
scattering, e.g., in cases of the conventional NLP [43,44],
or exploding solitons [17,40–42], the spectral dynamics are
dominated by the Kerr effect and dispersion, under which
the universal mechanism responsible for the spectral RW is
unclear.

In this paper, we explore the formation mechanism and
dynamical properties of spectral RWs in NLP lasers. The
NLP is a wave packet composed of multiple temporal struc-
tures, whose interference produces complex patterns in the
spectral domain. In turn, the interference between spectral
structures results in complex temporal structures. Such a
two-dimensional interference gives rise to multiple localized
speckles in the spectrogram of a NLP in the spectral-temporal
domain, in analogy to the generation of spatial speckles
[46,47]. The collective motion of multiple speckles within
the NLP is determined by the composite effect of the Kerr
nonlinearity and dispersion. During the stochastic evolution,
several speckles at different temporal locations can shift to
a certain frequency, at which the spectral structure is en-
hanced to be a RW. This paper is a step toward exploring
the turbulent dynamics and mechanism of spectral RWs,
which has potential in optical random bit generation [48],
chaos communications [49], and supercontinuum generation
[46].
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FIG. 1. Configurations of the laser cavity and real-time mea-
surement setup of the noiselike pulse. EDF: erbium-doped fiber;
SMF: single-mode fiber; LD: laser diode; OIM: optical integrated de-
vice, including a polarization-sensitive isolator, wavelength-division
multiplexer, 30/70 output coupler; OC: output coupler; DCF:
dispersion-compensation fiber; PD: photoelectric detector; and OSC:
oscilloscope.

II. RESULTS

A. Spectral/temporal properties of the incoherent pulse

The fiber laser comprises a 10-m Er-doped fiber (EDF) and
5-m single-mode fiber (SMF) with a net-normal dispersion
of ∼0.09 ps2. The partial mode locking with the threshold
of 195 mW is achieved by the nonlinear polarization rota-
tion (NPR) [50]. The details of the laser and measurement
systems are described in Appendix A, and the corresponding
schematic diagram is displayed in Fig. 1. Thanks to the strong
nonlinearity of the long cavity and the nonmonotonic loss of
NPR [50], we can achieve the robust NLP mode locking at
the 330-mW pump power, as shown in Fig. 2. The average
spectrum of the NLP sequence has a smooth profile with a

FIG. 2. Experimental and simulated results of the noiselike pulse
associated with spectral rogue waves. (a) Spectrum. (b) Intensity
autocorrelation trace (ACT). (c) Radiofrequency spectrum. (d) Spec-
tral intensity evolution over 13 000 roundtrips (RTs). (e) Correlation
coefficients between two single-shot spectra at different interval RTs,
i.e., the interpulse coherence. (f) ACT of the single-shot spectrum
averaged over 13 000 RTs, i.e., the intrapulse coherence.

full width at half maximum of 40 nm. The well-fitted spectra
measured by the optical spectral analyzer and DFT indicate
the accuracy of the DFT technique. The intensity autocorrela-
tion trace (ACT) of the NLP is composed of a 150-fs coherent
peak and a 15.6-ps incoherent pedestal [Fig. 2(b)], indicating
the incoherence of temporal structures inside the wave packet.
The simulated spectrum and intensity ACT agree well with
experimental ones, confirming the reliability of the simulation
model and parameters [details of simulations are described in
Appendix B]. The gain filter in the simulation has a symmetric
profile, while the actual gain profile of EDF is uneven in the
experiment, which results in a slight difference between two
spectral profiles.

The stability of the NLP is confirmed by the 52-dB
signal-to-noise ratio at the fundamental repetition rate of the
radiofrequency spectrum [Fig. 2(c)]. We capture the shot-to-
shot spectral evolution using the DFT and then extract the
peak intensity of each single-shot spectrum [Fig. 2(d)]. The
significant wave height (SWH) is defined as the average value
of the top third of the spectral intensities, while the pulse
whose spectral intensity exceeds twice the SWH is regarded
as a RW. From the spectral evolution in Fig. 2(d), one can
see several spectral enhancement events that exceed the RW
threshold.

The fast-varying spectral intensity vs roundtrips (RTs) im-
plies the weak correlation between spectra at different RTs
(interpulse coherence). We use the Pearson correlation coef-
ficient [51] to quantify the interpulse coherence of the NLP,
the details of which can be found in Appendix C. In short, the
larger Pearson coefficient indicates a stronger linear correla-
tion between two single-shot spectra and vice versa. As shown
in Fig. 2(e), the correlation of the two spectra decreases mono-
tonically with the increase of their RT interval and converges
to ∼0.35 when the RT interval is >6. A correlation <0.4
demonstrates the weak interpulse coherence. The tendency in
Fig. 2(e) shows that a larger RT interval results in a weaker
correlation between two spectra, i.e., the nonlinear evolution
of the NLP weakens the correlation between two NLPs of
different RTs.

Furthermore, the NLP is a bunch of weakly correlated tem-
poral structures [Fig. 2(b)], whose interference can produce a
bunch of spectral structures. Thus, it is natural that the corre-
lation between spectral structures within one pulse (intrapulse
coherence) is also weak, as demonstrated by the spectral ACT
in Fig. 2(f), which is constituted by a broad pedestal and
a narrow spike like the temporal ACT. The intensity of the
pedestal is slightly >0.5, indicating the spectral structures are
not completely irrelevant. This can be explained: The NLP
is composed of many tiny pulses with femtosecond scales.
For a certain tiny pulse, it has a broadband spectrum in
the spectral domain; therefore, two spectral structures will
share the same temporal tiny pulse, i.e., they are correlated
to some extent. The results in Figs. 2(e) and 2(f) show that the
NLP has interpulse and intrapulse incoherence, which means
the emerged rogue structure is isolated in both the wave-
length and RT directions, i.e., the feature of appearing from
nowhere [24].

The evolution and statistics of the NLP associated with
spectral RWs are displayed in Figs. 3(a)–3(c). In the spectral
evolution [Fig. 3(a)], the RW manifests as a bright spot that
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FIG. 3. Experimental (left column) and simulated (right column)
results of the noiselike pulse associated with spectral rogue waves.
(a) and (d) Spectral evolutions. (b) and (e) Histograms of spec-
tral intensities. (c) and (f) Single-shot spectra of three consecutive
roundtrips.

is localized in both the RT and wavelength directions, arising
from the intrapulse and interpulse incoherence of the NLP.
Statistics of spectral intensities over 60 000 RTs [Fig. 3(b)]
feature a long-tailed probability distribution like the tempo-
ral RW in chaotic pulse bunches [21], whose large intensity
side exceeds the RW threshold. Three spectra at consecutive
RTs [Fig. 3(c)] contain many fine structures arising from the
interference between temporal structures. One of the spectral
structures at the 32nd RT exceeds the RW threshold, manifest-
ing as the transient spectral enhancement in the shot-to-shot
intensity evolution [upper panel of Fig. 3(a)]. Simulation
results in Figs. 3(d)–3(f) agree qualitatively well with exper-
imental results, demonstrating that the NLP and spectral RW
can be well reproduced by the simulation based on the gen-
eralized nonlinear Schrödinger equation and the ring cavity
model. Details of the simulation are given in Appendix B.
Based on the analysis of several RW events in experiments
[see Fig. 4], we can conclude that only one spectral struc-
ture can be enhanced to be a spectral RW rather than the
overall enhancement of the spectral wave packet, implying
that the spectral enhancement originates from the interactions
between fine structures instead of the gain dynamics that can
be shared by every spectral structure. The mechanism of the
local spectral enhancement will be discussed in the following
section.

B. Intracavity evolution of NLP

The good agreement between simulation and experiment
ensures the reliability of our further exploration of the spectral

FIG. 4. (a) Experimentally captured four single-shot spectra
whose intensities exceed the rogue wave (RW) threshold. (b) Four
spectra without spectral RW.

RW based on the simulation. We select one of the RWs in
the simulation to investigate its intracavity evolution [Fig. 5],
wherein the spectral RW emerges at the second RT. The spec-
tral fine structures randomly increase and decay in the cavity
[Fig. 5(a)], and one of them exceeds the RW threshold at the
output coupler (OC) at the second RT [Fig. 5(a2)]. We find that
the spectral peak that evolves into a RW at the OC corresponds

FIG. 5. Simulated intracavity evolution of noiselike pulse over
three roundtrips (RTs, 68 661–68 663), during which the spectral
rogue wave appears at the output coupler (OC) in the second RT.
(a) Spectral evolution. (b) Temporal evolution. (a1)–(a3) Single-shot
spectra at the OC of three RTs. In (a2), the orange solid curve is the
spectrum at the beginning of single-mode fiber (SMF), while the blue
solid curve corresponds to the spectrum at the OC.
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FIG. 6. Simulated dark and bright solitons in the normal and
anomalous dispersion region of the cavity. (a) Intracavity temporal
evolution. (b) Intensity profile and its solitary fit of the dark soliton
at the marked position. (c) Intensity profile and its solitary fit of the
bright soliton at the marked position.

to the strongest spectral peak at the end of the EDF [inset of
Fig. 5(a2)], which is universal for all cases of spectral RWs.
This is natural that the strongest spectral peak amplified by
the EDF has the most probability to evolve into a RW at the
OC. In addition, it is the stochastic intracavity evolution that
facilitates the weak correlation between the NLPs of two RTs
[Figs. 5(a1)–5(a3)].

In the temporal domain [Fig. 5(b)], the wave packet ex-
periences periodic broadening and narrowing governed by
the dispersion management of the cavity (normal dispersion
in the EDF and anomalous dispersion in SMF). In contrast
to the evolution of the wave packet, the inner structures
evolve turbulently due to the composite effect of dispersion,
nonlinearity, and interactions between temporal structures. In
the normal-dispersion EDF, one can see the traces of dark
pulses, while the waves gradually evolve into bright pulses in
the anomalous-dispersion SMF [see Fig. 6]. The spontaneous
emergence of solitary structures (both dark and bright) is
caused by self-organization in the presence of the dispersion
and nonlinearity [52,53].

It is difficult to ascertain the mechanism of the spectral
RW based on the individual spectral or temporal evolutions.
Considering the strong relevance between the temporal and
spectral properties of the wave packet, we calculate the spec-
trograms of NLPs via the short-time Fourier transform, as
displayed in Fig. 7. The overall wave packet presents the
up-chirp caused by the composite effects of net-normal dis-
persion and Kerr nonlinearity. There are multiple speckles
in the spectrogram induced by the temporal and spectral
interferences. When several strong speckles locate at differ-
ent frequencies, the NLP at RT 68 662 has no RW in the
spectral domain [Fig. 7(a)]. In the next RT [Fig. 7(b)], when
three strong speckles at different temporal locations appear

FIG. 7. Simulated spectrograms of noiselike pulses (a) and (c)
with and (b) and (d) without rogue waves.

in the vicinity of ∼−0.63 THz, the spectral RW emerges in
the spectral domain at this frequency [left panel of Fig. 7(b)].
We found that all the RWs are induced by the alignment
of several speckles (at different temporal locations) in the
vicinity of a certain frequency, as corroborated by another
example in Figs. 7(c) and 7(d); thus, the spectral RW in the
experiment and simulation manifests as the local enhancement
of one spectral peak rather than the overall enhancement of all
spectral structures.

C. Internal motion dynamics and mechanisms of NLP

It is significant to understand the collective motion dy-
namics and mechanisms of multiple speckles within the NLP,
which dominate the formation and decaying of the spectral
RW. In this section, we take the spectral RW in RT 68 663
as an example to reveal how the Kerr effect and dispersion
dominate the collective motion of speckles. After propagating
2 m in the SMF [Fig. 8(a)], two speckles marked by SP1 and

FIG. 8. Simulated spectrograms of the noiselike pulses at the
cavity positions of (a) 2 m and (b) 2.95 m in the single-mode fiber.
At ∼−0.63 THz, the spectrogram has two speckles (SP1 and SP2)
in (a) and three speckles (SP1, SP2, and SP3) in (b), respectively.
The bottom and left panels are the spectral and temporal profiles,
respectively.
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FIG. 9. Simulated degradation of the spectral rogue wave in the
single-mode fiber. The first column: spectra of the noiselike pulse
at different cavity positions. The second column: spectrograms at
different cavity positions. The third column: enlarged visualization
of the marked region in the spectrogram. The two speckles in Region
1 repel each other, while the two speckles in Region 2 attract each
other.

SP2 locate at ∼−0.63 THz, forming a strong spectral peak
lower than the RW threshold. At the same time, a strong tem-
poral pulse [lower panel of Fig. 8(a)] at ∼13 ps corresponds
to a speckle in the spectrogram. After the 0.95-m propagation
in SMF [Fig. 8(b)], the temporal pulse at 13 ps experiences
SPM-induced spectral splitting as well as the cross-phase-
modulation (XPM) by the adjacent pulses, generating two
speckles marked as SP4 and SP3 moving toward the high-
and low-frequency sides, respectively. When SP3 reaches
∼−0.63 THz, the interference between SP1, SP2, and SP3
gives rise to the spectral peak that exceeds the RW threshold.

Due to the interactions between speckles in the NLP me-
diated by the Kerr effect and dispersion, the spectral RW
is unstable and decays during subsequent propagation in the
cavity, as depicted in Fig. 9. Two local regions in the spectro-
gram are marked as regions 1 and 2, wherein the exemplary
motions of speckles are useful to understand the decaying of
spectral RW.

In Region 1, the distribution of two speckles takes the form
of an up-chirp state, so the high-frequency speckle imposes
the redshift on the low-frequency speckle via XPM [54], and
in turn, the low-frequency speckle can induce the blueshift to
the high-frequency component. Consequently, two speckles in
Region 1 will repel each other along the spectral direction, as
one can get from Figs. 9(a)–9(d).

In Region 2, the distributions of two speckles present
chirp-free states [Fig. 9(b2)]. Ascribing to the anomalous dis-
persion, the high-frequency component moves in front of the
low-frequency component in the temporal domain [Figs. 9(b)
and 9(c)]. The temporal tail of high-frequency speckle gives
rise to the blueshift of the low-frequency speckle, and in-

FIG. 10. Simulated results of the noiselike pulse evolution when
the spectral rogue wave emerges at the output coupler. All the pa-
rameters in the simulation are the same as those of the simulation in
this paper. (a) Intracavity spectral evolution. (b) Intracavity spectral
intensity evolution. (c) Spectrogram of the wave packet at the cavity
position of 13.05 m. (d) Spectrogram of the wave packet at the
cavity position of 14. Left panels of (c) and (d) are the corresponding
spectra, while the bottom panels are the temporal intensity profiles.

versely, the temporal head of low-frequency speckle induces
the redshift of the high-frequency speckle. As a result, two
speckles in Region 2 attract each other and finally merge
into one speckle, i.e., the spectral narrowing. Note that this
scenario is inspiring to understand the spectral narrowing of a
down-chirped pulse in the SMF [55,56], and the initial spec-
tral narrowing of a high-order soliton [54]. The visualization
of the evolution of spectrogram in the SMF can be seen in
Movie 1 in the Supplemental Material [57].

Note that the two low-frequency speckles in regions 1 and
2 both contribute to the spectral RW. After propagating in the
SMF [Figs. 9(a)–9(d)], the two low-frequency speckles devi-
ate from ∼−0.63 THz due to the complex motions described
above. Therefore, the spectral peak at −0.63 THz weakens in
the SMF and finally disappears in the EDF of the next RT. In
addition to the paradigm discussed in this section, we show
another paradigm of the decaying process of the spectral RW
[see Fig. 10], further elucidating the dominance of the Kerr
effect and dispersion. Simulation results demonstrate that the
specific motion dynamics of the spectral RW might be distinct
in different RW events; however, the governing mechanism is
simple and universal.

From the above analysis, we can get that the formation of
the spectral RW requires the alignment of several speckles
to a certain frequency, and additionally, such an event should
happen at the cavity position of the OC (the measurement and
statistics are carried out at this position). Thus, the stochastic
collective motion of multiple speckles, combined with the
stringent requirements for the cavity position of the event,
makes the extreme spectral enhancement captured at the OC
very rare. When several speckles reach the alignment, such a
state cannot sustain for a long time due to interactions between
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speckles; therefore, the formed spectral RW will annihilate
quickly.

III. DISCUSSION

We have completed the full description of the formation
and decaying of the spectral RW based on the motion dy-
namics of pivotal speckles in the NLP. Several universal
discussions and conclusions are necessary to understand the
spectral turbulence of such an incoherent wave packet. For
each speckle, it can be distorted by the interplay between dis-
persion and the Kerr effect. Its temporal motion is determined
by the frequency and dispersion, while the spectral motion de-
pends on the SPM and the XPM by its adjacent speckles. The
collective motion of the speckles in the NLP is determined by
the composite effect of dispersion and the Kerr nonlinearity.
In addition to the scope of spectral RWs in this paper, the
above discussions are useful for understanding the transient
dynamics of spectral narrowing [56], high-order soliton [54],
birefringence-managed soliton [58], and multicolor solitons
[59,60].

In this paper, we focus on the intrapulse motion dynam-
ics of the NLP, while notable work has demonstrated that
interpulse interactions can also introduce the spectral RW. For
example, when there are two pulses in the cavity, their peri-
odic collision can generate the spectral RW [41]. The radiation
of the ultrashort pulse laser contains various components, e.g.,
the soliton, polarized components, dispersive waves, and con-
tinuous waves, so whether the interactions between different
components can generate spectral RWs and the accompanied
intriguing phenomena are worth exploring.

IV. CONCLUSIONS

In conclusion, we reveal the formation and evolution of the
spectral RW in the incoherent wave packet from an ultrashort
pulse laser. Temporal and spectral interferences between fine
structures result in multiple speckles in the spectrogram of
the NLP. The spectral RW is validated to originate from the
collective motion of multiple speckles governed by the Kerr
effect and dispersion. When several speckles move to the same
frequency, their interference and superposition produce a local
spectral peak exceeding the RW threshold. The stochastic
interactions between speckles make the spectral RW feature
rare, extreme, and unpredictable. The results pave an avenue
to understanding the physical mechanism of spectral RWs,
spectral kinetics of incoherent wave packets, and spectral
turbulence in dissipative systems, which have potential in the
spectral engineering of ultrashort pulses and supercontinuum
seeded by the NLP.
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APPENDIX A: LASER AND MEASUREMENT
CONFIGURATIONS

The fiber laser has a ring cavity comprised of 10-m EDF
(Nufern, EDFL 980 HP) and 5-m SMF (including pigtails
of optical devices). To simplify the cavity and enhance the
stability of mode locking, we use the optical integrated device
(OIM) possessing versatile functions including the wave-
length division multiplexer (980/1550), polarization-sensitive
isolator, and OC (30/70). The cavity is pumped by a 976-nm
laser diode (LD) in conjunction with the OIM. By properly
setting the polarization controller (PC), the nonlinear polariza-
tion rotation can be realized due to the polarization-sensitive
OIM.

Here, 30% of the lasing light is extracted outside the cavity
for measurement. The pulse train is divided into two branches
by an OC (20/80). One branch is detected by the photo-
electric detector (PD, Thorlabs DET08CFC) without the time
stretch. The other branch is dispersed by a 5-km dispersion-
compensation fiber (DCF, 150 ps/nm/km at 1550 nm), then
detected by the PD. In this way, the single-shot spectrum of
each NLP can be measured according to the DFT theory [37].
Signals of two branches are simultaneously recorded by a
4-GHz oscilloscope (LeCroy, 740Zi-A). Thus, the resolution
of the DFT is ∼0.33 nm.

APPENDIX B: SIMULATION MODEL

The generalized nonlinear Schrödinger equation is used to
model the evolution of NLP inside the cavity, which includes
the group velocity dispersion, Kerr nonlinearity, gain disper-
sion, and saturable absorption:

uz = − iβ2utt

2
+ iγ |u|2u + gu

2
+ gutt

(2�2)
. (B1)

The variables z, t, and u correspond to the propagate co-
ordinate, the pulse local time, and the slow varying wave
packet respectively. Here, β2 is the second-order dispersion
coefficient, γ is the Kerr nonlinearity of the fiber, and �

corresponds to the gain bandwidth of the EDF (30 nm). Also,
g = g0 exp(−Ep/Es ) is the saturated gain of EDF, where g0,
Ep, and Es are the small-signal gain coefficient, pulse energy
in the time window, and gain saturation energy, respectively.
For SMF, g0 = 0, β2 = −22.8 ps2/km, γ = 1.3 kW−1 m−1.
For EDF, g0 = 0.7 m−1, Es = 1900 pJ, β2 = 20.8 ps2/km,
γ = 4.2 kW−1 m−1. Starting from an incoherent pulse, the
simulation is carried out via the symmetric split-step Fourier
method.

The amplitude transmission function of the saturable
absorber is T = 1 − T0/(1 + P/Psat ), where T0 is the mod-
ulation depth (70%), P is the instantaneous pulse power,
and Psat is the saturable power (30 W). We do not use the
nonmonotonic model of the saturable absorber for simplicity,
considering the model is enough to reproduce both the dynam-
ical and statistical features of the NLP with spectral RWs.

APPENDIX C: STATISTICAL DETAILS

We measured the spectral correlation between different
turns of the NLP, i.e., the interpulse correlation, by means of
the Pearson correlation coefficient. Specifically, we calculated
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the correlation for a spectrum S(λ, z) at the RT of z and the
spectrum S(λ, z + k) at the RT of z + k and then averaged
the correlation coefficients obtained for the measured spectra
at different RTs, which can be expressed as

Cinter (k) =
N−k∑
z=1

cov[S(λ, z), S(λ, z)]

σ [S(λ, z)]σ [S(λ, z + k)]

/
(N − k), (C1)

where Cinter is the average correlation coefficient between two
single-shot spectra with an interval of k RTs. Here, cov and σ

refer to the operations of covariance and standard deviation,
respectively. Also, N is the total number of measured spectra
in the pulse train.

To measure the correlation between the fine structures
within the spectra, i.e., the intrapulse correlation, we calculate
the autocorrelation of the single-shot spectrum at each RT and
then average all the obtained ACTs along the z axis, which is
calculated as

Cintra (λ) =
N∑

z=1

∫ λ2

λ1
S(λ, z)S(λ + �, z)d�

λ2 − λ1

/
N, (C2)

where Cintra is the average value of all the spectral ACTs. Here,
(λ1, λ2) is the wavelength interval of the measured spectrum.
Also, N is the total number of single-shot spectra in the pulse
train.

APPENDIX D: LOCAL ENHANCEMENT
OF THE SPECTRAL RWs

Figure 4 shows four single-shot spectra of the RW events
in the experiment. For all cases of spectral RWs [Fig. 4(a)],
only one of the spectral structures exceeds the RW thresh-
old rather than the enhancement of the whole spectrum. The
spectrum without the spectral RW [Fig. 4(b)] is a cluster of
fine structures, none of which is locally enhanced. Note that
the scales of the y axes in Figs. 4(a) and 4(b) are different to
clearly highlight the features of the two kinds of spectra. Such
a phenomenon indicates that the spectral RW is not induced by
the transient enhancement of the slow gain [61]. Therefore,
the local enhancement of the spectrum is dominated by the
internal motion dynamics of the fine structures as elucidated
in this paper.

APPENDIX E: DARK AND BRIGHT SOLITONS
IN THE WAVE PACKET

We find that the NLP spontaneously generates dark soli-
tary structures when transmitted in normal-dispersion fiber,
while bright solitary structures are generated in anomalous-
dispersion fiber, as shown in Fig. 6. By carefully analyzing the
shapes of these structures [Figs. 6(b) and 6(c)], the dark and
bright pulses can be well fitted by the tanh2 and sech2 profiles,
respectively. Furthermore, the soliton orders of the dark and

bright pulses are calculated to be 1.13 and 0.83, respectively,
which suggests the pulses are close to the fundamental dark
or bright soliton. Such quasisolitary pulses are caused by the
interplay between dispersion and Kerr nonlinearity. Of course,
the pulses cannot evolve into a perfect soliton due to the
stochastic interactions with other components inside the wave
packet. This phenomenon was also confirmed in our previous
works [34], indicating the connection between the incoherent
wave packet and coherent solitary structures.

APPENDIX F: INTERNAL MOTION DYNAMICS
OF THE SPECTRAL RW

Here, another spectral RW different from that in this paper
is analyzed to enhance the understanding of how the Kerr
effect and dispersion dominate the internal motion of the NLP.
The parameters of the simulation are the same as those in the
case of this paper.

In Fig. 10, one can see the amplification and decay of
the spectral RW in the cavity. The corresponding spectral
intensity vs position is shown in Fig. 10(b). After the OIM,
the spectral intensity decreases in the rest segment of SMF.
NLPs at the two marked positions of Fig. 10(b) are displayed
in Figs. 10(c) and 10(d).

The spectrogram of the NLP has many localized speckles
[Fig. 10(c)], among which we mark five speckles as SP1–SP5.
Note that SP2, SP3, and SP5 locate at −0.2 THz, which
facilitates a strong spectral peak at this frequency [right panel
of Fig. 10(c)]. SP1 and SP4 originate from the SPM-induced
spectral broadening of a strong temporal pulse [the down
panel of Fig. 10(c)]. Thus, the basic scenario now is that
SP2 and SP3 are at the leading and trailing edges of a strong
temporal pulse constituted by SP1 and SP4, respectively.

After propagating ∼0.9 m in the SMF [Fig. 10(c)], SP2
and SP3 experience redshift and blueshift due to the XPM
from the temporal pulse [54], respectively. Such a fre-
quency shift results in the decrease of the spectral peak at
∼−0.2 THz, i.e., the decay of the spectral RW. Additionally,
under the anomalous dispersion, SP1 moves forward in the
temporal direction, while SP4 moves backward, which gives
rise to the temporal broadening and weakening of the pulse.
When SP1 and SP2 are in front of SP3, and SP4 is behind SP3,
the collective interactions between four speckles introduce the
blueshift of SP4 because the blueshift induced by SP1 and SP2
is stronger than the redshift by SP3.

From this specific example, one can further understand
the internal motion dynamics governed by the Kerr effect
and dispersion. The enhancement and decay of the spectral
RW depend on the motions of multiple speckles along the
frequency direction, which is at the root of the XPM between
speckles. However, the exact effect of the XPM on one certain
speckle is sensitive to the relative temporal location between
speckles. In other words, the dispersion also has a significant
effect on the frequency shift of the speckle.
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