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ABSTRACT
Dissipative Kerr solitons (DKSs) have emerged as the preferred solution for on-chip integrated optical frequency comb (OFC) generation in
metrology. A multi-pumped DKS enables either all-optical trapping in the Kerr-induced synchronization regime, or a multi-component OFC
with a locked repetition rate yet with constant frequency offsets between the components in the multi-color DKS regime. The multi-color
DKS regime is of particular interest since nonlinear mixing between the DKS and the secondary pumped component generates idler waves at
different frequencies that are useful for the spectral extension of the DKS comb. Here, we explore multi-color idler generation at frequencies
in which the resonator free spectral range matches that at the DKS. We demonstrate theoretically and experimentally that without phase
matching, the idler forms a bright pulse fundamentally bound to the bright DKS through parametric interaction, despite occurring in normal
dispersion. Our work can enable new applications in metrology and spectroscopy of quantum systems toward visible wavelengths, as the
parametric nature of our bright–bright state eliminates dependence on dispersion regime or visible wavelength pumping.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0314090

I. INTRODUCTION

Time and frequency metrology have been revolutionized by
ultra-precise phase control of optical pulse trains through stabilized
octave-spanning optical frequency combs (OFCs). Such discovery
has enabled ultra-precise atomic1 and molecular2 optical clocks,
exoplanet detection,3 ultra-low noise microwave generation,4 and
optical frequency synthesis.5 Meanwhile, advances in integrated
photonics with enhanced capabilities as high-finesse cavities now
achieve efficient nonlinear interactions with low input powers that
are compatible with on-chip lasers.6 This has enabled the creation
of on-chip integrated OFCs7–9 compatible with low-cost mass-scale
fabrication.10,11 A preferred OFC generation scheme leverages the
χ3 nonlinear interaction to generate a dissipative Kerr soliton (DKS)
under appropriate continuous-wave pumping12 and offering low
size, weight, and power. This single pulse circulates in a micror-
ing resonator and is periodically extracted in the bus waveguide,

creating a pulse train that forms the integrated OFC. Photonic
engineering via microring dimension tuning tailors chromatic dis-
persion of the group velocity13 for octave-spanning operation14

and carrier–envelope offset detection and locking.15,16 This DKS
stabilization is greatly simplified through all-optical Kerr-induced
synchronization (KIS) with a secondary laser capturing one comb
tooth,17,18 enabling orthogonal dual-point locking of the captured
tooth and the carrier envelope offset17,18 or two comb teeth,19,20

facilitating optical frequency division for a clockwork.
Although KIS is of interest for metrology applications, dual-

driven DKS beyond synchronization enables multi-color DKS,21

offering new operational regimes and enhanced comb performance.
In a multi-color DKS, the DKS and secondary pumped compo-
nent share identical group velocity through cross-phase modulation
binding but with different phase velocities. The phase offset accu-
mulating each round trip produces two comb components with
equal teeth separation but different offsets. This property enables
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distinct phase matching for DKS and secondary pump fields, cre-
ating synthetic dispersive waves (DWs), that is, DWs that occur
at locations that are not purely defined by the resonator disper-
sion but instead through a combination of resonator dispersion
and choice of secondary pump frequency.22 These fields can non-
linearly interact to generate an idler at different azimuthal modes
with equal but opposite phase offset, significantly extending the
frequency comb spectrum.23 A particularly interesting multi-DKS
regime occurs when the two pumps operate where the resonator
supports a matching free-spectral range (FSR), demonstrated to cre-
ate bright–dark bound states.24 This regime is notable because the
dark pulse forms solely through cross-phase modulation XPM with
the DKS, without relying on the dual balance of loss/driving field
and dispersion/nonlinearity, enabling for much greater flexibility
in the comb design and conversion efficiency. Yet, a comprehen-
sive explanation of this effect remains elusive. In addition, if the
FSR-matched secondary pump creates these interesting regimes,
we must ask if one could parametrically create such bound states
through the idler, enabling access to otherwise unreachable wave-
lengths and what the nature of such hypothetical bound states
would be.

In this work, we present a comprehensive demonstration of
multi-color bound states in a FSR-matched, multi-pumped DKS
microcomb. We demonstrate two fundamentally different states cre-
ated when either the secondary pump or idler are FSR matched.
The former, corresponding to bound dark pulse formation, is driven
mainly by secondary pump depletion, while the latter arises purely
from parametric interaction, and frequency translates the soliton
bright pulse bound to the DKS. Unlike previously reported dual-
pumped soliton molecules where independent pulses couple,25,26

this represents a parametric master–slave binding where the idler is a
replica of the DKS. Importantly, the idler’s bright pulse exists regard-
less of dispersion regime, allowing formation even under normal dis-
persion. We demonstrate this bright–bright DKS–idler bound state
through multi-color soliton simulations that accurately reproduce
our experimental results in an integrated octave-spanning micror-
ing resonator, with the idler bright pulse forming at a near-visible
wavelength.

II. RESULTS
A. Concept

First, we aim to describe how a multi-pumped soliton creates
bound-pulsed states. Two distinct cases are to be considered. Zhang
et al.24 reported the first: a main pump generates a bright DKS, while
a secondary pump generates a dark pulse if correctly set. Although
they demonstrate this state through simulations and experiments, a
theoretical explanation remains absent. The second case, our focus,
results in the bright pulse generation at a central frequency differ-
ent from both pumps through solitonic parametric interaction. To
understand both cases, we use the multi-color soliton framework.21

The starting point is the modified Lugiato–Lefever equation (mLLE)
accounting for multiple driving forces,27

∂a(θ, t)
∂t

= −(κ
2
+ iδω)a + iD(a) − 2iγ∣a∣2a

+ F0 + F− exp (iϖ−t + iμ−θ), (1)

with ϖ− = δω− −Dint(μ−), the frequency offset of the secondary
pump to its closest DKS microcomb tooth at mode μ

−
(μ
−

is indexed
relative to the main pump mode μ = 0), and Dint(μ) = ωres(μ)
− (ω0 + ωrepμ) , where ω0 is the main pump frequency and ωres(μ) is
the resonant frequency at mode μ, D(a) = ∑μ Dint(μ)A(μ, t)expiμθ

is the dispersion operator with A(μ, t) the azimuthal Fourier trans-
form of a(θ, t). Here, κ ≈ 300 MHz is the total loss rate, γ is the
effective nonlinear coefficient, F0 =

√
κextP0 is the main driving field

with on-chip pump power P0, F− =
√

κextP− is the secondary driv-
ing field with on-chip pump power P−, and κext = κ/2 is the external
coupling rate set to be critically coupled. We assume a weak group-
velocity-dispersion over the frequency span of interest, allowing the
Kerr nonlinearity to impose a single angular group velocity (and,
thus, a single repetition rate) on all components. However, we con-
sider the regime outside Kerr-induced synchronization,17 so that the
nonlinearity is too slow for phase locking, resulting in a phase slip
between different components of the overall nonlinear state, which
we refer to as colors. This allows a decomposition of the field into
the colors as a = a0 + a− exp (iϖt) + a+ exp (−iϖt) , which, when
substituted into Eq. (1), yields

∂a−(θ, t)
∂t

= −(κ
2
+ iϖ−)a− + iD(a−)

− iγ(∣a−∣2 + 2∣a0∣2 + 2∣a+∣2)a−
− iγa2

0a∗+ + F−, (2a)

∂a0(θ, t)
∂t

= −(κ
2
+ iδω)a0 + iD(a0)

− iγ(2∣a−∣2 + ∣a0∣2 + 2∣a+∣2)a0

− iγa∗0 a−a+ + F0, (2b)

∂a+(θ, t)
∂t

= −(κ
2
− iϖ−)a+ + iD(a+)

− iγ(2∣a−∣2 + 2∣a0∣2 + ∣a+∣2)a+
− iγa2

0a∗−. (2c)

Here, a0 is the main DKS, a− is referred to as the signal, and a+
is referred to as the idler, in analogy to four-wave mixing interactions
between continuous wave fields. To understand the bright–dark
bound state, we focus on Eq. (2a) assuming that a− remains small
compared to a0 and that idler generation (a+) is negligible. This
yields

∂a−(θ, t)
∂t

= −[κ
2
+ i(ϖ− + 2γ∣a0(θ, t)∣2)]a− + iD(a−) + F−. (3)

If the secondary pump F− is set such that ϖ− ≥ Dint(μ)∀ μ
[Fig. 1(a)], a− will not experience any phase matched condition and
no dispersive wave will be generated. In such a case, the azimuthal
angle dependent cross-phase modulation (XPM) from the interac-
tion with the soliton a0 creates, where ∣a0(θ, t)∣2 is significant, a
frequency shift that further detunes a− from any phase matching
condition. This results in a depletion of a−, bound to the soliton
hyperbolic secant profile, creating an effective dark pulse with its
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FIG. 1. Concept of multi-pumped soliton bound states induced by nonlinearity
in microring resonators. (a) When dual pumping a microring resonator with the
main pump generating the soliton and the secondary pump set outside phase
matching—occurring when the phase offset ϖ- between the DKS and secondary
pumped field exceeds the maximum integrated dispersion Dint(μ)—a bright-
DKS/dark-pulse bound state forms. The dark pulses arise from the cross-phase
modulation (XPM) frequency shift experienced by the secondary pumped field
when the DKS amplitude along the azimuthal coordinate is significant. (b) The
secondary pump field and the soliton can parametrically nonlinearly interact and
generate an idler field at equal but opposite phase shift −ϖ-. Similar to the previ-
ous case, if −ϖ- is set to prevent phase matching, a bound state idler pulse with
the DKS occurs. The idler parametric driving field closely follows the soliton pro-
file, hence only creating new light at the idler for sufficient energy in the soliton
profile, resulting in a bright pulse regardless of the dispersion regime at the idler
central mode. (a) XPM mediated: bright/dark pulses. (b) Parametric translation:
bright/bright pulses.

width dependent on the phase-mismatch with the closest azimuthal
mode, and hence on the second order dispersion term around μ

−
.

The second regime that we unveil in this manuscript is the
creation of a bright–bright state due to the nonlinear interaction
between the soliton and the secondary pump, regardless of the dis-
persion at the idler central mode. To understand this effect, we can
consider a similar approximation than made previously, that a+ is
small compared to a0, which results in the following approximation
of Eq. (2c):

∂a+(θ, t)
∂t

= −[κ
2
+ i(−ϖ− + 2γ∣a0∣2)]a+ + iD(a+)

− iγa2
0(θ, t)a∗−(θ, t). (4)

Similarly, we assume no phase matching for a+, setting the
system so that −ϖ− > Dint(μ)∀μ to avoid any dispersive wave gen-
eration [Fig. 1(b)] (i.e., the signal field a− is at least phase matched at
its pumped mode μ

−
). The same XPM term than in Eq. (3) is present

in the idler field, which creates a soliton profile dependent frequency

shift. However, such an XPM term can be for the moment neglected
in terms of its impact on the dynamics, as the idler driving term is
purely parametric in origin and arises from the interplay of the signal
a− (dominated by the CW pump) and the soliton field a0(θ, t) . The
resulting driving field is negligible throughout the soliton pedestal,
resulting in no idler generation, while being significant within the
soliton pulse profile. Thus, this parametric interaction then always
leads to a bright pulse, regardless of the sign of the dispersion at the
idler mode μ

+
. Importantly, regardless of the phase-(mis)matching

condition of a±, the Kerr nonlinearity binds their group veloc-
ity to a0, a core hypothesis for the multi-color decomposition of
Eqs. (2a)–(2c).

Interestingly, by deriving the solution in the azimuthal space,
the idler field A+(μ,t) is expressed as follows:

A+(μ − μ+) =
2γ

i κ
2 +

D(+)2
2 (μ − μ+)2

F0F∗−A0(μ, t). (5)

This expression corresponds to the spectral translation of the DKS
azimuthal component A0(μ, t) (the main soliton) to the region
around mode μ

+
through four-wave mixing Bragg scattering28,29

from the moving grating induced by F0 and F∗−, hence preserving
all DKS properties, including its bright pulse nature. Critically, the
idler is not an independent DKS. While the parametric driving term
−iγa2

0(θ, t)a∗−(θ, t) can, in principle, generate solitonic structures;30

here, it acts as a spectral translation mechanism, creating a slave
field that replicates the main DKS. The idler does not satisfy the
dual balance of dispersion/nonlinearity and gain/loss characteris-
tic of an independent DKS; rather, it is a parametric replica of the
master soliton, hence a bright pulse. This parametric master–slave
binding distinguishes it from molecules formed by coupling between
independent solitons. In addition, since the idler inherits the DKS
properties, in the case of a dark DKS pulse (i.e., the main pump in the
normal dispersion regime), the idler will be a dark pulse regardless
of the dispersion at its center mode.

B. Numerical investigation
To demonstrate this new bright/bright binded regime, we sim-

ulate the multi-color soliton of Eqs. (2a)–(2c) dynamically using the
open-source pyLLE package.31 Starting from numerical noise, we
sweep the main pump detuning to generate a stable DKS and then
introduce the secondary pump at mode μ-<0. Then, with a parked
main pump, we only sweep the secondary pump frequency detuning
to explore the phase-matched and phase-mismatched regimes. We
consider the integrated dispersion Dint(μ) = ωres(μ) − (ω0 + μωrep)
that presents two zero crossings [Fig. 2(a)]. Here, ωres(μ) is the angu-
lar frequency of resonance for mode μ normalized to the pumped
mode, ω0 is the main pump frequency at mode μ = 0, and ωrep is
the repetition rate of the DKS. Although Eq. (5) requires only that
Dint has a local maximum at mode μ

+
(ensuring one zero cross-

ing from the Dint(μ) roll-off), corresponding to a region where the
FSR matches that at the main pump, we selected this dispersion to
enable on-resonance operation of the secondary pump at μ

−
= −99,

exhibiting a comb tooth frequency mismatch −ω− ≈ max(Dint(μ
> 0)) allowing for the secondary pump detuning alone to switch
between the phase-matched and phase-mismatched regimes of
the idler color. For positive secondary pump detuning [Fig. 2(b),
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FIG. 2. Numerical demonstration of parametric bright pulse formation through secondary pump detuning. (a) Integrated dispersion profile Dint(μ) with main pump F0
creating the DKS comb A0 and the secondary pump F−. The integrated dispersion and FSR mismatch curve are computed directly from the finite element method simulated
resonance frequencies. The phase offset ϖ− of the secondary pumped comb with the DKS enables nonlinear phase mixing, creating an idler at an offset −ϖ− from the
DKS comb. The shaded area corresponds to the detuning used in the simulation. (b) Spectral evolution of the DKS (A0), secondary pump (A−), and idler comb (A+) with
the secondary pump detuning from positive (phase-matched idler) to negative (phase-mismatched idler) values across six conditions (i)–(vi). (c) Corresponding azimuthal
profile of the idler color ∣a+(θ)∣2, transforming into a bright sech pulse as phase matching is prevented. (d) Idler spectra showing transition from synthetic dispersive waves
at positive detuning to broadband bright pulse at negative detuning. [(e) and (f)] Azimuthal profiles comparing idler intensity of the idler color ∣a+(θ)∣2 (e) with the DKS
∣a0(θ)∣2 (f), demonstrating that the parametric idler forms a bright pulse co-localized with the soliton when phase matching is prevented.

conditions (i) and (ii)], we enable the phase-matching condi-
tion such that −ϖ− = Dint(μ > 0) exists at two distinct azimuthal
modes. The idler spectrum [Figs. 2(b)–2(d)] exhibits two promi-
nent peaks corresponding to these phase-matched modes, while
the azimuthal profile [Fig. 2(c)] remains relatively flat, character-
istic of continuous-wave-like behavior with minimal structure. As
the frequency detuning is further red tuned [Fig. 2(b), conditions
(iii) and (iv)], the frequency shifting of the idler is increased fur-
ther away from the DKS, modifying the phase-matched modes
according to the Dint(μ) spectral profile. The transition occurs
when the secondary pump detuning becomes sufficiently negative
that −ϖ− > Dint(μ)∀μ > 0 [Figs. 2(b) and 2(c) conditions (v) and
(vi)], eliminating all phase matching conditions. The idler spectrum
[Figs. 2(b)–2(d)] transforms from the discrete synthetic dispersive
wave peaks to a smooth, broadband sech2 envelope characteristic
of a bright pulse. Correspondingly, the azimuthal profile [Fig. 2(c)]
evolves into a localized bright pulse that precisely overlaps with
the DKS position [Figs. 2(e) and 2(f)]. Importantly, the idler forms
this bright pulse despite the normal dispersion at its central mode
μ
+

, confirming that the parametric driving mechanism described by

Eq. (5) dominates over the dispersive effects and XPM-mediated sec-
ondary pump depletion. The parametric nature of the interaction
ensures that idler generation occurs only where the product a2

0a∗− is
significant, which restricts generation to the soliton pulse region and
naturally produces a bright pulse independent of the local dispersion
regime. Although the idler bright pulse appears to sit on a zero back-
ground, it is, in fact, non-null. The parametric driving term −iγa2

0a∗−
involves both the DKS field a0, which sits on a pedestal with its main
spectral component at the pump mode μ = 0, and the secondary
pump field a−, which is predominantly a CW wave filling the cav-
ity azimuthally. The parametric interaction between these CW tones
is highly phase mismatched due to the asymmetry of the system
μ
+
≠ −μ

−
, leading to a very weak pedestal for the idler pulse, yet non-

zero. Another interesting observation is the presence of dark spectral
modes [Fig. 2(d)], which drift linearly with the secondary pump
detuning and are reproduced experimentally [Fig. 3(c)]. We hypoth-
esize that this may arise from XPM-induced envelope distortion,
similar to observations in bright–dark molecules,24 or from non-
linear PT-symmetry effects,32,33 although a definitive explanation
remains an object of ongoing investigation.
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FIG. 3. Experimental demonstration of the bright–bright parametrically binded pulse regime. (a) We use an integrated microring resonator designed to support octave-
spanning operation of the microcomb with an integrated dispersion Dint(μ) (top) presenting two zero-crossing at 199 and 378 THz when assuming a pump at 285.3 THz.
The resulting single-pump DKS, obtained with thermal-stabilization using a cross-polarized cooler pump at 307.7 THz, presents two dispersive waves at the expected phase-
matched mode from Dint and spanning over an octave. (b) We then introduce a secondary pump at 193.5 THz to explore bright–bright DKS–idler bond state formation.
As the theory predicts, the experimental idler comb profile changes with secondary pump detuning based on phase matching presence or absence. (c) We reproduce the
idler comb map experimentally, with striking resemblance to the theoretical finding of Fig. 2, highlighting the parametric bright pulse formation when the phase matching is
prevented.

C. Experimental demonstration
Experimentally, we demonstrate the generation of the para-

metric bright–bright soliton bound state in an integrated silicon
nitride (SiN) microring resonator embedded in silicon dioxide. The
microring has SiN thickness H = 650 nm, radius RR = 23 μm, and
width RW = 850 nm, enabling tailored group velocity dispersion for
octave-spanning operation from near-infrared to the edge of the
visible. The bus-to-ring coupling uses a pulley configuration with
a 460 nm wide waveguide, 19 μm coupling length, and 500 nm
gap. This achieves critical coupling at the pump wavelength (Qtot
≈ 0.75 × 106), overcoupling in the C-band (Qtot ≈ 0.25 × 106), and
efficient extraction at short wavelengths.

The resonator’s integrated dispersion shows excellent agree-
ment between finite element simulations and the calibrated mea-
surements, with phase-matched modes at 199 THz and 378 THz
[Fig. 3(a)]. The DKS is generated by pumping the cavity with a
150 mW on-chip power main pump laser at 285.3 THz [Fig. 3(b)].
The resonator is thermally stabilized with a 307.7 THz cooler
laser34,35 in a cross-polarized, co-propagating configuration with
the main pump. The secondary pump F−, with on-chip power

P_ = 50 mW, is set at azimuthal mode μ
−
= −92 (193.58 THz)

below the low-frequency dispersive wave μDW = −86 (199.6 THz),
enabling on-resonance ϖ− < 0 operation for efficient idler genera-
tion around the Dint(μ) maximum at μ

+
= 61. We use a standard

fiber-optics approach for wavelength multiplexing and on-chip light
delivery, with further details on the experimental apparatus available
in our previous work.23,36 We tune the secondary laser frequency
over 16 GHz using its piezoelectric element, controlling phase
(mis)matching of the idler to switch between the dispersive wave
and parametric bright pulse regime. For positive detuning of the
secondary pump, the idler remains phase-matched with azimuthal
modes, generating two synthetic DWs [Fig. 3(b)]. Further detun-
ing toward negative frequency leads to a sech envelope that can be
observed in-between the main pump and the high frequency disper-
sive wave at μ = 75 and is the signature of the parametric bright pulse
generation. Since the DKS comb spectrum is identical in the single
and multi-color soliton regimes, we extract the idler profile by sub-
tracting the single-pump spectrum from the multi-pump spectrum
at each secondary pump detuning step of ≈ 150 MHz [Fig. 3(c)].
The experimental results match the numerical simulation presented
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in Fig. 2 very closely. The synthetic DW follows the integrated dis-
persion profile, while the parametric bright pulse emerges once no
phase matching condition is met. Importantly, we reproduce the
numerical results where a few dark modes that are anti-crossing with
the bright pulse are observed and result from the nonlinear interac-
tion between the three colors rather than the direct linear avoided
mode crossing(s) observed in such cases in both the synthetic DW
and bright parametric pulse regimes. In addition, we also observe
that the idler pulse central mode is not at the mode where Dint(μ) is
maximum but rather is offset toward higher μ.

Finally, we verify experimentally the bright–bright state bond-
ing [Fig. 4], which follows from theory since the idler forms only
when the soliton energy is significant and forces coexistence at the
same azimuthal angle. We measure the full optical spectrum in
the multi-color regime [Fig. 4(a)], which exhibits the three distinct
comb components: the DKS at its native carrier–envelope offset fre-
quency, and the secondary pump and idler colors shifted from the
DKS microcomb. From such spectra, we extract the spectral com-
ponent of each μ mode. Centering each μ around a DKS tooth, we
extract the spectral power within [−ωrep/2; ωrep/2] , corresponding
to a full 2π phase offset from the DKS. A repetition rate discrep-
ancy between the DKS and other colors appears as a slope in this

FIG. 4. Experimental demonstration of repetition rate binding. (a) The measured
spectrum in the multi-color soliton regime exhibits three distinct comb components
equally offset from one another with opposite signs, confirming multi-color soliton
theory and phase conservation. (b) From the spectrum, one extracts the relative
offset of each comb tooth against a fixed frequency grid. The DKS matches the grid
perfectly, while the secondary pump and idler comb teeth show equal but oppo-
site frequency offsets, as theory predicts. Both exhibit zero slope (dashed lines),
indicating identical repetition rates to the DKS, confirming the binding of all three
colors. The dotted lines represent the OSA resolution error, which is frequency
dependent.

representation, while a phase velocity discrepancy alone creates a
fixed offset from the DKS grid. We observe that the DKS comb teeth
align perfectly with the reference grid (zero offset), confirming our
analysis method, while the secondary pump and idler comb teeth
exhibit constant frequency offsets of ≈ ∓ 27 GHz, respectively, with
no slope across more than twenty modes [Fig. 4(b)]. All three colors
exhibit zero slope across their respective mode ranges (dashed lines),
confirming identical repetition rates, with the secondary pump and
idler colors offset equally but oppositely from the DKS. This vali-
dates the cross-phase modulation binding mechanism that imposes
a single group velocity on all components while allowing phase
velocity differences and confirms that the parametric idler is bound
to the DKS through the nonlinear interaction described by Eqs. (3)
and (5).

III. DISCUSSION
We have provided a comprehensive theoretical framework

and experimental demonstration of multi-color bound states in
FSR-matched multi-pumped dissipative Kerr solitons. While the
bright–dark molecule was previously observed experimentally,24 we
provide the first theoretical explanation of its formation through
XPM-induced pump depletion when ϖ− ≥ Dint(μ)∀μ prevents
phase matching. Building on this framework, we introduce and
demonstrate the bright–bright molecule, where the bright idler pulse
emerges purely from parametric interaction between the DKS and
secondary pump, translating the soliton envelope to a new spectral
region through four-wave mixing Bragg scattering.23

The parametric bright pulse forms regardless of dispersion
regime at the idler wavelength. By preventing phase matching
(−ϖ− > Dint(μ)∀μ), the idler generates only at an azimuthal angle
where the DKS is intense, producing a bright pulse even in normal
dispersion. This decouples bright pulse generation from disper-
sion engineering, enabling access to visible wavelengths without the
extreme geometry scaling that approaches fabrication limits and
degrades quality factors in silicon nitride platforms.17 The main DKS
operates in the near-infrared where anomalous dispersion is readily
achievable, while the parametric idler extends the comb spectrum
to near-visible atomic transitions, such as rubidium (780 nm) and
cesium (852 nm). Moreover, the bright pulse has minimal spec-
tral background compared to dispersive waves, reducing filtering
requirements and improving coupling to atomic systems, which is
particularly valuable for optical atomic clocks, quantum informa-
tion processing, and precision spectroscopy requiring clean spectral
lines at specific atomic transitions. Although in this work, we use
a standard rectangular cross section microring resonator, Fourier
synthesis dispersion engineering via photonic-crystal corrugations37

offers a potential improvement to finely control the creation of new
local maxima in the integrated dispersion where bright idler pulses
can be generated, expanding the idler’s accessible wavelength range
to address application-specific requirements.

The multi-color framework enables flexible stabilization path-
ways. Building on our Kerr-induced synchronization work,17,18

parametric binding enables indirect stabilization: all-optical trap-
ping of the main DKS through KIS17 stabilizes all other colors via
optical frequency division.36 This stabilizes the entire system, includ-
ing the idler color, through nonlinear coupling even when direct
laser access or stabilization at the idler wavelength is impractical.
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This substantially expands the operational parameter space for
integrated optical clocks and frequency synthesizers as the secondary
pump power and detuning provide dynamic control over the idler
spectrum, offering new freedom in ultra-stable Kerr comb engineer-
ing for applications requiring tailored spectral coverage at specific
wavelengths.
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