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The dynamical behavior of Kerr optical frequency combs is very well understood today from the perspective of
the semiclassical approximation. These combs are obtained by pumping an ultrahigh- Q whispering-gallery mode
resonator with a continuous-wave laser. The long-lifetime photons are trapped within the toruslike eigenmodes
of the resonator, where they interact nonlinearly via the Kerr effect. In this article, we use quantum Langevin
equations to provide a theoretical understanding of the nonclassical behavior of these combs when pumped
below and above threshold. In the configuration where the system is under threshold, the pump field is the
unique oscillating mode inside the resonator, and it triggers the phenomenon of spontaneous four-wave mixing,
where two photons from the pump are symmetrically up- and down-converted in the Fourier domain. This
phenomenon, also referred to as parametric fluorescence, can only be understood and analyzed from a fully
quantum perspective as a consequence of the coupling between the field of the central (pumped) mode and the
vacuum fluctuations of the various side modes. We analytically calculate the power spectra of the spontaneous
emission noise, and we show that these spectra can be either single- or double-peaked depending on the value of
the laser frequency, chromatic dispersion, pump power, and spectral distance between the central mode and the
side mode of interest. We also calculate as well the overall spontaneous noise power per side mode and propose
simplified analytical expressions for some particular cases. In the configuration where the system is pumped above
threshold, we investigate the phenomena of quantum correlations and multimode squeezed states of light that can
occur in the Kerr frequency combs originating from stimulated four-wave mixing. We show that for all stationary
spatiotemporal patterns, the side modes that are symmetrical relative to the pumped mode in the frequency
domain display quantum correlations that can lead to squeezed states of light under some optimal conditions that
are analytically determined. These quantum correlations can persist regardless the dynamical state of the system
(rolls or solitons), regardless of the spectral extension of the comb (number side modes) and regardless of the
dispersion regime (normal or anomalous). We also explicitly determine the phase quadratures leading to photon
entanglement and analytically calculate their quantum-noise spectra. For both the below- and above-threshold
cases, we study with particular emphasis the two principal architectures for Kerr comb generation, namely the
add-through and add-drop configurations. It is found that regardless of the configuration, an essential parameter
is the ratio between out-coupling and total losses, which plays a key role as it directly determines the efficiency
of the detected fluorescence or squeezing spectra. We finally discuss the relevance of Kerr combs for quantum

information systems at optical telecommunication wavelengths below and above threshold.
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I. INTRODUCTION

Kerr optical frequency combs are sets of equidistant spectral
lines that are generated after pumping a whispering-gallery
mode (WGM) or ring resonator with a continuous-wave (cw)
laser [1-3]. When the bulk resonator has both an ultrahigh
quality factor and a Kerr nonlinearity, it can at the same
time trap the pump photons for a significantly long time
in the toruslike eigenmodes of the resonator and host the
nonlinear interactions among them. From the semiclassical
viewpoint, the deterministic behavior of these combs is very
well understood today. When the pump power is sufficiently
low, the intracavity photons remain in a single cavity mode
and their frequency essentially remains the same as the
one of the pump laser. However, above a certain threshold,
these confined and long-lifetime pump photons are steadily
transferred through four-wave mixing (FWM) to neighboring
cavity modes, provided that phase-matching, energy, and
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momentum-conservation conditions are fulfilled. This process
can be further cascaded and yield a frequency comb with
all-to-all coupling and involving up to several hundred modes
over several THz. In comparison to optical frequency comb
generators based on femtosecond mode-locked lasers, Kerr
comb generators are fairly simple, compact, robust, and
energy efficient: They are expected to be core photonic
systems for many applications, such as integrated photon-
ics, metrology, aerospace, and communication engineering
[4-15].

Beyond these potential applications, which have been a very
powerful drive, Kerr combs also actually represent an ideal
test-bench systems for fundamental physics, particularly for
quantum optics. In fact, understanding Kerr comb generation
is strikingly simple when one considers the photon picture
and describes the process as the photonic interaction hw,, +
hw, — hw, + hw,, where two input photons labeled m and p
interact coherently via the Kerr nonlinearity to yield two output
photons n and g. Without further analysis, this interpretation
already suggests that purely quantum phenomena based on the
nonclassical nature of light can eventually arise in Kerr combs.
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From a theoretical point of view, it is well known today that
in the semiclassical limit, Kerr combs can be described using
either a set of coupled ordinary differential equations (one
equation per mode [16—18]) or a single partial differential
equation (one equation for the sum of the modes [19-21]).
It is also well known that both formalisms are, in fact,
perfectly equivalent [20], with the first one emphasizing the
spectrotemporal dynamics of the system, while the second
emphasizes the spatiotemporal dynamics. It is important to
note here that these Kerr comb models are singularly accurate:
The comparison between the numerical power spectra obtained
using the models and the experimental ones is excellent across
a dynamical range that can be as large as 80 dB [16,22-24].

The spatiotemporal formalism is generally known as the
Lugiato-Lefever equation (LLE) and was introduced for the
first time by Lugiato and Lefever in the context of ring res-
onators where the semiclassical cavity fields were subjected to
Kerr nonlinearity and diffraction [25]. In the approximation of
one-dimensional (1D) diffraction, some of the key dynamical
properties of this optical system had also been derived in the
same article, such as, for example, the super- and subcritical
Turing instability leading to roll patterns. The LLE used to
model Kerr combs has an essential dissimilarity with the one
initially introduced by Lugiato and Lefever: Diffraction is
replaced with dispersion. This difference is of no importance
from the mathematical point of view. However, from the
physical standpoint, the difference is significant. On the one
hand, Kerr comb generation is genuinely 1D, originates from
a small bulk cavity (from pum to mm size), and involves
guided fields: The system is experimentally compact, simple,
low-power, versatile, controllable, and its behavior can be
described by the LLE with high accuracy as emphasized
above despite its high dimensionality (from three to up to
several hundred modes). On the other hand, in the initial
system, the approximation of 1D diffraction is rather poor (the
2D approximation is much better), the fields are propagating
freely, and the cavity is set up with mirrors: The system is
experimentally very complex and the LLE is a rather simplistic
model, even though the number of interacting modes is always
very limited (rarely more than ten).

In the scientific literature, several researchers have explored
the quantum properties of optical resonators with Kerr nonlin-
earity when pumped under or above threshold.

In the case of a resonator pumped below threshold, the
classical viewpoint assumes that the pump field is the unique
oscillating mode inside the resonator, while all the side modes
have zero power (hence, there is technically no comb in this
case). From a quantum standpoint, the pump field is actually
at the origin of spontaneous four-wave mixing where two
pump photons are symmetrically up- and down-converted
in the Fourier domain, thereby leading to the simultaneous
and spontaneous generation of signal and idler photons,
respectively. This phenomenology corresponds to the photonic
interaction 2hw, — hw; + hws, where w,, i, and wy are the
pump, idler, and signal angular frequencies, respectively. The
phenomenon of spontaneous FWM (which is also sometimes
referred to as parametric fluorescence) can only be understood
and analyzed from a fully quantum perspective, because
it results from the coupling between the intracavity pump
photons and the vacuum fluctuations of the various side
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modes. This topic is the focus of a very large body of
literature, particularly related to the generation of correlated
pairs of entangled photons with chip-scale and integrated ring
resonators (see, for example, Refs. [26-40] and references
therein).

When the system is pumped above threshold, the photonic
interaction 2hw, — hw; + hws becomes steadily sustained:
From a classical perspective, the signal and idler side modes
are correlated twin beams in the frequency domain, yielding a
roll pattern in the spatial domain. By analogy to laser theory, it
is considered that this phenomenon corresponds to stimulated
Sfour-wave mixing [41]. In Ref. [42], Lugiato and Castelli have
pioneered investigations on the quantum properties of the
paradigmatic system described in [25] when pumped above
threshold in the approximation of 1D diffraction. In that work,
they have demonstrated that the intensity difference between
the signal and the idler exhibits fluctuations below the standard
quantum-noise limit (QNL). This important result, which for
the first time predicted squeezing in optical systems ruled
by the LLE, was obtained in the three-mode approximation
(central pumped mode and two side modes) and therefore was
only valid close to the threshold leading to the rolls in the
supercritical case. Zambrini et al. numerically showed later on
that the squeezing behavior when certain additional degrees of
freedom are accounted for is still consistent with the one of
the reduced three-mode truncation [43]. Further research on
the quantum properties of optical systems ruled by the LLE
was performed with the more realistic case of 2D diffraction.
However, in that case, the roll pattern is unstable and, instead,
the simplest nontrivial solution is a hexagonal structure which
emerges through a subcritical bifurcation. As a consequence,
the number of modes involved in the dynamics increases
significantly because of the hexagonal structure itself (the
smallest order truncation now involves seven modes, instead of
three for the roll pattern) and because of its subcritical nature
(the higher-order side modes cannot be legitimately discarded
anymore, even close to threshold, so that even the seven-mode
truncation is not very accurate). However, using that lowest-
order truncation, Grynberg and Lugiato had shown very early
that these hexagons can display fourfold mode squeezing
in a lossless cavity close to threshold [44], while Gatti and
Mancini have extended the results and shown that squeezing
and multimode entanglement persists even in the presence of
losses and even far above threshold as long as the seven-mode
truncation remains a good approximation [45]. In view of
these preceding results, it could therefore be foreshadowed
that Kerr combs, which can be described with great accuracy
by the LLE in the semiclassical limit, can display a nonclassical
behavior as well. In this regard, an elegant demonstration of
the theoretical prediction of Lugiato and Castelli has been
achieved recently: In the research work reported in Ref. [46],
squeezing in a Kerr comb is experimentally demonstrated
between the two side modes of a 15th-order roll pattern.

From a purely technical point of view, other important
parameters to consider are the central frequency of the comb,
its spectral span, and the frequency separation between the
comb lines. Even though some works have shown that the
combs can be obtained with a pump close to the lower and
upper limits of the near-infrared range (~800 nm [47] and
~2500 nm [48]), the overwhelming majority of Kerr combs are
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generated today with laser pumps around 1550 nm. Since this
wavelength corresponds to the well-known telecom spectral
window, there is a plethora of commercial off-the-shelf optical
components (lasers, photodiodes, narrow filters, amplifiers,
phase shifters, etc.) that are available for the manipulation of
the photons around that wavelength, even at the single-photon
level. It is also noteworthy that many nonlinear amorphous
and crystalline materials have low dispersion and losses in
that wavelength window, and these are two features that are of
extreme importance in Kerr comb generation.

Moreover, Kerr combs originate from stimulated FWM
which is a hyperparametric process: Hence, the frequency
separation between the spectral lines generally ranges from
~1 GHz to ~1 THz for the Kerr combs of interest, instead of
~100 THz for parametric processes. Hence, in Kerr combs,
the photodetected signals fall into the microwave range where
there is a very wide variety of technological solutions for the
careful handling of low-noise signals.

For the above reasons, Kerr combs have many singular
advantages for quantum optics experiments, powered by the
possibility to manipulate the photons in the optical frequency
domain, and measure their slowly varying attributes (ampli-
tude and phase) in the microwave frequency domain. They also
have the potential to play a major role in compact or integrated
quantum-information systems at optical telecommunication
wavelengths [49-51].

Despite the aforementioned theoretical works in the context
of quantum phenomena of LLE-based systems, and despite the
promising technological opportunities highlighted above, sev-
eral critical problems remain wide open for the understanding
of the quantum properties of spontaneous and stimulated FWM
combs in WGM resonators.

The first topic of interest is the analysis of the spontaneous
FWM comb spectra when the system is pumped below thresh-
old. Many groups have investigated experimentally the main
characteristics of this phenomenon, but a coherent theoretical
basis explaining the influence of the various parameters of the
system (dispersion, frequency detuning, etc.) on the output
spectra is still lacking.

A second challenge is that, in the literature, the available
research results to this date only consider minimally truncated
expansions, whose validity is automatically restricted to a
parameter range close to threshold. However, Kerr combs are
generally operated far above threshold and can be very large,
up to several hundreds of modes. They can also correspond
to different kinds of spatiotemporal patterns such as rolls
(super- and subcritical) or solitons (bright and dark), for
example. It is therefore important to investigate in detail
the quantum correlations in the case of Kerr combs where
spectrum amplitude, size, and span restrictions do not apply.

A third issue is related to the sources of quantum noise in
the system. Previous theoretical works on LLE-based systems
focused on gedanken experiments where the unique source
of losses was the semireflecting mirror used to couple the
light in and outside the cavity (the intrinsic losses were null).
The corresponding quantum equations therefore included only
one vacuum fluctuation term. However, in the case or Kerr
combs, the resonators are bulk and then necessarily lossy.
This introduces an extra term related to vacuum fluctuations
induced by these intrinsic losses. Actually, the in- and out-
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coupling processes might also be distinct (like in the add-drop
configuration, for example) so that, overall, we might have
up to three vacuum fluctuation terms instead of just one. In
order to remain close to the experimental reality, it is therefore
necessary to understand the effect of all these intrinsic and
extrinsic vacuum fluctuations at the quantum level.

The fourth open point is the explicit determination of the
quadratures that can potentially lead to multimode squeezing.
The conjugate variable of the photon number operator is the
phase operator [52], so that when the squeezing occurs for
a linear combination of modal intensities, there is necessar-
ily a corresponding linear combination of correlated phase
quadratures in the system. In Kerr combs, the large number
of modes and the complexity of the all-to-all coupling among
them allows for a large variety of phase-locking patterns in
the semiclassical limit: The determination of the equivalent
quantum correlations in terms of phase quadratures is therefore
of particular relevance.

Our objective is to provide answers to the four open points
highlighted above, and the article is therefore organized as
follows. In the next section, we present a brief overview of the
mean-field models used to model the dynamics of Kerr combs
in the semiclassical limit. Important physical considerations
such as orders of magnitudes and system architecture are
discussed in detail. In Sec. III, we build the quantum models
for Kerr combs, using both the canonical quantization and
the Hamiltonian formalism. Particular emphasis is laid on the
various sources of quantum noise that have to be accounted
for depending on the in- and out-coupling configuration. The
dynamics of the system below threshold is investigated in
Sec. IV, where the spontaneous FWM spectra are explicitly
calculated as a function of the system’s parameters. Quan-
tum correlations and squeezing for the photon numbers is
investigated in Sec. V, where we explain why the squeezing
properties of the comb are degraded as the size of the comb
increases. Section VI is devoted to the study of the quantum
correlations and squeezing behavior in both the amplitude
and the phase quadratures, after the explicit derivation of
the relevant quantum Langevin equations. Particular emphasis
is laid on the analysis of squeezing in rolls and solitons
(bright and dark), which are the most prevalent spatiotemporal
patterns in Kerr comb generation, and their squeezing spectra
is investigated in Sec. VII. We sum up our main results in the
last section, which concludes this article.

II. SEMICLASSICAL MODELS FOR KERR OPTICAL
FREQUENCY COMBS

We provide here a brief overview of the semiclassical
models for Kerr combs, which are useful to gain a deep
understanding of the quantum models that are developed in
the next section and which are also needed to introduce the
key macroscopic parameters needed to describe the system.

A. Modal expansion model

WGM resonators, as well as ring resonators, generally have
several (transverse) families of modes [53-55]. Let us consider
that only one family is involved in our case and, without loss
of generality, we also consider that it is the fundamental family
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(toruslike modes). In that case, the modes of interest, which
are sometimes referred to as azimuthal, can be unambiguously
defined by a single integer wave number £, which characterizes
each member’s angular momentum. In the case of WGM
resonators, this number £ can be considered as equal to the
total number of reflections that a photon undergoes during one
round trip in the cavity (ray-optics interpretation). Let us also
consider that the eigennumber of the mode that is pumped by
the external laser is £. In the spectral neighborhood of ¢, the
eigenfrequencies of the resonator can be expanded in a Taylor
series, following

o=+ Y ) (M
n=I1

where wy, is the eigenfrequency at £ = £¢ and np,y is the order

of truncation for the expansion.

For a disk resonator with main radius a, the parameter
{1 = c/nga = Aw,, stands for the free-spectral range (FSR),
with ¢ being the velocity of light and n, the group-velocity
refraction index at wy,. This intermodal angular frequency is,
of course, linked to the round-trip period of a photon through
the resonator as T, = 2w /¢;. The parameter ¢, stands for
the second-order group-velocity dispersion of the eigenmodes
(normal GVD for ¢, < 0, and anomalous GVD when ¢, > 0).
We recall that ¢, is generally the sum of two contributions,
namely the geometrical dispersion (normal) and the material
dispersion (normal or anomalous). The parameters ¢, forn >
2 stand for higher-dispersion terms and in this study, these
terms are considered to be uniformly null. Note that perfect
equidistance for the eigenfrequencies is achieved when ¢, = 0
foralln > 2. More details can be found in Refs. [16,17,20,56],
for example.

The resonator is also characterized by its losses, which
can be internal or external. For each mode, the internal losses
(bulk absorption, surface scattering, etc.) are quantified by
the linewidth Awiy¢. On the other hand, the external losses
Awey; ¢ are here considered to be induced by both the in- or
out-coupling processes of the optical fields. The total losses are
just defined as the sum of the two aforementioned contributions
following Awiot¢ = AWint¢ + Awext - The loaded (or total)
Q factor for each mode can be defined as Q;)tly o= 0l +
Q;(]l’ ¢ = Awioy,¢/we, and the modal photon lifetime is Tph, ¢ =
1/ Awor,e-

The total electric field (in V/m) inside the cavity can be
expanded as

h 1 .
E(r,0) = |27 3 2 A e T + e, (2)
80113 7 2

where ¢ is the time, A,(¢) is the complex-valued slowly varying
amplitude of the £th mode, Y,(r) is the corresponding spatial
mode profile (units of m’%), &o is the permittivity of vacuum,
n, is the refraction index at the laser pump wavelength, and
c.c. stands for the “complex conjugate” of all the preceding
terms [17]. It is important to note that in Eq. (2) the fields
have been normalized such that |.A,|? is equal to the number
of photons in the £th mode.

It has been shown in Ref. [17] that the slowly varying
envelopes 4, of the modes are governed by a system of
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equations,
d.Ag 1 1 o
dt = _EAwlot,K A+ EAwmt'Z Foe Z(S(E —£y)
—igy Y Mgy AL Ay, elimouton oo
b lsy
emenep
XAl — by + Ly — 0, 3)

where §(x) is the Kronecker § function that equals 1 when
x = 0 and equals zero otherwise. In the above equation, the
Kronecker functions indicate that only the mode £ = {; is
pumped and that the allowed four-wave mixing interactions
will be those for which the total angular momentum of the
interacting photons is conserved, following £,, + £, = £, + £.

The four-wave mixing gain is g = nychwy, /ng Vesr, where
h is Planck’s constant, n, is the Kerr coefficient at £ = £, and

Vet = [fv 1T, (r)][*dV] ! is the effective mode volume of

Cnluly . .
the pumped mode. The parameter A,” ™" is an intermodal

coupling tensor which weights the spatial overlap among the
various modes. The laser pump field is characterized by the
detuning 0 = w,_ — w, between its angular frequency w, =
2mc /A, and the resonance frequency wy, of the pumped mode

and by Fy, = [4Awexs,/ Awd, 17 [P/hw, |7, which stands
for the external pumping field, with Awey representing in-
coupling losses only.

Equation (3) can be further simplified and rewritten in a
more convenient form, suitable for the canonical quantization.
The first step is to introduce the reduced eigennumber [ =
£ — £y, so that the pumped mode is now [ = 0, while the
various side modes symmetrically expandas/ = +1, +2, ...,
with “+” and “—” standing, respectively, for higher and lower
frequency side modes. The modes £, £,, and £, in the
four-wave mixing sum will now be simply replaced by their
reduced counterpart as {m,n,p} = £y, . p — £o. The second
step is to consider that the spectral extension of the comb is
narrow enough to consider that the modes are quasidegenerate
in space and frequency (A;"” = 1) and that the modal losses
are quasidegenerate as well, with Aw; = Awior,0 = Awyor. The
last step is to replace the fields A, = A; in Eq. (3) with
A expli(o — %g“glz)t], so that explicit time dependence is
removed in Eq. (3). From a physical viewpoint, this latter
transformation corresponds to setting the frequency reference
at the laser frequency instead of the cold-cavity resonance of
the pumped mode and to express the modal frequencies with
respect to the equidistant (FSR-spaced) frequency grid, instead
of the dispersion-detuned eigenfrequency grid [57].

After implementing these mathematical transformations,
it can be shown that the new modal fields A; obey the set
of autonomous, nonlinear, and coupled ordinary differential
equations

. 1 1
./4[ = —EAa)mt .A] +l|:0' - §§212j| A[

+8(l)\/ Aa)ext Ain

+igo Y Sm—n+p—-DAAA,. 4

m,n,p

where the overdot indicates the time derivative. Note that
higher-order dispersion at arbitrary order can be accounted
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for by replacing z,/?/2 by > me ,"/n!, which is obtained
from Eq. (1). Without loss of generality, we can arbitrarily
consider the phase of the external pump field as a reference
and set it to zero, so that this field becomes real valued and
can be written as

P
ho,

L

-Ain = A, = (5)

It is important to recall the normalization in the semiclassical
Egs. (4) is such that | 4;|? is a number of photons (cavity fields),
while |Aj,|? is a number of photons per second (propagating
fields). This normalization is physically the most appropriate
at the time to perform the canonical quantization.

B. The two configurations under study

Two configurations are routinely used to generate Kerr
optical frequency combs, as displayed in Fig. 1. It therefore is
important to identify precisely all the loss terms as well as the
out-coupled fields in each case, because, as we see later on,

Add-through
coupling

Add-drop
coupling

Input Output Input Kt
) e—— —)

(a)

Output Input

ST D
.0

Input Output Input

— —) — ﬂ
Output S 4
—

FIG. 1. The two main configurations for Kerr comb generation
with monolithic resonators, namely the add-through (left column) and
add-drop (right column) configurations. Each architecture features
a certain number of loss mechanisms (quantified by their half
linewidths « ; 4), which are associated with vacuum fluctuations. The
related quantum-noise contributions have to be accounted for when
calculating the squeezing spectra. (a), (b) Waveguide coupling of
integrated ring resonators; (c), (d) tapered-fiber coupling of WGM
resonators; (e), (f) prism coupling of WGM resonators.
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the vacuum quantum-noise terms are closely related to these
losses and out-coupling configurations.

In the first architecture, which we call add-through [58],
a single coupler is used to pump the cavity and retrieve
the comb signal, which is detected at the through port.
This architecture allows for limited coupling losses (and,
therefore, low threshold power for Kerr comb generation).
However, a disadvantage of this architecture is that the output
signal is a superposition of the intracavity and a portion of
the pump which is directly passing through the coupling
waveguide [22]. In this add-through configuration, the total
and external linewidths in Eq. (4) can be written as

Ay = Awint + Awext,t, (6)
Awexy = Awex[,ta @)

while the modal output fields obey

Aout,l = Awext,t Al -

with Awey ¢ standing for the coupling losses in the through
port.

In the second architecture, referred to as add-drop, two
different couplers are used to perform in- and out-coupling
tasks. The comb is therefore retrieved at the drop port.
This double coupling has the disadvantage to increase the
overall losses (thereby increasing the threshold for Kerr
comb generation); however, at the opposite of the precedent
case, the output signal is proportional to the intracavity field
and provides an unambiguous representation of the physical
processes that are taking place inside the resonator. For the
add-drop configuration, the linewidths in Eq. (4) are explicitly
defined as

Aind(0), ®)

Awor = Awint + AWext,t + Awext,d, &)

Awey = Awexl,t’ (10)

and the modal output fields simply obey

Aouts = v/ Awexia A, (1)

where Aweyq stands for the coupling losses in the drop
port [59].

In all cases, the various linewidths are related to their
corresponding quality factors by Awintext.tot = @, / Qint ext.tot-
A technique routinely used to determine the various quality
factors at the experimental level is the cavity-ring-down
method [60].

C. Spatiotemporal formalism

Several studies on the quantum properties of self-organized
dissipative optical structures are performed on systems that are
ruled by the LLE. In the case of Kerr combs, it has be shown
in Ref. [20] that the above modal expansion model is exactly
equivalent to the following normalized LLE

dA 1

9 = _EAa)totA+iaA+i80|A|2~A

5 0%A
+1 3 907 + V Awexi,t Ain, (12)
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where A(0,1) = Y, Ai(t)e'"? is the total intracavity field
and 6 € [—m,mw] is the azimuthal angle along the cir-
cumference of the resonator. Higher-order dispersion
can be accounted for by replacing (£,/2)d%4/36° with
Vg Zi“‘:“a(i Q) (Br/kN*A/d0F, where the dispersion coef-
ficients B, = —[vg(—QFSR)"] & exactly correspond to those
used in fiber optics. The total number of intracavity photons is
therefore |.A|?, while the output field is Aoy = /Awext.c A —

Ay, in the add-through configuration, and A,y = / Awexi.a A
in the add-drop configuration. In several theoretical studies,
Eq. (12) is further normalized to

oy . G BY

5 = (I +i)y +ily"y e T (13)
where ¥(6,7) = (2g0/Aw)'/* A is the dimensionless intra-
cavity field and T = Awn?/2 = t /27y, is the dimensionless
time. The dimensionless parameters of this normalized equa-
tion are the frequency detuning o = —20/Awy, the cavity
second-order dispersion S = —2¢/Awyy, and the external
excitation F = (880 Awext.i/ Awy,)'/?\/P /hw, . In the context
of Kerr comb generation, the LLE has been extensively
investigated in several articles since the pioneering works of
Refs. [19-21].

In Ref. [57], an exhaustive study of the various dynamical
regimes of the LLE has been performed, and the stability
basin of the various solutions has been determined. In the
anomalous dispersion regime, the stationary solutions are rolls
(super- and subcritical), bright solitons (isolated or coexisting),
and soliton molecules (isolated or coexisting). In the case of
normal dispersion, the stationary solutions can be rolls, dark
solitons (isolated or coexisting), and nonsmooth dark solitons
(sometimes referred to as platicons; see Ref. [61]). For all these
stationary solutions, the Kerr comb is perfectly symmetric in
the semiclassical limit, and we see in Sec. V that this symmetry
opens the way for multimode squeezing when quantum noise
is accounted for.

D. Orders of magnitude in experimental systems

In order to facilitate comparisons between theory and
experiments, it is important to link the normalized parameters
and variables to their counterparts in SI units. In particular,
knowing the power levels involved provides key information
at the time to choose the low-noise, high-sensitivity com-
ponents needed to perform experiments with nonclassical
light [62].

In our Eq. (4), the dispersion parameter ¢, is linked to
the parameter 8, used in fiber optics by B, = —&/ nga)ESR
(in s>m~"), where v, =c/ng is the group velocity. The
coefficient gy can be converted to the nonlinear coeffi-
cient y = o, na/cActr = 80Ty /Vghew, (in W'm™!), which
is also well known in fiber optics, where Acy = Vegr/2mwa
is the effective area and V.4 is the effective volume. For
a spherical resonator of radius a, an approximation of
the effective volume of a WGM of azimuthal eigennum-
ber ¢ and polar eigennumber m is given in Ref. [63] as
Veir ~ 3472 (A, /270, €'s /& —m + 1. Since £ ~ m for the
WGMs of interest, the effective area can therefore be approx-
imated as Acfr ~ (A, /n g)%ag for a spherical WGM resonator,
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and this is generally a higher bound estimate for WGM disks
or ring resonators. Finally, the intracavity and output dimen-
sionless intensities |.4;|* and [ Aout.; |2 can be converted to watts
following |&)? = hw, |A1|?/ Ty, and |Eoui]* = ho, | Ao |*
The theory based on the stability analysis of the normalized
LLE indicates that Kerr combs can scarcely be generated
when the normalized intracavity power |1/ |? and external pump

power F? are inferior to 1. Therefore, the condition F2, = 1
leads the absolute minimum pump power (in watts)
ho, Aw? w?
i = ok D _ gy A Cowt gy
880 A(Uext,t 8yvg Qtot

to trigger Kerr comb generation, which corresponds to an

absolute minimum photon flux of |Ain|r2nin = Pnin/hw, . On
the other hand, the condition |/|2,, = 1 yields a formula for
the minimum intracavity power (in watts),
ho, Aw 1)
2 tot
|5min| = - = - (15)

2g0 TFSR N 2V vg QtOt’

which corresponds to a minimal intracavity number of photon
equal to |Ao|r2nin = Awt/280. The above values are therefore
absolute minima (necessary but not sufficient for comb
generation) that can be reached when the laser is accurately
detuned to o0 = —%Awwt in the anomalous dispersion regime
(see Refs. [17,57]). For any other detuning, and in both
dispersion regimes, the threshold pump power Py for Kerr
comb generation will necessarily be higher than Pp;,, up to
a factor 100. However, the threshold number of intracavity
threshold number of photons | A |? will still be equal, or very
close, to the minimal value |.4y|2, [57].

Therefore, for mm-size crystalline resonator with 10 GHz
free-spectral range (7., = 100 ps), y ~ 1 W~! km~!, ng ~
1.4, and Qi = Qexi ~ 10° at 1550 nm in the add-through
configuration, the absolute minimum threshold power can
be as low as Py, ~ 1 mW. Such low pumping power has
already been demonstrated experimentally, like in Ref. [64],
where a threshold power of ~2 mW was sufficient to trigger
Kerr comb generation. On the other hand, for an integrated
silicon nitride resonator with 100 GHz repetition rate, y ~
10 W—'km™', n, ~ 2, and quality factors Qi = Qext ~ 3 X
10° at 1550 nm in the add-through configuration, the absolute
minimum threshold pump power is rather Py, ~ 1 W. In all
cases, it is also useful to remember that the intracavity power
is always such that |£|> ~ F,P, where F, = Q,,/Aw =
Qrot/ o is the loaded finesse of the cavity.

III. QUANTUM MODEL FOR KERR OPTICAL
FREQUENCY COMBS

The construction of quantum models for Kerr combs is
required in order to understand the spatio- and spectrotemporal
behavior of the system when it is in a dynamical state like
one of those displayed in Fig. 2. The determination of this
dynamical behavior at the quantum level can be performed
through the canonical quantization of the semiclassical model
or by defining an Hamiltonian operator ruling the relevant
interactions in the system. The first approach has the advantage
to be more intuitive, while the second is generally helpful at the
time to establish conservation rules (which are closely related
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FIG. 2. Spatiotemporal (top row) and spectrotemporal (bottom row) representation at a given time ¢ (snapshot) of some stationary solutions
for the normalized intracavity field ¥/(9) = >_, ¥;¢"’? when quantum noise is accounted for. The spatiotemporal representation displays the
intracavity field intensity |v|> (which is proportional to the total intracavity photon number) as a function of the azimuthal angle 6 along the
circumference of the resonator of radius a. The spectrotemporal representation displays the corresponding stem plot for the modal intensities
[y, |> = | (1)|* as a function of the reduced eigennumber / (note that, technically speaking, these spectrotemporal snapshots are not Fourier
spectra; otherwise, they would have a smooth envelope like in Fig. 5). The quantum noise has been added to the deterministic stationary
solutions (flat state, rolls, and solitons) and in the figure, the noise intensity has been set at a much stronger intensity than realistic quantum
noise for the sake of visual clarity. The parameters of the system are defined in Sec. VIC. In the spectral domain, spontaneous FWM occurs in
(e), while stimulated FWM occurs in (f), (g), and (h). Note that the pumped mode is [ = 0, so that the side modes expand as / = 1, £2, ...
(a), (e) Flat state (P = 1.5 mW and o = —«). The system is here under threshold. The deterministic intracavity field is constant and in the
spectral domain there is only one spectral line. The effect of quantum noise is to induce a random modulation of the flat state in the spatial
domain and to generate noisy side modes around the pump in the spectral domain. (b), (f) Roll pattern of order L = 20 (P = 2.5 mW and
o = —«). There are 20 rolls in the spatial domain, and the deterministic oscillating side modes in the spectral domain have a 20-FSR spacing.
(c), (g) Bright soliton (P = 3.5 mW and ¢ = —2«); (d), (h) dark soliton (P = 5.3 mW and 0 = —2.5«).

to commutators involving the Hamiltonian). In the present A. Canonical quantization
article we use both formalisms, which are introduced in this

. . 3 The canonical quantization makes it possible to derive the
section to derive the temporal behavior of the Kerr comb.

quantum counterpart of a semiclassical model, and in our case

(a)

Spon. FWM comb

Pump (parametric fluorescence)
=

CW laser WGMR

BPF Slgnal PD -———

ooooo
goooo

v
I
I
'Y
O

’
! OSA

(b)
Stim. FWM comb
Pump (Kerr comb)

D_I__d__

>
CW laser WGMR

FIG. 3. Schematic representation of the experimental setups used to analyze the quantum states of a Kerr comb. Practical elements such as
polarization controllers, amplifiers, variable attenuators, isolators, etc., have been omitted for the sake of conceptual clarity. (a) Pump below
threshold (spontaneous FWM). Two symmetric side modes from the parametric fluorescence spectrum can be isolated and can be processed in
the time domain using a time interval analyzer (TIA), or in the spectral domain using an optical spectrum analyzer (OSA). Note that the TIA
and the OSA should normally not be used simultaneously. (b) Pump above threshold (stimulated FWM). Two symmetric side modes from the
Kerr comb are isolated and photodetected. The electric signals from the photodetectors can then be subtracted, and the residual signal can be
monitored using an electrical spectrum analyzer (ESA). Squeezing corresponds to the situation where this signal is reduced below the standard
quantum-noise limit (shot-noise of the photodetectors). Note that in the ESA, the baseband spectrum will be a single-side band (the double-side
band pictogram is only a convenient visual reminder of the squeezing spectra we are theoretically plotting in this article).
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it consists in three steps [65,66]: (i) Replace all the fields
A;(t) and their complex conjugates Aj(¢) with annihilation

and creation operators &,(¢) and é}L(t), respectively [67];
(ii) introduce vacuum fluctuation operators for every loss
mechanism (intrinsic or extrinsic) in the optical system; (iii)
introduce vacuum fluctuation operators at both the in- and
out-coupling ports.

The creation and annihilation operators obey the following
boson commutation rules:

14,401 = 8.1, (16)
(4,41 =1[4),a)] =0. (17)

The semiclassical photon number |.A4;|> = Af.A;, which was
a measure of the intracavity optical energy for each mode,
is now represented by its quantum counterpart, which is the
photon number operator

A, = ala. (18)

It is useful to recall that the ordering of the operators éj and &,
cannot be arbitrarily swapped, as these two operators do not
commute. We adopt here the so-called normal ordering which
consists in placing the creation operators on the left and the
annihilation operators on the right.

The vacuum fluctuations associated with losses and cou-
pling can be explicitly introduced in each mode using the
vacuum operators \A/i,l for the intrinsic losses, \A/u for the
coupling losses in the through port, and \A/d, ; for the coupling
losses in the drop port. These free-field operators have zero-
mean value and obey the commutation rules

Va0 VL ()] = 8.5 810 8 — 1), (19)

where s, s = t (through), i (intrinsic), or d (drop). The
vacuum fluctuations, which are necessary to avoid a violation
of the Heisenberg uncertainty principle, have the following
correlation properties:

(Vs VL (1) = 8sy 810 82 — 1), (20)
V@V () =0, 1)

VoV (@) = VL0V @) =0 (22
The pumping field is now defined as a coherent state,
Ay = Ain + Ve, (23)

which is the sum of a semiclassical contribution Aj, (this is
a shorthand for Ainﬂ, where 1 is the identity operator) and a
vacuum fluctuation that will be inserted in the through port.
Its commutation rules is therefore

A, AL = VooV (@ =8¢ — 1),  (24)

and then it has the same quantum-noise properties as a vacuum
fluctuation.

The canonical quantization can be now be performed by
transforming the semiclassical Egs. (4), (8), and (11) into their
quantum counterparts.
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Let us first introduce the following notation for the sake of
conciseness:

2k; = Awiy, (25)
2K4 = Awext.ds (26)
2kt = AWext s 27

2% = Awyer. (28)

For the add-through configuration, the quantum model explic-
itly reads

. 1
4 =—-«k§ +i[6 — 5{212] a; + 8() v/ 2u Ain

+igo Y 8(m —n+p—1)4}a,a,

m,n,p

+ 2k Vo + 26 Vi, (29)

with
K = K + ki, (30)

Aot = 2k 81 — Aind(l) — V. (31)

On the other hand, for the add-drop configuration, the quantum
model is

. 1
a =-«§ +i[0 — E{zl{l &+ 8() /2 A

+igo Y 8(m—n+p—1ala,a,

m,n,p

+ V26V + 26 Vi 4 /260 Vg, (32)

where the losses and the output field operator obey

K = K¢ + Ki + Kd, (33)
Aot = V2108 — Vy,. 34

Note that because of the normal ordering, the creation operator
in the nonlinear interaction terms is always placed on the left.
Also, in the canonical quantization procedure, the pump fields
Ajn have not been explicitly replaced by the operator Ay, since
the related vacuum fluctuation +/2x; V, ¢ is already accounted
for in the generic term +/2x V.

B. Hamiltonian formalism

The theoretical understanding of the quantum properties of
Kerr optical frequency combs can also be achieved through an
Hamiltonian formalism, and in our case, the total Hamiltonian
of the system has three contributions.

The first contribution corresponds to the propagation of the
fields following

A i 1 0 do
Fre =5 | &' |o+-06—|aZl
free /_ﬂ |:O—+2§2892:| o

=hy |:0 - %le}é}é,. (35)

1
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The second contribution originates from the external pump
field and reads

Hoump = ifiy/2k Ain (&) — ). (36)

The third and last contribution comes from the interactions
related to the Kerr nonlinearity:

1 t 2 db
=—-h ahz(a)” —
280/_71( )()271

1 At AT A A
= _zhgom;qa(m —n+p—q)élala,a, (37

H Kerr

For the physical understanding of the quantum phenomena in
Kerr media, it is sometimes useful to decompose the interaction
Hamiltonian itself into three contributions following

HKerr = HSPM + HCPM + |:IFWM7 (3%)

where
N 1
_ - AT \24 \2
HSPM - _zth Em (am) (am) (39)

is the self-phase modulation (SPM) contribution (a single
mode is involved in the interaction),

Hepy = —2hg0 Y _ &},814,4, (40)
m<n
is the cross-phase modulation (CPM) contribution (two distinct
modes are involved), while the four-wave mixing (FWM) term
I:IFWM gathers all the remaining monomials of g, which
necessarily involves three or four distinct interacting modes.
The total Hamiltonian is therefore

|:|tot = |:|free + |:|pump + |:|Kerr’ (41)

and it is interesting to note that this Hamiltonian can be very
large for Kerr combs. In earlier studies related to quantum
correlations in systems ruled by the LLE, the Hamiltonian
was always truncated to a maximum of a few tens of
monomials. However, in our case, if we consider a comb with
| =—-K,...,K (that is, a comb with 2K + 1 modes), then
the interaction Hamiltonian HKerr has exactly %[2(2[( + 13+
(2K + 1)] monomials: This number therefore grows in a cubic
polynomial fashion with the number of modes, and for a comb
with ~100 modes, there is already ~10° monomials in the
Hamiltonian.

The Hamiltonian |:|u,t can now be used to track the temporal
dynamics of the quantum Kerr comb, as it permits to obtain an
explicit equation for the annihilation operator &; following

R 5 0
a[ :%[a,,Hmt] + Z[_Ksal + \/TKSVSJ]’ (42)

where the index s runs across the various loss terms corre-
sponding to the configuration under study, that is,

t,1 for add-through,

= 43
s {t,i,d for add-drop. “3)

The term « = )k, stands for the total losses [see Egs. (6)

and (9)], and \A/s,l represent the vacuum fluctuations corre-
sponding to these losses. On the other hand, the output field
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Aout,l = /2K a — Ainder8(1) — vr,l, (44)
where the index r stands for the output port following

{t for add-through,
r= (45)
d for add-drop.
Equation (42) is identical to Egs. (29) and (32), and the
output field operators defined in Eq. (44) in the add-through
and add-drop configurations obey the same relationships as
in Sec. Il A. The commutator [é,,lqmt] generates exactly
3K? +3K —[> 4+ 1 monomials, and, accordingly, Eq. (42)
includes a large number of terms as well. We also note that
this formalism is close to the one adopted by Matsko et al.
to investigate the temporal dynamics of Kerr combs in the
deterministic regime, that is, when all the vacuum noise terms
are uniformly set to zero [68].

Another approach is to study the master equation [42]

. 1 ~
p=2 Mip——1pHal (46)
[

where p is the density operator for the comb, and A; is a
Liouvillian explicitly defined as

Ay = [8p.8]1+ [4,.58]]. 47)
In this article, however, we only consider the Hamiltonian in
the context of Eq. (42), which yields a set of equations that

are formally identical to those obtained through the canonical
quantization in Sec. IIT A.

C. Spatiotemporal formalism

The quantum form of the spatiotemporal LLE for Kerr comb
generation is

il

A A AT A R
ga = —(k —ia)a+igoafa2+ig—a+\/2xtAin

2 962

+> V2rVy(0.0), (48)

where &(0,1) =Y, & ()" is the total intracavity an-
nihilation operator. The quantum equation in the case
where higher-order dispersion is accounted for is straight-
forwardly obtained by replacing (,/2)3%8/80> with
Ve Skme (192, )F(Bi/k1)d¥a/96%. The multimode vacuum
fluctuation operators are analogously defined as Vi, =
>, V(1) ¢, and the output field annihilation operator reads
Aou(0,1) = 3, Agus(t) €. Quantum versions of the LLE
for other physical systems have previously been investigated
by several researchers in one and two transverse spatial
dimensions (see, for example, Refs. [42-45,69]).

IV. SYSTEM UNDER THRESHOLD: SPONTANEOUS
FOUR-WAVE MIXING

When the system is pumped under threshold (this is always
the case when P < Pu;,), only the pumped mode [ = 0 is
excited from the semiclassical standpoint; that is, 4y 7 0 and
A; = 0forl # 0. However, from a quantum perspective, there
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are quantum fluctuations in all modes, which are allowing
for the spontaneous photonic interaction 2hwy — hw; + hw_;.
The objective of this section is to determine the power spectra
of all the side modes and their eventual correlations as a
function of pump power, dispersion, detuning, and nonlinear
gain [see Fig. 3(a)]. In the scientific literature, the topic
of quantum dynamics of nonlinear optical systems pumped
under threshold has been the focus of several research works,
essentially in the context of parametric down-conversion [70—
76] or for spontaneous FWM [77,78]. A convenient method to
analyze the system under threshold consists of establishing the
linearized time-domain equation for the quantum fluctuations
and then calculate their Fourier spectra.

A. Quantum Langevin equations

In order to understand the effect of the quantum fluctu-
ations, let us consider that under threshold the annihilation
operator in the various modes of the resonator can be explicitly
rewritten as

A Ao + 889
= {5@

where the operators §8; stand for the quantum fluctuations
in a given mode [/ € {—K, ...,K}. By inserting Eq. (49) into
Eq. (42), it appears that the quantum dynamics of the system is
decomposed under the form of a nonlinear algebraic equation,

(—k +i0) Ay + /2 Ain +igolAol*Ag =0,  (50)

for the central mode [ = 0, while we have the set of 2K
differential equations,

& =Ry 08 + 888", + > Ve Vo (5D
N

for [ =0,

for | #0, (49)

for the quantum fluctuations in the side modes &/ # 0, with

1
R = —[K — i(o - 5{212)] + 2igo | Aol (52)

S =igo Al (53)

being complex-valued parameters. Equations (51) can be
rewritten under the form of K independent sets of 2 x 2
quantum-noise-driven linear flows, following

Sé[ Sél vsl(t)
| = . V2K | At , 4
=i 2 [v;,,m} Y
where
R S ]
Jar = | ox " 55
a,l |:SI Rl ( )

is a 2 x 2 Jacobian matrix. It is interesting to note that the
quantum fluctuations 844, are mutually coupled, and are
independent from the other modes of order I” # 1.

B. Spontaneous emission spectra

In the Fourier domain, we transform the operators as

- 1 oo .
X(w) = — X(1)e'“ dt, (56)

A/ 27T —00
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and we find that in the spectral domain Eq. (54) can be rewritten
as

8@ ] _
[557_1(60)] = —[Ja; +iwkh]
v,
x Y V2, [V’_(l‘(”; )} SENCE

where I, is the 2 x 2 identity matrix. Using Eq. (44), it is easy
to find that the output annihilation and creation operators obey

[al\om,mw)

- = — il ]!
5Aim,1(w)] [Ja; + iwl;]

\73,1 (a)) Vr,l(a))
2 M[Vi,_xw)} B [Vi,_l(m}‘
(58)

Using the correlation properties of the vacuum fluctuations in
the Fourier domain

(\75,1(0))\71,’,,@’)) =85y 811 8(w — &), (59)
<\71,,(w)\75f,z/(w’)) =0, (60)

(Vs 1 (@)Vy (@) = (V! @V (@) =0, (61)

together with Eq. (58), the spectral density of the output photon
flux in the side modes %/ can be explicitly calculated as

Sepa(@) = (SA 4 (@)8Agu 41())

g3l Aol*
[Kz _ g3|¢40|4 + 512 _ a)2]2 + 4k20?

= 4pK2 ) (62)

where
£ =3[Rl =0 — Lol + 28| Aol (63)

is the overall shift induced by laser detuning, group-velocity
dispersion, and self-phase modulation for a given mode /, while
the parameter p € [0, 1[ is defined as

Kr

p="" (64)
K
_ Kt/ (ke + ki) for add-through,
" kg /(¢ + ki + kq)  for add-drop.

The parameter p is the ratio between out-coupling and total
losses and can therefore be interpreted as the ratio between
the number of detected photons versus the total number of an-
nihilated photons [76]. The best performance for spontaneous
FWM is achieved for p — 1, which physically corresponds
to strong overcoupling in the detection port, that is, to x; >> k;
in the add-through configuration, and to kq > ki,k; in the
add-drop configuration. Therefore, ultralow-loss resonators
are the most perfectly suitable for the purpose of spontaneous
FWM, as p is maximized when k; — 0 (or Qi — +00).
Equation (62) defines the line shape of the side-mode
spectra, when populated by spontaneous FWM. Since the
spectra can be rewritten as Sgp, (@) = 4pK2g(2)|A0|4/|Dl(a))|2,
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FIG. 4. Line shape S, ;(w) of various side modes with different /
values when populated by spontaneous FWM, as defined in Eq. (62).
The parameters are set to o = %/c, p =0.5, go|Ag|> = /10, and
¢ = k/100. Note that these parameters correspond to those of
Fig. 5(b). Continuous green line, / = %1; the line shape is single
peaked. Dotted red line, [ = £25; the line shape is doubled peaked.
Dashed red line, / = £50; the line shape is still doubled peaked, and
the separation between the peaks is wider.

with
Dy(w) = [k* — gilAol* + & — 7]

it is easy to demonstrate that the line shapes of S, ;(w) are
either single or double peaked, depending on if the biquadratic
polynomial | D;(w)|? has one or two minima, respectively. The
spectra are thereby found to be single peaked when

£F < k? + gol Aol (66)

and double-peaked otherwise. In other words, single-peaked
line shapes correspond to a small overall detuning |&;|, while
double-peaked ones indicate large overall detunings. A direct
consequence is that the side modes are always double peaked
in the asymptotic limit/ — =£00. These two typical line-shape
profiles are displayed in Fig. 4.

From Eq. (62), it is possible to define the envelope of
the spontaneous emission spectrum, which is defined as the
continuous line linking the side-mode peaks in the spectral
domain. These maxima are located at the frequency wy, = 0
for single-peaked side modes (SPS), and at w,, = :I:[él2 .
golelz]% for the double-peaked side modes (DPS). Inserting
these frequency values in Eq. (62) yields the following
envelope:

—2ikw, (65)

4p —SIALC - for spS
S = L] (©7)
8olAol*
P o AT for DPS.

There are therefore two types of envelope Seny(1). The first kind
has two maxima located at the nearest integer approximation
of

2
I~ ﬂ:\/g—(ﬁ + 280l Aol?), (68)
2

when 2(c + 2g0|A0|2)/ &> > 0 (this condition can only be
fulfilled for single-peaked side modes). The second kind
corresponds the case where 2(o + 2go|Ao|>)/& = 0, and it
yields an envelope that with a single maximum located around
the pump frequency (I = 0). The various types of envelopes
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FIG. 5. Spontaneous FWM (parametric fluorescence) spectra for
various values of the laser frequency detuning o. Note that the pump
signal (/ = 0) has been removed. The green lines are single-peaked
side modes, while the red lines are double-peaked side modes (see
Fig. 4). The thick black line is the envelope Sen (/) of the spectrum as
defined in Eq. (67). The parameters are set to p = 0.5, go|Ao|> =
k/10, and & = «/100. (a) o = Sk, the envelope Sen (/) has two
maxima located around/ = 432 as predicted by Eq. (68); (b)o = %K,
the envelope still has two maxima, located around / = +12; (c)
o= —%/c, the envelope only has one maximum; (d) o = —5«, there
is only one maximum and all the modes are double peaked.

are displayed in Fig. 5, where it can be seen that when the
pumping is resonant (|o| < «), the spectrum configuration is
such that there are single-peaked side modes around the pump,
and double-peaked ones at the edges of the spectrum. However,
for strong detuning, we have either the case where there are
no single-peaked side modes at all (the envelope only has
one maximum) or the one where single- and double-peaked
line shapes alternate as the side-mode order is varied (with
single-mode line shapes located around the two maxima of the
envelope).

However, the spectrum S, ;(w) diverges when the denomi-
nator function |D;(w)|> — 0. In particular, such a divergence
is observed when the three following conditions are fulfilled:

w =0, (69)
golAol* = k = |Ay* = |Anl, (70)
§=0=0=10"-2. (71)

The first condition is an equidistance condition, which indi-
cates that the spontaneous FWM lines are precursors of the
stimulated FWM comb that is expected to emerge just above
threshold. The second equation is the amplitude condition
(null gain) which indicates that the FWM is passing from
being spontaneous to stimulated. The third and last equation
is a phase-matching condition. However, this unphysical
divergence occurs because the linearization procedure fails
when the system is pumped close to threshold, since the
higher-order contributions are not negligible anymore. This
regime of large quantum fluctuations just below threshold is
nontrivial and therefore deserves a study of its own. Many
of the key properties of the system in this strongly driven
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regime have been investigated in detail by Vernon and Sipe in
Ref. [36].

C. Output photons flux and power of spontaneous
emission spectra

Knowing the spectral power density of the spontaneous
FWM spectra, it is possible to calculate analytically the output
photon flux Ry ; (or photon production rate, in units of s7h
for any mode [ using the Parseval theorem following

1 Foo
Rout,l = E/ Ssp,l(w) do, (72)
—00

while the output power (in W) for each mode [ is simply
obtained through

Poul,l = th Rout,la (73)

and the total power emitted in the spontaneous emission
spectra is

Py = th Z Rout,l- (74)
1£0

The explicit calculation of the integral in Eq. (72) mathemati-
cally leads two different cases, depending on if the intracavity
photon number | Ay |? [solution of Eq. (50)] is small or not with
regards to the threshold photon number value | A |*> = «/go.

1. Case of weak pumping

The first case, which is referred to here as the case of weak
pumping, mathematically corresponds to

gl Aol < k* + &7, (75)

and it is particularly important because it physically corre-
sponds to the most widespread experimental configuration.
Effectively, weak pumping permits to avoid parasitic nonlinear
(Raman, Brillouin) and thermal effects (such as thermo-optical
oscillations; see Ref. [79]), thereby allowing for a better control
of the spontaneous emission process. In this case, the output
flux of spontaneously emitted photons is explicitly defined as

g5l Aol*
K2 — g§|~AO|4 + 512

Rout,i = pk (76)

However, the nonlinear relationship between |Ay|> and P =
fiw, A3, is nontrivial, as evidenced by the nonlinear equa-
tion (50). This situation impedes a simple quantitative under-
standing of the interplay between pump power and parametric
spontaneous emission. This nonlinearity disappears in the
asymptotic case of very weak pumping (|Ag|> < |Awnl* =
k/go), which is the most relevant from a physical standpoint
as highlighted above. Effectively, when the pump power is
extremely small, the intracavity photon number is typically
much smaller than the Kerr comb threshold. The nonlinear
gain term can therefore be neglected in Eq. (50) and in that
case, the intracavity photon number in the pumped mode scales
with the pump power following

2/([ P

Ag|* ~ —_
| Aol + o h,

7
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In this very weak pumping regime, the intracavity photon
number |Ay|* is therefore proportional to the input pump
power P, and therefore the output photon flux can now be
determined as

out,/ — s 212 217
[+ )T+ =0 = 302)]
where
2,2 2
_ 8ok P
Rmax - 410 P [h_%]
212
0,0} | 2ma | &}

is the maximum photon production rate that can be achieved in
agiven side mode. As far as orders of magnitude are concerned,
if we consider the resonators described in Sec. IID, the
maximal photon flux per side mode is such that R ,x ~ 10%s~!
when the crystalline resonator is pumped with 0.1 mW or when
the integrated ring resonator is pumped with 10 mW.

Further simplifications can be considered to establish a
useful approximation of the side-mode photon flux Ry,
or equivalently, the side-mode power Py ;. For example, in
the common case of a ring-resonator of radius a which is
resonantly pumped (o = 0) and critically coupled (p = 1/2)
in the add-through configuration (x; = ki = «/2), Eq. (78) can
be simplified and leads to the formula for the side-mode power

yv? 2 Ou T’
~ 4o, [—g} [—} P2, (80)

2ma w,
when dispersion effects are neglected. It is noteworthy that the
above formula, which shows that Py, scales as y2P%Q%a~2,
exactly corresponds to the one proposed by Azzini et al.
in Ref. [32]. It should also be noted that, as a general
rule of thumb, spontaneous emission is stronger with higher
nonlinearity, higher pump power, higher Q factors, and smaller
size.

Still, in the very weak pumping regime, the total power
emitted in the full spontaneous emission spectrum (all the side
modes) can be calculated using Eq. (78) and a continuous
approximation of the discrete sum of Eq. (74), following

+00
Pout ~ ﬁa)L / Rnut,l dl
—0Q

7\ Tl sgn(o/42)

|1+ . (81)
[+ )T

L+ (5)
and it appears that spontaneous FWM is globally more
effective when |{;| — 0 (vanishing dispersion) and |o| — 0
(resonant pumping). Naturally, in the limit case {, = 0, other
effects such as higher-order dispersion or pump depletion have
to be considered in order to prevent the unphysical power
divergence.

>~ hw, Ripax

L
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2. Case of strong pumping

The second case of spontaneous FWM which is referred to
as the case of strong pumping corresponds to

gl Aol > k2 + &2 (82)

This case physically corresponds to the situation where the
overall detuning & is very large, so that the system remains
under threshold even when the pump power is very large
(IAo]? ~ | Aw|?). The photon flux in a side mode [ is given
in that case by

g1 Aol*

Rout,l = IOKZ .
Vsl Aol — k2 [gdlAol* — 2 — &7]

This case of strong pumping is scarcely explored experi-
mentally, because, as emphasized earlier, the high intracavity
power triggers many parasitic phenomena.

Note that the limit case g3|Ao|* = «* + &7 leads to an
unphysical divergence that is circumvented by dropping the
hypothesis of undepleted pump and pairwise coupled side
modes.

(83)

D. Quantum correlations and entanglement

The correlation of the output annihilation operators can be
calculated as

C(w) = (8Aout,—1(@)8Aou i (®))

2k S 1 % .
=-—p W[Dz*(w) + 2 (R —iw)], (84)
and it appears that it is obviously not null.

It is interesting to note that the dynamical Eqgs. (51) for the
side-mode fields +/ correspond to a simplified Hamiltonian
with the approximation of a strong pump with regards to the
side modes; that is, (Ap) >> (Ay;). In that case, the interaction
between the pump and the side modes %/ is described by the
simplified Hamiltonian

A

Fi = —3hgo {(AF)" & + A5 8/al,)

=ih{¢* &4 — Ca/ ,} (85)
with ¢ = —%i goAS. It is well known that the Hamiltonian H;
creates entangled photons in pairs following [66]
Yuy()) = /7 10,0) (86)
1

= Z( €)' tanh” r |n,n), &7)

Cosh r

where ¢t =re?. Hence, when the system is pumped far
below threshold, the main characteristics of the spontaneously
emitted photons can be estimated analytically.

V. SYSTEM ABOVE THRESHOLD: QUANTUM
CORRELATIONS AND SQUEEZING FOR THE
PHOTON NUMBERS

In the frequency comb corresponding to a stationary pattern
like rolls of solitons, the photon number in each semiclassi-
cal side modes is defined as |Aout,il|2 = Nout,+1, Which is
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proportional to the optical power that can be photodetected
experimentally for each of these two modes. We recalled in
Sec. IT C that to be symmetrical, both side modes have the same
amplitude, their photon numbers are equal, and the average
intensity difference (Nou,a) = (Nout;) — (Nout,—s) is null in
the semiclassical limit. This result indicates that the quantum
operator corresponding to this difference in photon numbers
could potentially display a noticeably nonclassical behavior
under optimal conditions.

Here we show that in a stationary Kerr comb (rolls or
solitons), the photon number difference Noyta = Nouts —
Nout,—1 which experimentally corresponds to difference of
optical powers photodetected for the modes +/ and —I can,
under certain conditions, display squeezing [see Fig. 3(b)]. In
the literature, this phenomenon is sometimes referred to as
two-mode squeezing because two optical modes are involved
in the process, which is the opposite of traditional notion of
squeezing, where a single mode is considered. We show that
this two-mode squeezing can be observed not only for rolls
close to threshold within a three-mode approximation, but
also for any type of stationary Kerr comb, regardless of the
number of modes involved and the dispersion regime and even
far above threshold.

A. General case of combs with arbitrary number of modes

Let us consider the modal photon number operators fi; =
é}él and A_; = éj'_lé,l, which correspond to the modes +/
and —I, respectively. From the Heisenberg Eq. (42), we can
determine the time-domain dynamics of these operators as

ﬁ i ay + aila:l:l
. |
= —2kNy + ._[n:tthot]

+ Z v 2K (VS " aﬂ + él[vs,ﬂ)y (88)

with s = t, i for the add—through configuration and s = t, i,
d for the add-drop configuration. It can be demonstrated that
the photon numbers A; do not commute with the Hamiltonian
HtOt-

We can use Eqs. (88) to show that the operator

A, =hy — A (89)

standing for the photon number difference obeys the time-
domain equation

1
= 2, + J+ Z V2 G, (90)

where
G, =V a,+a v, -Vl a,-a V.. o

The expectation values related to G are

(Gs(n) =0, (92)
(Gs()Gy (1)) = (A,) 855 8( — 1), (93)

where
Ay =hy +hy %94)
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is the photon number operator for the sum of the side modes
+[ [45].

In the general case, Eq. (90), ruling the dynamics of the
photon number difference, is highly nonlinear. However, it
degenerates to a linear Langevin equation when Ai, commutes
with I:hot. In particular, this condition is fulfilled when the
photon number individually commutes with Hfl-ee, Hpump, and
HKerro n

It is not difficult to show that i, commutes with both Hyee
and Hpump. However, the determination of the commutator
[ﬁA,I:IKm] is much less trivial. More explicitly, using the
relationships

[ﬁilaHKen’] = [élpHKeI‘r]éd:l + él][éilvﬂl{eﬂ‘]v (95)

we can derive an explicit expression of the commutator
[A, ,Hxer ], following

[ﬁAvHKerr] = [ﬁJrlsHKerr] - [ﬁfl»HKerr]

=hgo Y &lala, (80 —n+p—qa
n,p.q

—380l+n—-—p+q9a_;} —Hec, (96)

where H.c. stands for the Hermitian conjugate of all preceding
terms. In fact, by setting p =g, it can be shown that
[A,.H,,,] and [A,,A,] are both null regardless of the size
of the comb. However, [f,, HFWM] is not necessarily null. This
implies that the photon number difference is generally not
a conserved quantity. For example, for a five-mode comb
(let us consider / = —2, ..., 4+ 2 for the sake of simplicity),
the photonic interaction 2hw_; — hwy + hw_, induces a
loss of two photons in the mode [ = —1 (in favor of the
modes [ =0 and [/ = —2), while its symmetric side-mode
counterpart / = 1 remains unaffected. Hence, despite the
fact that (Na) = (N;) — (N_;) is expected to be null (on
average) in the semiclassical approximation, the value of Nx
itself is not necessarily conserved at the photon level. This
phenomenology can be witnessed whenever the size of the
comb is strictly larger than 3.

However, when the size of the comb is equal to 3, the
photon number difference does commute with the interaction
Hamiltonian and therefore is conserved. This case corresponds
to the problem that was originally investigated by Lugiato
and Castelli in Ref. [42]. From a physical standpoint, the
explanation of this feature is that in three-mode Kerr combs,
any variation of photon number in one side mode must
induce the very same variation in the other side mode.
Therefore, in this case, the photon number difference itself
Na = N; — N_; (and not only its average value) is strictly
null in the deterministic photon picture. As a consequence, in
three-mode Kerr combs, nonclassical light can be generated in
twin beams, as analyzed in the next section.

B. Particular case of combs with three modes
(pump, signal, and idler)

We aim here to derive the output spectra of the photon-
number difference in both the add-through and add-drop
configurations, when the Kerr comb is constituted with only
three modes. Such combs arise for example in the anomalous
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dispersion regime just after a super-critical Hamiltonian-Hopf
bifurcation (o > —%K, see Refs. [25,57,80]). The system in
that case yields the so-called Turing patterns (or rolls) in the
time domain and primary combs in the frequency domain (Kerr
combs with multiple-FSR spacing). Using the normalized LLE
of Eq. (13), it has been shown in [57] that the threshold
pump poweris Fj = 1 + (1 — «)?, which corresponds in watts
to

2 0\?2
P = PainF2 = Puin| 1 + (1 + ;) , 97)

where P, is the absolute minimum power needed for comb
generation, and was introduced in Eq. (14). Above that
threshold pump power, a stable roll pattern of order L with

L:\/%(a—Z):\/%(a—i—ZK) (98)

emerges in the # domain through modulational instability, and
it essentially features three modes / = 0, & L in the frequency
domain (see Refs. [17,22,57]). At the experimental level,
the value of L can be as low as 1 and as high as ~200
[81,82].

The photon number operators for the output fields £/ are

A~ ~ N

Nout,iL = Aj)ul,:i:L Aout,iL (99)

and they can be calculated using Egs. (31) and (34).
The difference between these operators is experimentally
observable and can explicitly be defined as

Nout,A = Nout,+L - Nout,—L

= 20, — v/2i; G + N, (100)
where
N = \71,+L\7r,% Vi V. (101)

When we consider the fact that the photon number commutes
with the total Hamiltonian following [A, ,|:|t0t] = 0, Eq. (90)
becomes linear and can be translated in the Fourier space
according to

Zs W 2K Gs(w)

(@) = 2k —iw

(102)

and from Eq. (100), the Fourier spectrum of the difference in
photon numbers is found to be

Now a(@) = 26, (@) = v/2& Gr(@) + NiK (@)

= S o G

2k —iw
— 2k Gie(@) + NY% (), (103)
so that the power spectrum can be determined as
~ W+ Ak — k)
(Nowa(@)?) = 26e(y) ——5————.  (104)

w? + 4?2
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FIG. 6. Power spectra of pure amplitude and phase quadratures
for different values of the squeezing parameter p. The solid lines
correspond at the same time to the photon number difference spectrum
of Eq. (105) and to the pure amplitude quadrature spectrum of
Eq. (137), since both are identical. The dashed lines correspond to the
phase quadrature spectrum of Eq. (138). Green lines, o = 0.1; blue
lines, p = 0.5; red lines, p = 1. We have arbitrarily set x, = %/c.

Since the shot noise level is 2« (Ax), it is convenient to rewrite
this spectrum under the normalized form

(INgu A (@)[?)
2xr(ﬁ2)

4x?
w? + 4?2’

where the parameter p €]0,1] is defined in Eq. (64). The
spectrum described by S(w) is an inverted Lorentzian which
qualitatively displays a dip below the shot noise level close
to the zero frequency. It converges to 1 at w = £oo and
to 1 — p at w = 0. The parameter p therefore represents a
direct indicator of the squeezing efficiency, as p — 1 leads
to quasiperfect squeezing at zero frequency, while p — 0
leads to no squeezing at all frequencies. The case of perfect
squeezing would theoretically correspond to an ideal cavity
with null intrinsic losses in the add-through configuration,
since p = 1 for k; = 0 [42,45]. Some squeezing spectra of
the photon number difference with different values of p are
displayed in Fig. 6, where they have been plotted as solid
lines.

In Kerr comb generation, efficient squeezing (p — 1)
is achieved with strong overcoupling (i, > k; in the add-
through configuration, and to kg >> k,k; in the add-drop
configuration). Hence, exactly as for spontaneous FWM,
ultralow loss resonators are ideal since they systematically
maximize p because k; — 0. Around 1550 nm, the record
intrinsic Q factor is 3 x 10'! with a CaF, resonator [83].
Intrinsic quality factors of the order of 10° are routinely
obtained with crystalline or amorphous WGM resonators.
Hence, these ultralow-loss resonators are therefore idoneous
candidates for highly efficient squeezing, and the technological
solutions for their large-scale fabrication [84] and integration
in chip-scale devices [85] are already available. Finally, it
is very important to note that achieving strong overcoupling
in the output port (k, — +00) is important not only to
increase the efficiency of the squeezing (o — 1), but also
to increase its bandwidth (x — +00). However, one should

S(w) =

—1—p (105)

PHYSICAL REVIEW A 93, 033820 (2016)

also keep in mind that the pump power Pn;, needed to
trigger comb generation will grow as «2 in this strongly
overcoupled regime [see Eq. (14)], so that an optimal power vs
bandwidth balance has to be found depending on the targeted
application.

VI. SYSTEM ABOVE THRESHOLD: QUANTUM
CORRELATIONS AND SQUEEZING FOR THE
AMPLITUDE AND PHASE QUADRATURES

For a wide range of parameters (pump power, cavity
detuning, and dispersion), Kerr combs can be phase locked
and lead to the emergence of stationary spatiotemporal patterns
which can be extended (rolls) or localized (solitons). Hence,
beside amplitude correlations, the phase of the optical fields
can display strong correlations as well.

These phase correlations at the semiclassical level can
lead to phase quadrature squeezing from a quantum per-
spective. We hereafter determine the linearized input-output
relationship that is needed to track the temporal dynamics
of the modal fluctuation operators under the influence of
vacuum noise. This fluctuation flow will allow us to determine
some relevant phase quadratures for rolls and bright and dark
solitons.

A. Linearized dynamics of the modal fluctuation operators

Let us consider a stationary Kerr comb spanning from [ =
—K tol = K (total of 2K + 1 modes). The intracavity modal
fields can be perturbed as

é] =A + 8@.1, (106)

where A; are the constant complex-valued numbers repre-
senting the semiclassical stationary states and 38, are the
fluctuation operators.

Then by plugging Eq. (106) into Egs. (42), it can easily be
found that the steady-state amplitude of the oscillating modes
obey the set of (2K + 1) nonlinear algebraic equations

—|:I( — i(a - %g‘zlz)} A 4 8(1) /2K Ain

+igo D 8m—n+p—1)ArA,A, =0, (107)

m,n,p

while the noise-driven fluctuations are ruled by the following
set of equations:

R . | A \/
dq; = —|:;c —z(o - Eé‘zl )i|8az + XS:\/TKSVS,I

+igo Y 8m—n+p—1)

m,n,p

x {88 A, A, + A288,, A, + A A,88,).

(108)

The above fluctuation flow can be synthetically rewritten as

K K
5é.1 = Z Rzp5ép + Z Slp(Sé-J[(, + Z\/T’Csvs,l»

p=—K p=—K s

(109)
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where

Rip = —[K - i<o — %;212>] S(p—1)

+2igo Y 8(m —n+ p — DAALL - (110)
Sip=igoy 8m+n—p—DA,A,  (111)

m,n

can be considered as the elements of the (2K + 1)th-order
square matrices R and S, and the driving quantum-noise term
>, /2 Vg represents the sum of all vacuum fluctuations for
a given mode .

If we introduce the (2K + 1)-dimensional fluctuation and
vacuum noise vectors

Ve k(1)
V(1) = o,

V1 k(1)

sa_g(1)
sa() = : ;
sa k(1)

(112)

then we can write Eq. (109) under the form of a quantum-
noise-driven linear flow,

[g:& [ } Zf[S()}, (113)

where

R S
Ja = |:S* R*i| (114)
is a composite (block matrix) Jacobian of order 2 x (2K + 1).
It should be noted that this Jacobian matrix has to be
determined numerically, since its components exclusively

depend on the steady-state values of the semiclassical modal
fields A;.

B. Dynamics of the quadrature operators

Quadrature operators are observables of particular interest
for the study of the quantum properties of multimode fields.
They are Hermitian operators that correspond to linear com-
binations of annihilation and creation operators, and usually
the relevant linear combinations can be inferred from the
conserved quantities in the semiclassical limit.

In the case of Kerr combs, it is known that in the asymptotic
limit, the amplitudes of two symmetric modes —/ and +I/
are equal (| Ay = |A_|), and the sum of their phases is a
constant, following

= Const = 2.

b1+ (115)

The constant ®; depends on the modes %/ under consideration,
but not on the initial conditions. In other words, once a
symmetric pair of modes has been chosen, the sum of its
steady-state slowly varying phases is a constant of motion.
For that particular pair of mode, the phase reference can be
shifted so that ¢; = ¢_; = P;, leading to the conservation law
¢ — ¢_; = 0 with the new frame.
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From a quantum perspective, the corresponding two-mode
quadratures are [86]

1 .

54 1= — (84, — 8a_))e ' +Hec.,
q‘/’ \/5 +

with [ =1,...,K. It is therefore interesting to investigate

the dynamics of all the quadratures 8§, altogether. For this

purpose, we can build the K -dimensional operator

(116)

5q¢ = : (117)
8Q, &
and from Eq. (116), it is found that the vectorial quadrature

89, can be rewritten as

84, =8y cos g + Sﬁ% sin @, (118)

where §q, and Bq% are the amplitude and phase vectorial
quadratures, respectively.

The dynamics of these quadratures can be obtained from
Eq. (116) as

8801 = —— (84, — 54 + H.c.,
f
==
ﬁ

with [ = 1,...,K. Using Egs. (113), it can be demonstrated
that the amplitude and phase vectorial quadrature operators
obey the closed-form Langevin equation,

5q 759 s.0(1)
4] T ) o

(119)

84 (54, —84_;) + H.c., (120)

olN

where

(122)

Jo = [Re(U;)  —Im(U)
97 |Im(U_)  Re(U-)

is a Jacobian block matrix of order 2K, the K-dimensional
matrices Uy are explicitly defined through their complex-
valued components,

Usip=Rip = Ri—p) £(S1.p — Si,—p)", (123)
with/,p € {1,...,K}, while the K -dimensional vacuum noise
operators WS o(t) and W z (¢) are explicitly defined as

. V1) — Vs 1)
W) = 7 o : . +He., (124
s, +K(f) — Vs k@)
; 5+1(t)— Vi_1(t)
W, ()= —— ; +Hec (125

z(1) NP (125)

s+K(t)_ st(t)

It is interesting to note that the Jacobian matrix Jq is real
valued, as it is built with the real and imaginary parts of the
complex-valued matrices UL. This Jacobian is generally not
diagonal, meaning that in a Kerr comb, all these quadratures
are coupled.
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Equations (44) and (117) allow to determine the output
vectorial quadratures following

Séoul,o(t) - 86]0(1‘) Wr,o(f)
[Séoul,g(t)] - m[8q§(t):| - I:Wr;(f)i| (126)

The time-domain dynamics of the generic quadrature Sﬁw,

as well as its output counterpart (Séouw, are determined by
combining the above equation with Eq. (118).

C. Correlations and squeezing spectra

The Fourier spectra of the output signals can be determined
using the output correlation matrix. After translating Eqgs. (121)
and (126) in the Fourier domain, the Fourier spectrum of the
output vectorial quadrature is found to be equal to

|:800m.0(w)] = —V 2 Jg + il ]!

Sqout,%(w)
W, o() W, o(w)
: Xy:m[w%(@] - [Wr,;(w)}’
(127)

where I, is the K-dimensional identity matrix. We can use
the above equation to determine the 2K -dimensional output
correlation matrix following

+00 X X ~T
= d”/<[§g$i§($>} o) >
= (2pldq + ioL, 17 +1,} C'(w)
x {2kp[Jq —iwL 17" + 1,7
+4i?p(1 — p) {[Jq + il ]} C™(w)
x {[Jq — il 17", (128)

where p is the squeezing parameter defined in Eq. (64) and
C"™(w) is the 2K -dimensional input correlation matrix

w7 TWo@) T [Wao@) T
Crer= /_oo d“’<[\7vs,g(a})} [\M.;(m/)]

I i §
2 S A

It is interesting to note that this input correlation matrix is
found to be frequency independent.

For each side-mode pair +/, the quadrature spectra are
explicitly defined as

(129)

2 -2
Sp.1(@) = CiY1 €08™ @ + Coyig  sin” ¢

+ [Chiasy + Ot ] cos@sing,  (130)
where the complex-valued coefficients Cg!, ,, with a,b €
{1,2} are diagonal elements of the K-dimensional matrices
C2)(w) that are used to write C*"'(w) in Eq. (128) under the
form of the block matrix

Cli'(@)

out, Ciy' (@)

C3'(@)
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The analytical expression provided by Eq. (130) makes it
possible to plot the spectra of any quadrature for any pair
of side modes %/, regardless of the size of the Kerr comb.

In the next two sections, we investigate in more detail
the squeezing phenomena that can take place in Kerr combs
originating from roll patterns and from solitons. For all
our simulations, we consider a calcium fluoride (CaF,)
resonator with main radius ¢ = 2.5 mm and pumped around
1550 nm in the add-through configuration. The intrinsic and
extrinsic Q factors are fixed to Qin = Qi = 10° and Qo =
Q. = 0.25 x 10°, respectively, yielding loaded quality factor
Ot = 0:0i/(0i + Q) = 0.2 x 10°, a full linewidth at half-
maximum 2k = @, / Qiot = 2 x 0.97 MHz, and a squeezing
factor p = Qi/(Qi + Oy) = 0.8. The group-velocity index
is ng =1.43, so that the free-spectral range is Aw,, =
27w x 13.35 GHz. The nonlinear coefficient is set to y =
1 W~'km™!, corresponding to gy = 27 x 57.2 uHz. For
simulations in the anomalous dispersion regime (rolls and
bright solitons), the overall second-order dispersion is fixed
to B = —12.4 x 107?7 s?/m, which translates to &, = 27 X
2.9 kHz. In the normal dispersion regime (dark solitons), the
dispersion parameters are set values opposite to those of the
anomalous case.

VII. SYSTEM ABOVE THRESHOLD: QUADRATURE
SQUEEZING IN ROLL PATTERNS AND SOLITONS

Rolls are azimuthal Turing patterns that emerge in the
system when the resonator is pumped above a certain critical
value. In the temporal domain, they are characterized by an
integer number L of stationary nodes and antinodes of the
optical energy in the azimuthal direction of the resonator.
In the spectral domain, they yield a comb where only the
side modes of order | = £kL (k being an integer) oscillate.
These combs, which are sometimes referred to as primary
combs, are particularly important because they are the most
robust and stable patterns that can be obtained experimentally.
Bright solitons, on the other hand, emerge in the system
in the regime of anomalous dispersion, after a subcritical
bifurcation. Finally, dark solitons can be excited in the
regime of normal dispersion, and in first approximation, they
topologically connect the (hysteretic) upper and lower flat
states inside the resonator. These various dynamical states have
been investigated extensively in Ref. [57]. Their spatio- and
spectrotemporal representation is displayed in Fig. 2. In the
forthcoming sections, we determine the squeezing spectra for
the combs corresponding to all these stationary states.

A. Quadrature squeezing in roll patterns with three modes

In order to understand the spectra of amplitude and phase
quadratures, it is important to analyze in detail the case where
there are only three modes in the comb. As explained in
Sec. V B, such three-mode combs emerge in the supercritical
case close to threshold, and they feature a multiplicity L ~
J(2/8)o + 2«]. Tt is useful to recall that, regardless of the
initial conditions, the two side modes | A | have the same
amplitude and according to Eq. (115), the sum of their phases
is a constant, following ¢; + ¢_; = Const = 2P ;. Without
loss of generality, we can consider in this three-mode case that
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the semiclassical solutions A ; have the same phase ®; = ®;
i.e., they are considered identical. It is also noteworthy that
close to threshold the phase ¢ is a constant that is independent
from the side modes.

In this three-mode configuration, there is a only a single pair
of amplitude and phase quadratures, namely §¢,, and 5%_ L
Therefore, the matrices U, degenerate to scalars following
Uy = Uy 11, yielding

U = +2g0{|AL|* sin @ + | Ao|? sinRgpy — ®)} e'®,

U- = —2igo{|AL|* cos D + |A|* cos(2ppy — D)} e'®.
(132)

Accordingly, the Jacobian matrix Jq becomes two-
dimensional. Interestingly, it already appears that when the
quadratures are rotated by an angle &, the value of I/, becomes
pure real, while U/_ becomes pure imaginary. In other words,
the quadrature 89, is a pure amplitude quadrature, while the
quadrature 8q,, , , corresponds to a pure phase quadrature.

Using Eqgs. (116) and (121), it can be shown that the dy-
namics of these pure quadratures can be explicitly determined
as

80, = —2k.08,, + Y2, W, (1), (133)

S
8y g, = ~20G,, + ) VW, (0. (134)

where the linear coefficients are

ko = —gol Aol sin(2¢ — 2P), (135)

kp = 8ol ALI* + | Aol cos(2py — 2P}, (136)

while the noise driving terms are defined analogously to the
quadratures of Eq. (116) using Eqgs. (124) and (125). The
normalized spectra corresponding to the pure amplitude and
phase output quadratures can finally be calculated as

Sa(@) = (18Qou.o(@)])
4K§

Sp(@) = (18Qou, 042 (@)])

2
dic? 4}
=1 a4y —L2 1. 1
+pw2[ +w2+4K3 (138)

It can be demonstrated that k, = x in a three-mode comb,
and as a consequence, Eq. (137) becomes, in fact, identical
to Eq. (105). This is explained by the fact that §q,,, is a pure
amplitude quadrature, which exactly corresponds to the case
of photon number squeezing we have studied in Sec. V B.
On the other hand, the phase quadrature is characterized by
a spectrum that is diverging at w = 0, and this divergence is
a generic signature of phase noise spectra. It is noteworthy
that S,(w) is always smaller than 1 and does not depend
on the modal amplitudes, while S,(w) is always larger than
1, and does depend on |Ay| and | Ay, |. Figure 6 displays
both the amplitude (solid lines) and the phase (dashed lines)
quadratures for various values of the squeezing parameter p,
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FIG. 7. Spectra of quadratures with different angles ¢ in a Kerr
comb close to threshold, where the three-mode approximation is
valid. The spectra are calculated using Eq. (130). The system is in
the add-through configuration with p = 0.8. The threshold power is
Py = 2.06 mW and the pump power is set to P = 1.01 Py, and the
laser detuning is 0 = —«. The comb features side modes at L = £18.
Pure amplitude quadrature (dashed black line) is not exactly achieved
for ¢ = @, as expected, but rather forp = & + §® = &, where §P
is an additional offset angle that is generally small. In this case,
we have found §® = 0.022. Accordingly, pure phase quadrature
(dotted black) is obtained for ¢ = P + % The other spectra
correspond to the following quadrature angles: ¢ = @y + /100
(green lines); ¢ = ®gp + /50 (red lines); ¢ = Py + /20 (blue
lines); ¢ = Py + /10 (pink lines); ¢ = Py + /6 (yellow lines);
@ = Dy + /4 (gray lines). Note that once we deviate from the pure
amplitude spectrum, we here have a divergence at zero frequency.

when the other parameters are kept constant. As explained
earlier, better squeezing is ensured when p gets closer to 1,
which physically corresponds to strong overcoupling.

The quadratures fluctuations 8, have been expressed as
a linear combination of 8¢y and 5@z in Eq. (118). However,
after rotation by an angle ®, they can also be expressed as a
function of the pure amplitude and phase quadratures as

8q,, = 8q,, cos(p — @) +4q,,, , sin(p — @), (139)

which is just another way to express the fact that we have
a pure amplitude quadrature for ¢ = ® and a pure phase
quadrature for ¢ = ® + 7. Therefore, since the quadratures
with phases ¢ # ®,® + 7 are mixtures of pure amplitude
and phase quadratures, their spectra are expected to have
intermediate characteristics. This phenomenology is displayed
in Fig. 7, where the power spectra S, ; (w) explicitly defined in
Eq. (130) have been plotted for various values of the quadrature
angle ¢. The resonator is pumped very close to threshold (in
excess of 1%), and in that case, the three-mode approximation
is very accurate.

It can be seen in Fig. 7 that the pure amplitude quadrature
with inverted Lorentzian spectrum predicted by Eq. (137)
does not exactly correspond to the angle ¢ = & predicted
theoretically. Instead, amplitude quadrature corresponds to a
slightly different angle ¢ = ® + 6® = @, where the offset
angle 6@ is generally found to be small close to threshold.
When the angle of the quadrature is slightly detuned from
the optimal value @y, the spectra maintain the inverted
Lorentzian structure (like S,) but feature a sharp divergence at
zero frequency (like Sp,). As the detuning is further increased,
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the spectra S, lose the inverted Lorentzian structure and
start to converge continuously towards the phase quadrature
spectra S, which corresponds to ¢ = ®gy + 7. A similar
phenomenology has been analyzed in depth by Gatti and
Mancini in Ref. [45] in the context of quantum correlations in
hexagonal spatial patterns.

It is interesting to emphasize the physical interpretation
of strong squeezing (p — 1) in the context of Kerr combs.
In Ref. [44], Grynberg and Lugiato did discuss the physical
implication of the two-mode amplitude-phase squeezing. In
particular, they emphasized that if one successfully achieves
perfect squeezing of the photon number difference (N, — N_),
the conjugate variable (which is here the phase difference)
becomes undetermined and “as a consequence, the position of
the rolls [...] cannot be known,” thereby impeding a “direct”
observation of the roll pattern (however, indirect detection
using correlation techniques might remain possible). The
authors where discussing the physical manifestation of two-
mode squeezing in the context of the original Lugiato-Lefever
experimental system (spatial patterns, free space signals, etc.):
Since Kerr combs translate the problem to a much more
controllable environment (temporal patterns, guided signals,
etc.), the phenomenon of two-mode squeezing could here make
it possible to explore the phase-amplitude complementarity to
a unprecedented extent.

B. Quadrature squeezing in roll patterns with more
than three modes

When the resonator is pumped far above threshold, the
primary comb grows accordingly and features an increasing
number of side modes. As analyzed in Sec. V A, squeezing is
not guaranteed anymore in the system when there are more than
three modes involved. However, the regime of large primary
combs (with five modes or more) is interesting for various
reasons. For instance, when the system is restricted to three
modes close to threshold, the amplitude of the side modes
is very weak and detection can be problematic. Pumping the
system far above threshold yields significantly more powerful
signals. Another interesting point is that in the supercritical
regime, the higher-order side modes (|/| > L) do not appear
discontinuously: They are, in fact, always present, even though
their amplitude is extremely small close to threshold. However,
their effect never completely vanishes (for example, they
contribute to the offset §&®). It is therefore pertinent to
investigate systematically how the quantum correlations are
affected by these higher-order side modes in a primary Kerr
comb.

In Fig. 8, we display the best squeezing spectra for
the amplitude quadratures as the pump power is increased
from 1.01 to 3 times the threshold for comb generation.
It should be recalled that as the pump power is increased,
the parametric gain bandwidth is shifted outwards, and this
explains why the mode orders L increase with the pump
(see Refs. [16,17,57]). When the system is very close to
threshold (P = 1.01 Py,), the three-mode approximation holds
and the numerical simulations provide results that are in
quasiperfect agreement with the theoretical prediction. As the
pump power is increased, it can be seen that there is a deviation
from the ideal inverted Lorentzian profile, but excellent
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FIG. 8. Spectra of amplitude quadratures as the pump power is
increased in a Kerr comb originating from a roll pattern. Except
the pump power P, the parameters of the system are the same as in
Fig. 7. The modes =L of interest are the first (main) side modes of the
comb. The solid blue lines stand for the analytical and ideal amplitude
squeezing spectrum provided by the three-mode approximation in
Eq. (137). The red dots stand for the numerical spectra obtained
with Eq. (130), where all the modes of the comb are accounted
for [87]. The figures display the best squeezing spectra for the pump
powers P, oscillating modes L, and offsets §® listed hereafter.
(a) P=101P; (L=18 and 6 =0.015); (b) P =1.1P; (L =
19 and 6 = —0.03); (c) P =1.5Py (L =22 and 6® = 0.1); (d)
P =20P, (L=24and §& =0.02); (e) P =2.5P; (L =25 and
80 = —0.0025); (f) P =3.0Py (L =26 and § = 0.18). As the
pump is increased, the three-mode approximation becomes less and
less valid, but very efficient squeezing can still be achieved with the
fundamental pair of side modes.

squeezing performance is still achieved up to P = 3 Py, where
there are more than 15 oscillating modes. These results
therefore show that even in the highly multimode regime
corresponding to a resonator pumped far above threshold,
very efficient squeezing is still possible in Kerr combs. It
is interesting to note that the spectra and the offsets §& are
not invariant, as they depend on initial conditions. This is
explained by the fact that the spectra depend on the Jacobian
matrices Jq, which are built with the complex-valued modal
amplitudes and which depend themselves on these initial
conditions.

We have also investigated the quantum correlation proper-
ties of higher-order modes in the comb originating from a roll
pattern (modes of order / = +kL withk = 2,3, ...). Figure 9
shows that the first-order modes displays very good squeezing,
as discussed earlier, but the spectrum of the second-order
modes still features some weak squeezing in a frequency band
where it seems that there is excess noise in the spectrum of
the fundamental pair of side modes. Squeezing is numerically
found to be quasinonexistant for the third-order pair, as well
as for the higher orders with k£ > 3.
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FIG. 9. Spectra of amplitude quadratures for different mode of
order £kL in a primary comb of a roll pattern. The parameters of the
system are the same as in Fig. 7(c) [with P = 1.5P; and L = 22],
except the detuning §&® = 0.03 that has been applied to all mode
quadratures. The solid blue line is the ideal amplitude squeezing
spectrum obtained from Eq. (137). The dots stand for the numerical
spectra obtained with Eq. (130) [87]. Red line, modes &L ; black line,
modes £2L; green line, modes £3L.

C. Quadrature squeezing in bright and dark solitons

An interesting open point is to determine if squeezing with
symmetric pairs of side modes is still possible in solitons.
Solitons in WGM resonators do not emerge supercritically;
their amplitude cannot be arbitrary small. As a consequence,
they always induce combs with a large numbers of phase-
locked modes.

Figure 10 displays the quadrature spectra for some modes
of a Kerr comb originating from a bright soliton. It can be seen
that there is a certain angle of quadrature for which the closest
side-mode pair (! = %1) features very good squeezing, of the
order of the ideal squeezing of the three-mode comb. As the
mode order |/| is increased and the offset & is kept constant,
the squeezing degrades and eventually disappears beyond |/| ~
20. The case of dark solitons is presented in Fig. 11, where it
can be seen that, as in the bright soliton case, the side-mode

FIG. 10. Spectra of amplitude quadratures for different mode of
orders £/ of the comb from a isolated bright soliton. The power is
set to P =4 mW and o = —2«. The same offset & = 7 —0.04
has been applied to all mode quadratures. The solid blue line is the
ideal amplitude squeezing spectrum obtained from Eq. (137). The
dots stand for the numerical spectra obtained with Eq. (130) [87].
Red line, [ + 1; black line, [ £ 5; green line, [ £ 10; gray line, [ & 20.
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FIG. 11. Spectra of amplitude quadratures for different mode of
orders £/ of the comb from a isolated dark soliton. The power is set
to P =53 mW, and 0 = —2.5«. The same offset §® = 0.72 has
been applied to all mode quadratures. The solid blue line is the ideal
amplitude squeezing spectrum obtained from Eq. (137). The dots
stand for the numerical spectra obtained with Eq. (130) [87]. Red
line, [ &£ 1; black line, / & 5; green line, [ £ 10; gray line, / & 20.

pair/ = +1 displays good squeezing. However, this squeezing
degrades much faster as the mode order is increased, while
keeping the offset phase §® constant.

VIII. CONCLUSION

In this article, we have investigated in detail the quantum
correlations that are taking place in stationary Kerr combs
below and above threshold, when driven by the quantum noise
associated with vacuum fluctuations.

We have shown that either a canonical quantization proce-
dure or an Hamiltonian formalism can be used to establish
the quantum stochastic equations ruling the time-domain
dynamics of each mode, and particular emphasis has been
laid on the two principal architectures that are routinely used
for Kerr comb generation, namely the add-through and the
add-drop configurations.

For the system under threshold (spontaneous FWM), we
have investigated the coupling between the pump photons and
the vacuum fluctuation in the side modes, which is at the
origin of parametric fluorescence spectra. We have analyti-
cally determined the main characteristics of the spontaneous
emission spectra, with particular emphasis on the line shape
of the individual side modes and envelope of the full spectra.
We have explained the conditions under which the side modes
and/or the spectra might have one or two extrema. We have also
provided a detailed calculation making it possible to determine
accurately the spontaneous noise power emitted per side mode
as a function of all the relevant parameters of the system.

For the system pumped above threshold (stimulated FWM),
we have provided insight in relation with the essential
commutation properties between the interaction Hamiltonian
and the photon numbers, which made it possible to understand
the physical mechanisms leading to photon number squeezing
in Kerr combs. We have then explicitly defined the quantum
Langevin equations ruling the fluctuations of annihilation and
creation operators for each mode, regardless of the number of
modes in the comb. We have shown that this fluctuation flow
can be reduced to a flow of lower dimension that rules the
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dynamics of both amplitude and phase quadratures for each
pair of side modes. Our analysis has shown that the reduced
three-mode model, which is valid close to threshold for roll
patterns, allows for the the exact determination of the spectra of
the amplitude and phase quadratures. These exact analytical
solutions have been found to be very good approximations
even far above threshold for roll patterns. Squeezing in bright
and dark solitons has also been analyzed as well, for various
pairs of side modes. The best squeezing spectra have been
shown to be relatively close to the inverted Lorentzian profile
that is predicted from the reduced three-mode model. In
stationary Kerr combs driven by quantum noise, squeezing can
therefore be obtained regardless of the spectral extension of
the comb, regardless of the dynamical state, and regardless
of the dispersion regime. Our results also indicate that a
key parameter is the so-called squeezing factor, which is
the ratio between out-coupling and total losses. Regardless
of the architecture of the Kerr comb generator (add-through
or add-drop), strong overcoupling has been shown to be the
always the best configuration for squeezing purposes.

This work could be extended to the case where nonclas-
sical light is generated through second-harmonic generation
[88-90]. New bulk materials, such as aluminum nitride (AIN),
allow for the efficient excitation of both the second- and the
third-order susceptibility owing to their noncentrosymmetric
crystalline structure [91], and they could be interesting mate-
rials for the exploration of a wide variety of quantum optics
phenomena at chip scale. The platform of centrosymmetric
crystals allowing for ultrahigh Q factor is rapidly expanding
as well [92-94], making it possible to explore other nonlinear
phenomena such as Brillouin and Raman scattering at the
quantum level [95-97].

PHYSICAL REVIEW A 93, 033820 (2016)

We have assumed in our investigations that the noise
was exclusively of quantum origin and was associated with
the fundamental vacuum fluctuations. At the experimental
level, other sources of noise arise as well [98,99], and it is
important to account for this technical noise in order to perform
pertinent comparisons between theory and experiments. Future
work will address this issue, as well as deterministic effects
such as higher-order dispersion (which deserves particular
attention even for crystalline materials, see Ref. [100]),
polarization degrees of freedom [43,69], or other experimental
imperfections such as unbalanced detection. The investigation
of the quantum properties of time-dependent solutions such as
soliton breathers is an interesting challenge as well, which can
deserve much attention. We expect these investigations to open
the way for new applications in the area of guided quantum
optics at telecom wavelengths and to provide an idoneous
platform for the investigation of the fundamental properties of
light at the quantum level [101,102] in general and for optical
frequency combs in particular [103,104].
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