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Bright-soliton frequency combs and dressed states in x® microresonators
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We present a theory of frequency comb generation in high-Q ring microresonators with quadratic nonlin-
earity and normal dispersion and demonstrate that the naturally large difference of the repetition rates at the
fundamental and second-harmonic frequencies supports a family of bright soliton frequency combs provided the
parametric gain is moderated by tuning the index-matching parameter to exceed the repetition rate difference
by a significant factor. This factor equals the sideband number associated with the high-order phase-matched
sum-frequency process. The theoretical framework, i.e., the dressed-resonator method, to study the frequency
conversion and comb generation is formulated by including the sum-frequency nonlinearity into the definition
of the resonator spectrum. The Rabi splitting of the dressed frequencies leads to four distinct parametric down
conversion conditions (signal-idler-pump photon energy conservation laws). The parametric instability tongues
associated with the generation of the sparse, i.e., Turing-pattern-like, frequency combs with varying repetition
rates are analyzed in detail. The sum-frequency matched sideband exhibits optical Pockels nonlinearity and
strongly modified dispersion, which limit the soliton bandwidth and also play a distinct role in Turing comb
generation. Our methodology and data highlight the analogy between the driven multimode resonators and the

photon-atom interaction.
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I. INTRODUCTION

Ring microresonators break through the traditional barriers
of frequency conversion in terms of power efficiency, gen-
erated bandwidth, and compactness [1,2]. Together with the
rise of microresonator frequency conversion, Kerr-soliton fre-
quency combs are reaching unprecedented levels of practical
relevance for optical solitons [1,2].

Second-order, x®, nonlinearity is a viable alternative to
the Kerr one. It provides a much stronger nonlinear response
but comes with the caveat of the need to care about phase
and group velocity matching to take full advantage of it.
References [3—6] have been among the first ones to demon-
strate frequency conversion in high-quality factor whispering
gallery microresonators with quadratic nonlinearity. Since
then, this area has made significant progress (see Ref. [7]
for a few-years-old overview, and Refs. [8-15] for some
more recent experimental contributions). It is also important
to mention the work on x dominant frequency conver-
sion in significantly mismatched x® resonators (see, e.g.,
Refs. [16-19], and Appendix B for the relative weighting of
the x® and x® effects). Materialwise, lithium-niobate re-
mains the best-established platform choice for small-footprint
x @ photonics [8], with silicon [20] and aluminium [15] ni-
trides gaining ground with accelerating pace.
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The whispering gallery system considered below achieves
finesses F ~ 10*. The high finesse is an important prerequi-
site for achieving conditions when the rate of the sideband
generating photon energy exchange driven by the sum-
frequency nonlinear terms exceeds the loss rate [21,22] and
the parametric gain rate [23], which corresponds to the strong-
coupling (SC) regime between the w and 2w photons. As we
have reported recently [23] and investigate in depth below, this
makes the frequency conversion and soliton generation mech-
anisms depart significantly from what has been known about
these effects in the relatively low finesse resonators, F ~ 102,
which often have no resonator feedback at one of the gen-
erated harmonics (see, e.g., Refs. [24,25] for an overview).
A couple of the most obvious and important features of
the high-F resonators are the channeling of the paramet-
ric gain into the tonguelike instability domains [23] and the
strong coupling associated with the dressed states [21] and
polaritons [23].

Experimental results on the y®-driven microresonator
solitons are limited for now by the outstanding recent report
by Bruch and colleagues [15] on solitons due to parametric
down conversion (PDC) in the aluminium-nitride micror-
ing with the finesse ~103. The numerical data reported in
Ref. [15] show the exponentially localized pulse in the half-
harmonic field and the delocalized waveform in the pump.
Reference [15] poses several problems, in particular, what
are the physical mechanisms facilitating the compensation of
the large group velocity (repetition rate) difference between
the pump and half-harmonic fields allowing for the soliton to
form; and whether a better shaped pulse in the pump field
is possible. Identifying conditions for multicolor multipulse
mode-locked solitons to compensate the large group velocity
differences is one of the classic problems [26,27], that needs
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to be addressed in the context of high-Q microresonators (see
Ref. [28] for the no-resonator, i.e., bulk propagation, analysis).

Results on bright PDC solitons in the resonators with group
velocity offset published two decades ago [27] provided a
conceptual answer, that the compensation of the group veloc-
ity difference is achieved via the balancing interplay between
the dissipative and nonlinear effects. However, Ref. [27]
was published well before frequency combs and solitons in
microresonators became possible. Therefore, it could not an-
ticipate a combination of the small sizes and high Q-factors of
modern day devices, which leads to the strong quantization
of the spectra of the operators underpinning the frequency
conversion and soliton formation processes. The model that
fully reflects these aspects has been recently presented in
Ref. [29], the introduction of which also includes sufficiently
comprehensive coverage of recent and historical work on dis-
sipative x® solitons in resonators.

Following our recent work on the theory of x ?) microres-
onators [12,23,29-31], we present here the latest findings
obtained in the second-harmonic generation setting. One of
the prime results included below is the demonstration of
bright soliton pulses in a microresonator which has a large
repetition rate difference between the fundamental, w,, and
second-harmonic frequencies, 2w, (see Sec. XIII).

The resonator considered here has a ~20-GHz repetition
rate and a 1-GHz rate difference, which implies that the linear
w, and 2w, pulses would be on the opposite sides of the
resonator only after about 70 round trips. The dispersion of the
resonator is normal and its deviation from the bulk dispersion
is insignificant. The dispersion value is >~ — 100 kHz so that
the linear pulse becomes twice as broad after 10° round trips,
and hence the repetition rate difference is by far the most dan-
gerous for the bright soliton mode locking, which nevertheless
will be shown to exist across a broad and practical range of
system parameters.

The soliton combs reported below represent a pair of the w),
and 2w, mode-locked, and hence the repetition rate locked,
bright pulses, the existence and properties of which are de-
rived and interpreted by examining the details of how the
comb teeth, i.e., the frequency sidebands, are generated and
interact via the sum-frequency and PDC nonlinear mixing
processes. The detailed understanding of this problem has
become possible thanks to the dressed resonator theory [23].
The content of what follows is much wider than just reporting
the soliton mode locking, and it is now useful to give it a brief
overview.

II. CONTENT AND RESULTS OVERVIEW

The coupling between the sidebands, i.e., the resonator
mode pairs or the comb teeth, underpins the formation of
any frequency combs and mode locking in optical resonators.
Below we consider microresonator second-harmonic genera-
tion, where the sideband coupling mechanisms embrace the
complex interplay of the parametric process that couples the
w and —pu sidebands with the two sum-frequency processes.
One is responsible for the coupling between the p sidebands
of the fundamental and second harmonic, while the other does
the same but for the —u sidebands. The sum-frequency pro-
cesses can be phase matched for the select sidebands with the
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FIG. 1. A schematic illustration of the spectrum of the linear, i.e.,
bare, resonator, 2 = 0, around the pump laser frequency, w,, and
its second harmonic, 2w,. The frequency mismatch parameter &, is
tunable and could be comparable with D;..

positive and negative numbers, [t = (L, OF L = — Ly, Where
s 1s the ratio between the phase-mismatch parameter and
the repetition rate difference. The key resonator parameters
and characteristics, including p.,, are illustrated in Fig. 1, and
defined in Tables I and II.

If the microresonator is tuned to operate away from the
© =0 phase matching, then the sum-frequency sideband
coupling rate exceeds the parametric gain. It creates an op-
portunity to redefine the resonator spectrum by including the
sum-frequency associated nonlinear terms. The new spec-
trum, i.e., the dressed spectrum, can be calculated analytically,
bringing a close analogy with the dressing of the atomic
transitions and the Rabi theory [21,23,32].

The condition of the maximal parametric gain [33-35],

2hw, = hosigna + Mwidier, (D

should then be redefined using the dressed frequencies [23].
The Rabi splitting leads to four distinct PDC conditions [see
Eq. (43)]. Knowing them allows understanding the com-
plex structures of the parametric instability tongues and the
Turing-pattern-like frequency combs across the parameter
space spanned by the pump laser frequency, w,, and the in-
traresonator power.

The dressed modes around either ., or —u, exhibit dis-
persion with the inverted signs and the values significantly
exceeding the bare-resonator ones. Therefore, only making
1. sufficiently large, i.e., by taking it away from the soliton
spectral core, creates enough of the modal bandwidth around
= 0 with the low dispersion allowing the formation of the
two-color bright soliton pulses. The large values of w, are
achieved by making the frequency mismatch parameter be-

TABLE I. The resonator parameters characteristic for a bulk-cut
LiNbOj; resonator pumped at 1065 nm [12,23,29]. Dy;»s < O corre-
spond to the normal dispersion.

Parameters Values

Linewidths ke/2m = 1 MHz, ks/2mr = 4 MHz
Repetition rates Di¢/2n = 21 GHz, Dys/2m = 20 GHz
Dispersions Dy/2m = —100 kHz, Dy, /2w = —200 kHz

Nonlinear coefficients Vis/2m =300 MHz/vW
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TABLE II. Definitions of the key parameters, which complement
the ones illustrated in Fig. 1 and listed in Table I. @, is the laser
photon frequency. @, and (T)l(jg are the bare and dressed resonator
frequencies, respectively (ji1» =1,2,3,4;¢ = f, s).

Parameters Values
Rabi frequency Q = Yorv/8YrYs

~ Yor x 0.8 GHz//W
Rabi detuning A, = wp + 0ur — Oy
Sum-frequency mismatch &y = Wor + Wyup — Wy
Effective Rabi frequency Q, = /42 +1Q?
PDC frequency mismatch e =30 + 3% — 20,
Strong-coupling condition Ky L [R2] K 8|gg]
Sum-frequency matching ey, = 0, ps = leo|/|Dis — Disl

tween the fundamental and second-harmonic modes exceed
the repetition rate difference by a significant, > 1, factor,
which works out to be ., itself. Now, we are proceeding with
the details of the theoretical and numerical results.

III. LINEARIZED SIDEBAND EQUATIONS AND CW STATE

We assume the intraresonator electric fields of the funda-
mental and second harmonic to be

wfeiMﬁ—ia),,l +c.c., wseiZMﬂ—iza)l,l‘ +c.c., (2)

where |1/ff,s|2 have units of power [29] (see Appendix A). M
and 2M are the absolute (physical) mode numbers with fre-
quencies wor and wps. ¥ € (—m, 7] is the angular coordinate
and ¢ is time. w, is the pump laser frequency tunable around
wof, SO that

8 = wor — wp (3)

is the respective pump detuning.
The envelopes of the fundamental, ¥, and second har-
monic, ¥, are expressed via their mode expansions as

Ve = Vor () + Y W™ + ¥ (e ™1, (@)

n>0
with ¢ = f,s, and p is an integer characterizing the rela-
tive mode number. The resonator frequencies associated with

wiu{ are
®ipe = wop £ uDi; + 31 Do, (5)

where Dy, /27 are the repetition rates (free spectral ranges)
and D, are the dispersions (see Fig. 1 for a schematic illus-
tration). The photon angular momenta corresponding to w. ¢
and w4, are

A(M £ 1), and h(2M =+ ).

Physical values of the parameters implemented throughout
this paper are shown in Table I, and are typical for a bulk-
cut LiNbOs; resonator. Detunings of the resonator frequencies
w4y, from the pump laser frequency, w,, and its second
harmonic, 2w, are wi,r — w, and wi,s — 2w,. A Galilean
transformation to the reference frame rotating with the rate
Dl / 2 s

0= — D, (6)
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FIG. 2. Cw state of the (a) fundamental and (b) second harmonic
(see Appendix C). Pump laser power is YW = 0.1 mW [see Eq. (49)].
Mismatch parameter ¢y/2m = —5 GHz.

converts these detunings to
Asyp = (Wiuf — 0p) F uDy
=8 + u(Dys — Dy) + SDoe?,
Ay = (Wxps — 20p) F Dy
=28 —eo £ u(Dis — D) + 3Do1t®, (D)

where gy = 2wor — wos 1S the u = 0 frequency mismatch pa-
rameter. Setting

Dy = Dyy, )

we get an immediate access to the difference of the repetition
rates, Dy — Dyy, inside A .

If ¢ is the vacuum speed of light, ny, is the effective
refractive index of the mode M + u, and R is the resonator
radius, then

c(M+p) c(CM + )
Wyt = — Wys = — . (9)
R Ny R MM+
Hence,
cl 1 1
=) =2Cz)0f—a)()s =2M - — — — s (10)
Rlny nwy

and requiring &y = 0, yields the anticipated index matching
condition, ny; = nyyy. Refractive index, and hence &y, can be
fine tuned by, e.g., temperature or electro-optic controls.

The cw state of the resonator operation implies v, =
Yo, = consty, i.e., d,¥o; = 0 (see Fig. 2 and Appendix C).
During the initial stage of the comb development, the side-
bands evolve and grow on top of the undepleted cw state, so
that the field envelopes can be sought as the cw plus small
perturbations, with the latter taken as a superposition of the
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resonator modes:

Vet 0) = Yo + Y _[Wuc (O™ + 97, (e ™. (11)

n=0

Here 1271,1; are the amplitudes of the growing sidebands.
Complex conjugation of 1;_ u¢ Wwas introduced to make the
equations less cluttered. If Eq. (4) could be referred to as
the mode expansion in the bare resonator representation, then
Eq. (11) is a step towards the dressed resonator theory.

Substituting Eq. (11) into the envelope equations (A1), and
linearizing for small sidebands, we find that ¥, (¢) are driven
by the sideband combinations with the matched net momenta
(see Appendix D). The resulting equations are

~ 1 ~ ~ ~
iat‘/’uf = (Auf - iEKf> 1/f,uf - Vf(wuswf)kf + wfuwaS)’

iatl/’;us = (A//_s - )

1~ -
l_Ks> Iﬂus - zyswuﬂ/fOf’

oy 1\~ ~ ~
Oy = <_Auf — lz’ﬂ‘) Y_pt + Ve(W—psWor + Vuros)s

i 1 ~ ~
lazW—/Ls = (_A—,u_s - l_Ks) 1//—//.8 + ZVSW—W//()@- (12)

2
Here, «; are the loaded linewidth parameters, and y, are the
nonlinear coefficients measured in Hz/W'/2 [29] (see Table I).
Equations (12) are linear in the approximation of the
undepleted cw state, and they represent one of the funda-
mental models in nonlinear optics expressing the interplay of
the PDC and sum-frequency processes. The sum-frequency
terms are underlined once and the parametric ones, describ-
ing conversion to the +u sidebands (photon-pair generation),
are underlined twice. The momentum conservation laws
corresponding to the parametric conversion and the two sum-
frequency processes are

M + @) + (M — p) = i2M (13)
and
WM £ p) + M = h(2M + ), (14)

respectively.

The eigenvalues and eigenvectors of the matrix acting
on the vector (Y, Yus, W—put, ¥—pus)! in the right-hand side
of Eq. (12) are known in the explicit form in two cases:
(i) for Aur=A_up, Aus = A_y, and kp =k (see, e.g.,
Refs. [36-38]) and (ii) for «; # &, and Ay, =0 (see
Ref. [39]). While A s = A_ ;s is satisfied exactly, and k; =
could be assumed, the A;; = A_,, condition is typically far
from being true. In most of the practical cases, the repetition
rate difference, A,y — A_,; = 2u(D;s — Dyy), creates one of
the dominant frequency scales in Eqs. (7), which can be com-
parable only to &.

IV. RABI FREQUENCY, PARAMETRIC GAIN, AND
LINEWIDTH

To address the problem at hand, it is important to under-
stand the balances between the characteristic frequency scales
implicated in Eq. (12). ¥, i.e., the cw second-harmonic am-
plitude, can be controlled by tuning the frequency mismatch,
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FIG. 3. (a) The sum-frequency matched Rabi oscillations near
to the u =5 avoided crossing (red, fundamental, left axis; green,
second harmonic, right axis), Qs &~ || &~ 27 x 68 MHz. (b) As
in (a) but plotted over the time interval as is used in (c).
(¢) The mismatched Rabi oscillations for the u =4 sidebands,
Q4 & |A4| = 2 x 1 GHz. Parameters: (a, b) 6 = 15.15«¢, &9/2m =
—5GHz, W =1.7mW (pump power), |ys,|> = 0.36 mW (side-
band power) at r =0; (c) § = 6.45«;, /27 = -5 GHz, W =
2.11 mW, |¥4)*> = 0.33 mW at ¢t = 0.

&0, so that the parametric gain coefficient, y;s, can be made
to be much less than the sum-frequency associated rate of the
energy exchange, y; ¥or (see Fig. 2 and compare the frequency
scales along the vertical axes).

If the aim is to create the modal bandwidth sufficient for
the soliton generation at both harmonics, then the moderation
of the parametric gain is useful since it would then keep
the energy of the second-harmonic pulse under control, and,
hence, could be expected to ease, for the stronger fundamental
pulse, the task of synchronizing its repetition rate with the
second harmonic.

The sum-frequency driven energy exchange is illustrated in
Fig. 3, where one can see the fast antiphase oscillations of the
w,r and o, sidebands. The frequency of the oscillations is
much larger than the decay rates, so that, in the leading order,
the first two equations in Eqs. (12) can be approximated with
[23,40]

ia,[‘f’“] ~ [ Aut _’”fwgf} [‘f’*f] fo. (%)
wus —2Vs¢0f Ap,s wll-s

The second pair of equations resembles the above but with
u — —u. Parametric gain and losses should then come in
the next to leading order, suggesting the development of a
perturbation theory. The Rabi theory, well known in the semi-
classical atom-photon interaction [32], is an obvious and best
suited methodology to describe solutions of Eq. (15). The
Rabi formalism was also previously applied for the resonator-
free sum-frequency generation model [41].
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The frequency of the oscillations in Fig. 3 would then be
the effective Rabi frequency:

Q, = /A% + QP (16)

It is controlled by the difference of the sideband detunings,
i.e., the Rabi detuning,

A}L = A,U.f - AuSa (17)

and by the coupling coefficient, i.e., by the off-diagonal terms
in Eq. (15), characterized by the complex Rabi frequency, €2:

Q = Yory/ 8¥1Vs- (18)

The complex second-harmonic amplitude can also be ex-
pressed via 2 and the auxiliary complex frequency €2:

¥ @ Qs =8(26 1 8 (19)
s = —, Qs = —i=ks | — 8¢
Ytvo Q. ks 0
(see Appendix C).

|Q|/27 ~ 10> MHz gives |yo]*> < 1W, which would be
typical inside the resonator. Then, for «. /27w ~ 1 MHz we
have |Q2| > «,, i.e., the Rabi flops are indeed much faster
than the decay rate. The frequency scale associated with the
parametric gain is set by

QP
(AN

Arranging || to be close to or larger than the repetition rate
difference,

Vel vos| = (20)

leol > |Dif — Dy

e ~ 1 GHz, 21
2 2
makes
1 QP2 |€2]
— N — (22)
[€2] €25]  8leo]

Hence, the Rabi frequency is also much larger than the para-
metric gain rate. Thus, both the linewidth and the parametric
terms are small relative to the right-hand side of Eq. (15), and
the SC condition [23],

is satisfied. Reference [21] reported measurements of the x»
Rabi splitting (=1 GHz for the laser power VW = 80 mW) in
the AIN resonators with |Q2|/k, ~ 1, which should be well
outperformed by the bulk resonators considered here. The
w = 0 Rabi oscillations in the x ® resonators were looked at
in Ref. [42], well before the multimode high-Q x ®’ microres-
onators were demonstrated.

The notations related to the Rabi theory and also the key
quantities used below to characterize the matching conditions
for the sum-frequency and parametric processes are summa-
rized in Table II.

V. SUM-FREQUENCY MATCHING

While the cascade of the sum- and difference-frequency
events engaging a sequence of u’s is critical for the generation
of the fully blown combs (see Sec. X), the frequency matching
for the one-step sum-frequency process in Eq. (13) is also

4 ( ) 100
o% a
%
'9)’\\ =
. N
mN 2 .‘/0 s, 50
o Ko =
= NN :
I I N S0
0 . —
z , %\ - T
R N .5
< AN S 20
“Q,
AN
-4 -100
6 8 10 12 1 -
L 0/ ks

FIG. 4. (a) Frequency matching for the sum-frequency genera-
tion: The Rabi detuning A_, = @, + w_,y — w_,; vs the sideband
order number wu, § = Sky. £9/2w = 10.5 and 10 GHz correspond to
the mismatched and near-matched (1 = 1@ = 10) cases, respectively.
(b) Avoided-crossing diagram: The dressed frequencies vs § for
|€2|] = 20«¢. The straight lines correspond to €2 = 0.

very important and should be analyzed in more details. As
it is well known for the coupled oscillators, the full periodic
power transfer between /¢ and v, is ensured by minimizing
the Rabi detuning, i.e., A, — 0, 2, — || [see Eq. (16)].

Here, we are dealing with a system possessing two differ-
ent effective Rabi frequencies €2, and 2_,,, and the respective
Rabi detunings, A+, can be reexpressed as

Aiu = wp + Wipf — O4ps- (24)
If one of A4, = 0is resolved by an integer, i.e.,
Ap=0,0rA_3=0,L€Z, i>0, (25)

it implies the exact matching for one of the two coexisting
sum-frequency processes. The examples of the exact matching
between w_,s and w_,s for © = 10 and of the mismatched
case are shown in Fig. 4(a). In the mismatched case, the
SC condition, Eq. (23), is perfectly satisfied, but the power
transfer during the Rabi flops is significantly reduced [see
Figs. 3(b) and 3(c)].

If the real positive 1 solves one of the A4, = 0 equations,
ie.,

A, =0,0rA_, =0, pu, €R, pu, >0, (26

then an integer, or two, nearest to u, provide the sidebands
order best complying with the frequency matching. To find
Iy, We introduce a new parameter

Exy = Wof + Otuf — Oty 27)
[see Eq. (24)], so that
Aiﬂ = &4y — é. (28)

We note that €1, depend only on the resonator geometry and
refractive index [see Eq. (10)]. Using Eq. (5), we express
E4y AS

e+ = €0 £ W(Dig — Dig) + 315 (Dos — Dag). (29)

Relative smallness of the dispersion, i.e., of the ,uzng and §
terms, provides an excellent approximation for pi,:

N |€o]
s

~ ol (30)
|D1t — Dyl
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S
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Qflo ~ |Q| “"QIO ~ ‘Q‘
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® 1

FIG.5. @, and ©_, Rabi frequencies vs p. (a) & /2w =
10.5 GHz, and (b) &y/27 = —10.5 GHz, § = 14«¢, |2| = 300«s.
A_, = wp + w_yur — w_y4 is nearly matched for 1 = 10 in (a), and
A, = wp + oy — Wy is in (b).

If &g > 0, then w, solves A_,, =0 [see Fig. 4(a)], and if
gy < 0, then u, solves A, = 0. This point is further facilitated
inFig. 5, where we plot €2, and €2_,, vs u for different signs of
&o. For g9 > 0, Q_, has a minimum at u = p, ~ i, Q_,, =
||, and for &g < 0, 2, is the one with the minimum. The
simple approximations for €2, are also inferred from Fig. 5.
For &y > 0, we have

Q~ A, forall u, 2_, =~ A_,
Qg ~|Q|foru=10,Q_,

for u < 1z,
~—A_,forp>u.  (31)

The same approximations for gy < 0 require the Q4+, — Q,
swap in every part of Eq. (31) [see Fig. 5(b)].

VI. DRESSED STATES

Equation (15) has an obvious and important class of
solutions with time-independent sideband powers—dressed
(eigen) states. The Rabi oscillations stem from a superposition
of the dressed states. Dressing the states, i.e., working with
the superpositions between s and v, rather than with the
modes of the linear resonator, allows us to develop a theory
embracing the cases with the arbitrary (small, large, or near 1)
ratios of the |Wus| and |1//m|2 powers [23].

After the rescaling, Wiuf = Ty, uf/ V2, w:tus =
Gy s /N Vi Vas, b = arg Yo, Egs. (12) become

i0|a,) = (H, + V)|a,). (32)
Here |d,) = (lus, @ys, @—puf, d—ys)! is the state vector,
Aut —31Q]e™? 0 0
i - —11Qle Aps 0 0
e 0 0 —A_ye  3Qle? |
0 0 Qe —A_
(33)
¢ = 2¢¢ — ¢s, and
. 24-i9
—Z%Kf 0 — lgllﬂsl 0
_il
e I T (34
N 0 —lEKf
0 0 0 —igks

Setting
|a(t)) = la,.) explth, — it By},
Ay €eR, B, eR, 35)
we find
Bu + it )lay) = (H, +V)lay), (36)

where ,, is the frequency shift, and 1, is the sideband growth
rate, such that A, transiting from negative to positive signals
instability of the cw state relative to the excitation of the
+u pair.

In the SC regime [see Eq. (23)], V is a perturbation to H,,
and therefore, before incorporating V, we look into the details
of the dressed states:

H,|bD) = BP D), j=1,2,3,4. 37)
The eigenfrequencies, B,/ ) and state vectors, |bff)), of the four
branches of the dressed spectrum are [23]

BY = 3(Aus+ Auo) + 3.
|5} = 121e711) + (4, = 2,)12);

ﬁ(z) = 2(A/Lf + AMS)

62) = 1Q1e7|1) + (Au + 9,L>|2>;

B = — (A + A — 19y,

[bD) = 121e13) + (A_, — Q_,)[4);

BY = —1(A_u+ A_u) + 19,

) = 1920€13) + (A_, + Q_,)14). (38)

The branches (1) and (2) describe the Rabi induced cou-
pling between the 4+ sidebands in the fundamental and
second harmonic, and (3) and (4) do the same for the —u
sidebands. The corresponding dressed frequencies are

5)(1),(2) = w, + uD; + IBl(Ll),(2)’

~(3),(4 3),(4
(f)() (,()D—,I/LDI—IB()(),
~(1),(2 1),(2
a)(s)()—_Zw,,—i—,uD1+,6(>(),

7534 —
0" =20, — 4

Dy — B (39)
Taking the explicit expressions for A, and (A,s+ Ays)/2
inside B/’ one would find that w(]g
i.e., Dy, independent.

Power distribution between the fundamental and second-
harmonic sidebands within a given branch and for a given u is
determined by the dressing parameters, A% u/ | Q|?. If the Rabi
detuning is relatively large, i.e., a particular mode is far from
being sum-frequency matched [see the points away from the
zero line in Fig. 4(a)], then the corresponding dressed state,
|b§{)>, tends towards an eigenstate of the bare, i.e., 2 =0,
resonator. The bare states are

are the reference frame,

|]) — (1 , O, O, O)T, ei(M-!—/L)r?—ith7
|2> — (O, 1’ 0, O)T, ei(2M+M.)177itw,LS’
|3) — (O, O, 1’ O)T, ei(M—/L)I?—itw,,Lf’
|4) = (0,0,0, 1), o CM-mPitoy (40)
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(b) 2w, = W + W
PDC gain |
W ~(1) w S0
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________ 2, PRCgin o)
p) w —(2) o
W p Wyt

FIG. 6. Diagram illustrating the dressed spectra. (a) Pump fre-
quency tuned to satisfy the intrabranch PDC condition, /2w, =
FzN(” + hN(ll)lf (b) How the cross-branch PDC condition is satisfied,
Fz2a)p = ha)(z) + hN(l) The red and blue arrows show how the PDC
gain and Rab1 flops redlstribute power within the spectrum. The black
dotted lines show the Rabi frequencies, €2, and ©2_,,, and highlight

their inequality.

where, for the sake of clarity, we explicitly associated each of
the state vectors to the corresponding resonator mode.

The maximal dressing condition, Ay, = 0, involves fre-
quencies of the bare resonator, while the matching points are
replaced by the avoided crossings in the dressed resonator
[see Fig. 4(b)]. The avoided crossing between a)ﬁ_f) e and ~$; ¢
exists for every w; however, most of them do not come to
the practical, tens of MHz, proximity of § = 0, apart from the
ones nearest to /4.

Noting the symmetries

5/23) — —/3(1), ie., ~(_1) — a)(3),
nE 14 (41)

@ _g® ; o@ ~(4)

ﬁu - ﬂ*#’ 18, Wy =Wy

we conclude that there are two ways to proceed from this
point. First, the problem could be formulated using the four
dressed frequencies, e.g., Z)Lf), &‘)fff), ET)S; , ~(f [23]. Second,
one could switch to using the two-branch forrnulatlon and deal
D o~ ~2) =2
with a)/(lf),. .(l)if’ a);f), (_) The latter approach is slightly
more intuitive and we choose to follow it here. In either
case, the four fre%uencies and eigenstates have to be traced.

The Z)(il)f and a) ¢ frequencies in the dressed spectrum are
~(1) ~(2)

illustrated in Fig. 6 The wy s

the same dressed states as a)i_L)f and cT)gf)f If the former are

plotted then they would make the same spectrum as in Fig. 6
apart from being centered at 2w), [see Eq. (39)].

and oy, spectra characterize

VII. DRESSED SPECTRUM AND ENERGY
CONSERVATION IN PARAMETRIC DOWN CONVERSION

In any parametric system, the parametric resonance is
achieved for, usually, a sequence of the resonance values of

the drive frequency [43]. In optical resonators in general,
and in the dressed x® system, in particular, this is done by
tuning ), to the midpoint between the desired sidebands, e.g.,

53(1) and @' ) . One peculiar feature of our case is that the
dressed resonances depend on the pump power and frequency
Another is that for the two pairs of frequencies, a) and

wﬁ)f, there could be four different midpoints for the same

“w, and hence four conditions providing the maximum of the
parametric gain [23,44]:

2ho, = ha\) +ha') . (B =-p").  (42a)
2ho, = hal) + ha?,. (B =-p).  (42b)
2ho, = ha) + ha?. (B =-p2).  (@20)
2w, = hw@) + hN“}w (B2 =-pL).  @2d)

The auxiliary frequency @, = w,+ uDis+ %(A uf +
A,s) makes the role of the Rabi splitting in the above more
transparent:

2hw, = K@, + 3Q,) + A(@_, + 392-,),  (43a)
Yoy = W@, — $2,) + (@, —12,),  @3b)
2y = W@+ 19 + @, - 12), @0
2hw, = K@, — Q) + A(@_, + 392-,).  (43d)

The first pair of conditions, Eqgs. (42a) and (42b), corre-
sponds to the intrabranch PDC, which is satisfied by tuning
the pump frequency to the midpoint between a)l(j) and a)(’ )
The second pair, Egs. (42c) and (42d), are the cross- branch
PDC conditions. They are satisfied by w, being tuned to the
midpoint between the u and —p sidebands from the two
different branches of the dressed spectrum.

Figure 6 illustrates achieving frequency matching for the
intra- and cross-branch cases, and also shows how the ef-
fective Rabi frequencies, ©24,, come into play. €2, and Q_,
are generally very different, and coincide only for u© = 0 (see
Fig. 5).

To gain further important insights into the PDC conditions
in Eq. (42), we rearrange them as

et =0 + 5% — 2w, (44)
and plot /" vs pu (see Fig. 7). The sideband numbers
grouped around the zero lines correspond to the MHz level
mismatches that are more easily compensated by the nonlin-
ear effects providing /") = 0. The sidebands with &'>’
detuned away from zero by the GHz offsets [see the black
dots in Figs. 7(a) and 7(b)] are cut off from the groups of the
PDC capable mode numbers. The cutoff is happening for w’s
around ., corresponding to the sum-frequency matching [see
Eq. (30)].

Figure 7(a) shows that the intrabranch condition in
Eq. (42a) can be satisfied for 0 < u < u,, while &g is set to
be positive. The second intrabranch condition, Eq. (42b) [see
Fig. 7(c)], is shifted away from zero by &2¢(, and will be
swapped with the first one for &g — —g(. Figures 7(b) and
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FIG. 7. Frequency matching parameters &{/1/2) = Ef)fjllf) + ZT)L/;) -
2w), for the four types of the parametric down conversion (PDC) con-
ditions. The sideband numbers grouped around the dashed horizontal
lines, £71/2) = 0, correspond to the MHz mismatches that can be
compensated by the nonlinear effects and lead to the exact PDC fre-
quency matching (see insets). (a, b) § = 2.55«¢, |2| /27 = 76 MHz.
(c,d)§ = 8.1k¢, |2]/27 = 105 MHz, and ¢y /27 = 10 GHz. u = 10
(see the corner points) corresponds to the sum-frequency matching,
A_, ~0.

7(d) show the cross-branch PDC conditions, with one of them
being satisfied for p = 1.

The challenge with resolving Eq. (42) analytically for ei-
ther 2 or § is in the occurrences of them under the square-root
sign in the equation for 2, (see Table II). However, the
algebra is proceedable [23,44], and leads to finding that all
four PDC conditions are resolved by |Q2| = |Q2pq4c|, where

|dec|2 = 4(A[Lf + A—;Lf)(Ap_s + A—[LS)
(A;Lf + A—/LS)(A/LS + A—uf)
(Auf + Afuf + A/J.s + A*MS)z .

Plots of |Q2p4c| vs 8 for positive and negative o, and their
associations with the PDC conditions, are shown in Fig. 8.
These plots in Fig. 8 could be compared with the tempera-
ture tuning diagrams of the parametric oscillators (see, e.g.,
Refs. [33-35]), but in our case, the temperature is assumed
fixed, while the tuning parameters are the pump power ex-
pressed via |€2|, and the pump frequency. The range of |Q2|s
considered by us provides relatively small intraresonator pow-
ers, on the order of mW to <1W (cf. the left and right axes in
Fig. 9).

If |eg| dominates over all §’s, and ., falls between the two
nearest integers, i.e., the exact sum-frequency matching point
has been missed, then Eq. (45) simplifies to

(45)

2
1% 1
|Qpac|* A~ —4e0(8 — am[l - F] Bu = =5 Darpt”  (46)
(see Appendix E for details).
Equation (46) reveals what has been described above based
on the numerical plots. First, one can see that the resonances

FIG. 8. Lines corresponding to the exact PDC frequency match-
ing conditions in the parameter space of the pump detuning, §, and of
the Rabi frequency, |€2|, characterizing the intraresonator cw power
(see Fig. 2). The red lines (numbered 0 to 5) correspond to the
intrabranch PDCs, which are h&')Llf) + hZ)ﬂl;f = h2w), in (a) where
e0/2m =5 GHz, and 1@} + h®). = h2w, in (b) where /27 =
—5 GHz, 0 < p < 5. The blue lines (numbered 5 to 11) correspond
to the cross-branch PDCs, which are hZ)L‘f) + Fz&')(};f = 2w, in (a),
and 73\ + e = h2w, in (b), 1 > 5. The lines in (a) and (b) use
Eq. (45), while the dots in (a) are derived from the approximate
Eq. (46) for i # 5 and Eq. (ES) for u = 5.

converge to points § = §,¢ for £ — 0, which corresponds to
the zero of the first bracket in the numerator of Eq. (45).
Second, the direction of the nonlinearity induced tilts of the
resonances depends on the sign of gp and the value of u
(see Fig. 8). If g9 < 0, then the tilt is towards § > &, for
0 < o < py, and towards § < 8¢ for 4 > . &9 > O changes
the tilt direction for the two groups of modes.

Figure 8 also shows a good agreement between the exact
and approximate |dec|2 vs § dependencies. Analytical ap-
proximation for |2,4| in the case when the sum-frequency
process is either nearly or exactly matched, i.e., u = 1 ~ .,
is considered in Appendix E.

To summarize, the intrabranch PDC conditions are satisfied
for a compact group of sideband numbers,

2

0< i< s i for|:1 — “—2} >0, (47)
12

while the cross-branch ones are engaged for the unbound set
of sidebands,

2
W > Uy, le., for |:1 — —2:| <0. (48)

*
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FIG. 9. Parametric down conversion (PDC) instability tongues mapped onto the parameter space spanned by the laser detuning, §, and the
Rabi frequency, |Q| (see the left axis), or, and equivalently, by the intraresonator cw power, ||> (see the right axis). (a) go/27 = 5 GHz.
(b) e0/2mr = —5 GHz. The gray shaded tongues correspond to the intrabranch PDC conditions marked by the red lines in Fig. 8, and the blue
tongues correspond to the cross-branch PDCs. Some of the tongues are marked with the respective u’s (see Fig. 8 for the complete illustration
of the u ordering). The magenta lines show |Q| = |¥¢|+/S¥ss Vs § achieved for the laser powers W = 66 uW, 10 mW, and 100 mW.

Thus, the sum-frequency matched sideband, w, or —u.,, de-
fines the transition between the two different PDC scenarios.

VIII. PDC INSTABILITY TONGUES

While the PDC frequency matching provides conditions
for the maximal parametric gain, the latter still needs to over-
come the dissipation in order to trigger the exponential growth
of sidebands, i.e., to induce the cw instabilities. Regions of
the PDC instabilities for every 4 pair of sidebands can be
computed numerically by solving the eigenvalue problem in
Eq. (36) and plotting the lines A, = 0 [23]. Every p-specific
instability area is represented by a tonguelike domain shaped
around the respective |Q2pqc| vs 8 line (see Figs. 8 and 9).

The intrabranch instabilities, Egs. (42a) and (42b), are col-
ored in gray in Fig. 9, while the cross-branch ones, Eqgs. (42c)
and (42d), are shown in blue. The magenta lines show |2|’s
vs § corresponding to the cw state achieved for three represen-
tative values of the laser power, WW = 66 uW, 10 mW, and
100 mW. The cw state is expressed via €2 as per Eq. (18),
while € itself is a solution of

: QP 1!
Qo Kk (W kel 1@”) (49)
2 Wi Q¢ Q€2

where Q¢ =8 — ifkp, Q= 8(28 —itks) —8ey, W is the
laser power in watts, and W, is its scaling [see Eq. (C5)].
Taking the modulus squared of Eq. (49) we find a real cubic
equation for |2|2, that can have either one or three positive
roots, with the latter case signaling the cw bistability (see
Fig. 2, and further details in Appendix C).

Thus, a scan of the laser frequency, w,, would go along
an individual power-defined path crossing the different PDC
domains (see the magenta lines in Fig. 9). The yellow shading
marks the © = 0 tongue embracing the middle branch of the
bistability loop (see Fig. 2). For the Kerr resonators, similar
tongue diagrams were recently reported in Refs. [45,46].

IX. PARAMETRIC THRESHOLDS

PDC thresholds, i.e., the minimal intraresonator powers
triggering the exponential growth of the +u sideband pairs,
happen at the tips of the instability tongues (see Fig. 9). To find
the threshold when the system is confined to the |u|-specific
PDC lines (see Figs. 8 and 9), we apply the degenerate state
perturbation theory to Eq. (36) by treating V' as a perturbation
to H,,, which is valid in the SC regime. The generic condition
for the parametric gain to overcome losses has been intro-
duced in Ref. [23]:

Vl}(‘jljz) . VM(ijl) — Vlijljl) . V;Ejm)’ (50)

where V,'2) = (b/"|V|6’) are the matrix elements of V.

Opening up Eq. (50) for (ji, j2) = (1, 3), (i1, j2) = (2,4),
(1, o) = (1,4), and (ji, jo) = (2, 3) yields four threshold
conditions:

(A — ) (A, —Q )] 49

[Kf+KS BE R NTTE BTN
(51a)

PRPRCYE Q) (A +9Q0%] _ 49

TR TR T NE
(51b)
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(Ay — Q)? (A +Q,)% 49!

['H"S T | T BAAER
(51c¢)

(A +,)° (A, —Q_ )" 49!

[Kf”“ ez T e RATES
(51d)

Equations (51) express the balance between the PDC gain
(right) and the net loss (left). The second-harmonic losses,
ks, are weighted by the coefficients characterizing the power
distribution between the components in the state vectors
[see Eq. (38)]. The explicit threshold condition presented in
Ref. [23] transforms to Eq. (51c) after making use of the
identity Q:SZlAu = %.

We now note that in the SC regime || =~ 8|gg| [see
Eq. (22)], and hence the right-hand sides in Eq. (51) are
approximated with |Q2|*/16|gg|>. To simplify the threshold
conditions we make use of the approximations in Eq. (31)
related to the case of 9 > 0 and Q_; ~ || [see Fig. 5(a)].
Then, for w < both coefficients after «g in Eq. (51a)
are small and can be omitted in the leading order, so
that the threshold is determined by k; only and is well
approximated by

2 _~
QU1 ~ dleolir, 1 # 1 (52)

[see the gray tongues in Fig. 9(a)]. For u > 7t the left-hand
side of Eq. (51a) becomes ~4«iics| A, |>/|Q2|%, which creates
prohibitively large power thresholds (see the cutoff transitions
in Fig. 7).

For u = 11, the threshold is approximated by

12
1QU7|" ~ dleoly/krlke + k). (53)

ks is now also impacting the threshold, but still in a way that
is not equally important with «¢. This is because the powers
of the fundamental and second harmonic are balanced only
for EB(_% and ‘7’%5’ but not for 5%) and ZBI%) sidebands. In
the latter pair, the sum-frequency condition is mismatched,
and hence the second-harmonic sideband is still very weak
and can be disregarded, i.e., A; ~ Q in Eq. (51a), while the
approximations that work in the minus bracket are A_; ~ 0
and Q_; ~ |Q2].

The first cross-branch condition, Eq. (51c), has a practical
threshold at © = ¢ as in Eq. (53), and for u > 1 as in Eq. (52)
[see the blue tongues in Fig. 9(a)]. The second intrabranch,
Eq. (51b), and second cross-branch, Eq. (51d), conditions do
not create practical thresholds for gy > 0, and play their roles
for ¢g < O [see Figs. 8(b) and 9(b)].

The analytical estimates for the detuning values where the
wu-specific instabilities first happen, i.e., locations of the tips
of the instability tongues, and the respective laser powers are
derived in Appendix F.

X. ENVELOPE AND COUPLED-MODE EQUATIONS FOR
MODE-LOCKED COMBS

We anticipate that the frequency comb solutions bifurcate
from the p-specific boundaries of the instability tongues in
Fig. 9 (see Ref. [45]). Since we are going to continue to

number the sidebands within the combs with ., we use below
the letter v = 1,2, 3, ... to mark the comb states with the
sideband spacing given by v. We seek the mode-locked combs
as the solutions of the equation that couple all the modes
through all the allowed nonlinear coupling terms [see Eq. (A1)
in Appendix A].

The mode-locked combs are assumed to have the period
2 /v, ie., ¥ (t,9) = Y (t, ¥ + 27 /v), and, therefore, we
use the substitution

Ve (t,0) = Wy (6,), 0, = v( — Dyyt). (54)

Here 0, is a new auxiliary coordinate, such that the period
27 in 6, corresponds to the period 27 /v in 6, W, (6,) =
W, (6, + 2m). Dy, is an unknown comb repetition rate gen-
erally different from either Dy or Dy;. If the reference frame
is chosen to rotate with D¢, then Dy, # Dy would imply the
relative rotation with the Dy, — D¢ rate, leading to the tilted
spatiotemporal profiles like in the bottom row in Fig. 10.

The selection mechanisms of the velocity of the dissipative
x@ solitons, equivalent to the selection of Dy,, have been dis-
cussed before the microresonator combs came into existence
[27]. This selection is a generic aspect also encountered in,
e.g., the equations with the higher-order dispersion terms [47],
and in the cases showing the spontaneous symmetry-breaking
effects [45].

Substituting Eq. (54) into Eq. (A1) we find

AW, V2D d*W,y

SW,r — iv(Dys — D
£ — iv(Dig ) a0, T

iKs
— W W — g(wvf —H) =0,

(2(3 )\IJ . (D D )dlpvs VZDZS dz\pus
— & vs — LV s — v —
’ TP e, T T2 ae?

sy (55)
Vs¥ e ) vs — Y.

As one can see, the use of 0, as an argument has allowed us
to conveniently sort the mode-locked combs by the spacing,
v, their sidebands make in the momentum space, since v
enters Eq. (55) explicitly. In fact, v plays a role of the Bloch
momentum which is now quantized, unlike the one that varies
continuously in the theory of the unbound crystal lattices [48]
and resonators [49].

For the frequency combs with the spatial period 27 /v, the
modes making nonzero contributions to the W, have numbers
= vm,where m = 0, £1, 2, +3, ... is another integer:

00 00
"Ilvg — Z \I/mvgeimO,, — Z \Ilmvgeimv(ﬁ_l)]”t). (56)

m=—00 m=—00
Here W, are constants satisfying an algebraic system of
equations [see Eq. (57)]. The repetition rate with which the
27 /v state is reproducing itself while rotating in the resonator
is UD] v / 27.

The coupling between the different mv sidebands is pro-
vided by the sequence, i.e., cascade, of the sum-frequency
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FIG. 10. Examples of the Turing-pattern frequency combs for &y/2m = 5 GHz. First and second columns show the combs emerging
from the intrabranch PDC instability tongues [gray areas in (a) and (b)], and the third column shows the cross-branch PDC tongue [blue
area in (c)] and the associated comb. Magenta lines in (a)—(c) show the cw states, |Q| = |¥ot|+/S¥rys vs 8. The respective laser powers
(a) W = 0.664 mW, (b) 103 mW, and (c) 10 mW. |Q|/27x = 0.2 GHz corresponds to the intraresonator power |of|*> >~ 55 mW. (d—f) Ratio
of the second harmonic and fundamental powers in the indicated sidebands. The ; = —5 case corresponds to the sum-frequency matching
leading to the best conversion efficiency. The thick full lines are stable solutions, and the thin lines (full and dashed) are unstable. (g—i)
Self-explanatory spectra of the Turing patterns (red, fundamental; green, second harmonic). (j-1) Space-time profiles of the corresponding
Turing patterns. The tilt relative to the vertical axis characterizes deviation of the pattern repetition rate from D;;.

and difference-frequency events, which become evident on
substituting Eq. (56) into Eq. (55):

in -~
Amvf"pmvf - T(q’muf - Sm,OH)

-V Z 6m,mlfmz \pmlvs\y:,z‘,f = O, (57&)
miny
iKs
Amvsqjmvs - T\I'mvs
—Vs Z Smmy+my Yot Wyt = 0. (57b)
mpmy

The sideband detunings, A, are defined in Eq. (7),
where @ = mv. 'gm,mlimz =1 for m = m; &= m, and is zero
otherwise. Hence, every term inside the nonlinear sums in
Egs. (5§7a) and (57b) corresponds to the momentum conser-
vation laws,

A(M 4+ mv) = h(2M + mv) — i(M + myv),
hQ2M 4+ mv) = i(M + mv) + i(M + myv),

(58a)
(58b)

describing the sum- and difference-frequency cascades. The
left- and right-hand sides of Eq. (58) correspond to the linear
and nonlinear terms in Eq. (57), respectively.

XI. TURING-PATTERN COMBS

The comb equations, Egs. (55) and (57), have been solved
by us with a Newton method allowing us to self-consistently
find the sideband amplitudes, W¥,,,;, and the comb repetition
rate, D;,. Figure 10 shows how the comb branches with
different periods, 27 /v, emanate from the boundaries of the
respective instability tongues.

The sparse combs, v > 1, described by a combination of
few noticeable © = vm sidebands have been observed and
modeled in connection to several recent x ®-resonator ex-
periments (see, e.g., Refs. [11-13,24]). In the context of the
Kerr microresonators, the combs with the sparse spectra, as in
Fig. 10, are often called the Turing-pattern frequency combs
[45,50,51]. The Kerr microresonator instability tongues and
their connection to the Turing patterns have been reported in
Refs. [45,46]. The prior to the ring microresonator era results
on the spatial pattern formation in the planar x ® resonators
can be found in, e.g., Refs. [52-58].
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12-18, &9/2m = 5 GHz as in Fig. 9(a). The magenta line shows the cw state for the laser

power W = 10 mW. The left axis is the Rabi frequency, ||, and the right axis is the intraresonator cw power, |¥f|*. (b) The spectrum
computed from the scan of the cw frequency along the magenta line in (a). (c) The integrated intraresonator powers corresponding to (b). The
red line (left axis) is the fundamental, and the green line (right axis) is the second harmonic. Panels in the two bottom lines show the comb
spectra computed at the detunings marked with the respective letters in (a), and with the dashed white lines in (b). In the two bottom rows, the

shorter bars are plotted in green and the longer ones are plotted in red.

A typical bifurcation scenario that we found is that the
two Turing-comb branches split from the two edges of the
tongues and extend well beyond the tongues. The branch
crossing into the tongue area can be stable (full lines in
the second row in Fig. 10), while the one deviating out-
side the tongue (dashed lines) is always unstable. These two
branches coalesce for some detuning value [see Fig. 10(e)].
The Turing combs emerging from the intrabranch PDC con-
ditions for v = 4, 5 are shown in the first two columns in
Fig. 10, and the v = 16 cross-branch case is shown in the third
column.

The v =5 tongue in Fig. 10(b) corresponds to the w, +
w_sf — w_ss = 0 sum-frequency matching [see Eq. (24)], and
therefore the power of the negative fifth sideband in the second
harmonic is either comparable to or even exceeds the one in
the fundamental [see Figs. 10(e) and 10(h), and compare the
y-axis scales in Figs. 10(d)-10(f)]. The bottom line in Fig. 10
shows how the Turing patterns loop around the resonator in
the reference frame rotating with Dy¢, so that the most effi-
cient generation of the second harmonic leads to the largest
differences between the linear and nonlinear repetition rates,
Dyt — Dy, [see the pattern angles in Figs. 10(G)—10(1)].

Figure 11 shows a more global outlook on the frequency
conversion processes happening across the PDC tongues
when the laser frequency is scanned and its power is fixed,
and gy > 0. The stable Turing combs are typically generated
for the relatively small intraresonator powers achieved for
large positive detunings. When detunings are reduced and the
intraresonator powers are increasing the instabilities bring the
breather states producing the denser combs as in Figs. 11(f),
11(g) and 11(i), and then more developed chaotic states as in
Figs. 11(d) and 11(e).

The difference between the breathers and chaos is fur-
ther elucidated in Fig. 12. The first and second columns
in Fig. 12 compare the spatiotemporal and spatial profiles
of the two. The coherence of the breather and the incoher-
ence of the turbulent state are confirmed by comparing the
rf spectra of the net powers (third column in Fig. 12), and
the per-mode rf spectra (fourth column). The latter shows
|FFT{1/fuf(t)}|2 plotted vs the mode number, u, and the rf
frequency. The top, i.e., the breather, panel has five visi-
ble tilted lines that are vertically separated by the breather
period. These are the five subcombs having different offset
frequencies.
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FIG. 12. The top row shows the breather state corresponding to the point “f”” in Fig. 11(a). The bottom row is the turbulent state at the point
“e” in Fig. 11(a). The first and second columns compare the spatiotemporal dynamics (fundamental) and snapshots of the spatial profiles. The
third and fourth columns show the rf spectra of net powers (third), |[FFT )_ " [¥,.¢(t)|?|, and the per-mode rf spectra (fourth), [FFT{v,:(t)}]>.
One can see that the breather state consists from the five coherent subcombs with the different offsets and the same repetition rates, while the

turbulent state shows no mode-locking signs.

In the example shown in the top line of Fig. 12, the
maximal parametric gain comes to the sidebands with u =
+15 and to the associated subcombs (see the top panel in
the last column), so that the breather could be interpreted
as a quasisoliton created via the nondegenerate PDC and
dominated by the three groups of modes centered around pu =
—15, 0, 15. The power and per-mode rf spectra in the second
line of Fig. 12 are unambiguous about the absence of the
intermode coherence in the turbulent state. For studies of the
transitions between the breather and chaotic states associated
with the rogue-wave turbulence in the Kerr resonators, see,
e.g., Refs. [59-61].

XII. BRIGHT SOLITON PREREQUISITES

The strong-coupling regime and the dressed state that
naturally emerges from it imply that the parametric gain is
relatively small, and therefore, to the leading order, the soliton
existence problem could be approached through the prism
of the nonlinearity vs dispersion balance. In this section, we
work through the dispersive and nonlinear properties of the
dressed states, and the stability of the cw state that under-
pins the existence of the bright soliton frequency combs. For
normal dispersion, D,, < 0, as we have here, these properties
suggest the soliton existence for &y > 0, which is the case we
describe in detail below. Solitons themselves are introduced in
Sec. XIII.

A. Dispersion of dressed states

The microresonator dressed states are parametrized by
momentum u, and represent families of the quasiparticles,
photon-photon polaritons, with the effective mass inversely
proportional to the polariton dispersion [23]. Our focus here is
on the frequency conversion, and therefore the dispersion ter-
minology is more natural. Dispersions of the first and second
branches in the dressed spectrum are calculated as

83‘7)2;; = aiﬁ(il,i = 3(Das + Dag) + %Q;’[M (59a)
02a2), = 02, = LD+ Do) — $QL,.  (59b)

where Q) = Q11 + Q-1 — 2€,,. ), depends on || (i.e.,
on the sum-frequency nonlinearity), D,;, and on the repetition
rate difference, D — D, which means that the dressed state
dispersion is determined by the interplay of all three factors.
This is unlike the bare-state dispersion, trivially given by
3P2Lwiu; = ng.

For ¢y > 0, none of the E’;(tlc) frequencies is sum-frequency

matched, while ET)(_IZL are quasimatched for u around u, (see

Sec. V and Fig. 5). Therefore, the dressed states corresponding
to ‘T)S() are the quasibare states, |b§})) ~ |1), with the disper-
sion =~ Dy [see the red line in Fig. 13(a)]. The dressed states
corresponding to LT)(};)L; are |b(_1L) ~ |3) for u < p4; then, in
the proximity of 1, they hybridize to the maximally dressed
state, |3)e® — |4); and then they transform to the quasibare |4)
states.

It is instructive to evaluate the dressed dispersion for u
around i, where A_, ~ 0, Q_, ~ |Q2]| [see Egs. (16) and

amnj:
3 2 ’
Q// ~ A—MA/LU« + |Q| (A/—MA_V“)
—1 Qiu

N (A’ ,)? _ (Dif — Dyy)?
|€2] 12|

~ 1to 10 GHz. (60)

The above strongly dominates over D, so that the dispersion
of Z)SI) ¢ becomes largely anomalous. Thus, dressing the ZT)EIBL ¢
branch creates two zero dispersion points around p, and puts
a group of modes into the range of anomalous dispersion [see
Fig. 13(a)].

The dressing induced dispersion changes are very large
[see Eq. (60)], so that for the nonlinearity to compensate the
dispersive pulse spreading it would be preferential to engage
the modes with the bare resonator dispersion around u = 0,
and away from p.. Thus keeping 1, > 1 and increasing it by
tuning the index to make |gy| larger [see Eq. (30)] is expected
to increase the bandwidth of modes suitable for the bright
soliton mode-locking regime.

In other words, the repetition rate difference can be large,
but the sum-frequency matching to the appropriately large
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FIG. 13. Dispersion of the dressed states [see Eq. (59)], normal-

ized to 27: (a) ET)(il;{ and (b) (7);2;{ The red lines correspond to

the positive sidebands, (73/(1';'(2), and the blue ones correspond to the
negative sidebands, ;)9:;2). The values of —100 and —200 kHz are
the values of Dy and D, in the bare resonator. The gray shading
and stars show the dressed states with the anomalous dispersion
induced by the dressing. In (a), the maximal anomalous dispersion of
~1 GHz (not shown) is achieved at ;. = 25 for the |b(235)) ~ |3)e'? —
|4) state. Parameters are |Q2|/2m = 116 MHz, ¢¢/2m = 25 GHz,
8§ = —3.8k;.

sideband number puts the undesirably large dispersion this
difference creates away from the spectral core of the soliton.

B. Optical Pockels and cascaded-Kerr nonlinearities

Since we are expecting to work with the normal dispersion,
the bright solitons would require the negative, i.e., defocusing,
nonlinearity to compensate for it. Derivatives of 5331{ in |2|
describe the rate of the nonlinear shifts of the frequencies in
the dressed spectrum with the intraresonator power:

~(1)

0B _ 109w _ 12 _

QI 29191 2Qu,

~(2)

Pore 19 _ 61)
912l 20,

The signs of the above expressions determine the signs of the
effective nonlinearities experienced by the sidebands. Since
the resonator frequencies are inversely proportional to the
refractive index [see Eq. (9)], we conclude that the frequencies

‘7);2;)4 ¢ in the dressed spectrum experience the net positive (self-

focusing) nonlinearity, and c7)$ L ¢ experience the net negative
(defocusing) nonlinearity.

Though the branch nonlinearities do not change signs,
their dependence on |2| varies profoundly. Indeed, Q2+, ad-

mits two qualitatively different Taylor series expansions (see
Table II):

AL AL
Qiu:|9|+ﬁ+--~,ﬁ<<l, (62a)
[el A%,
Quy = [Axul + ey + ..., P > 1. (62b)

Thus, if « is near to i, then the nonlinear shift of Z)gl)“
frequency is proportional to the amplitude of the cw state,
|2| ~ ||, which corresponds to the optical Pockels effect
[see Eq. (62a)], while, for © away from pu,, the nonlinear
shifts are proportional to the power, |2|> ~ |;|?, and hence
are Kerr-like, i.e., correspond to the cascaded-Kerr effect [see
Eq. (62b)].

C. Cw-state stability and instability

From the above, one should conclude that, for &g > 0, the
first branch of the dressed states should be considered as
the one able to form the bright solitons, since it provides a

712} ]
]l |
4l |

0 . ‘ T .
-15 -10 -5 0 5 10 15 20
Detuning, d§/x¢

FIG. 14. (a) Parametric instability tongues in the (, |€2|) plane,
for ey/2m = 25 GHz [see &y/2w =5 GHz in Fig. 9(a)]. The col-
orbar shows the number of the simultaneously unstable sidebands,
N. The black dotted line embraces the v = 0 instability range, i.e.,
the middle branch of the bistability loop. N is clamped by w, =
leol/|Dis — Dis| =25, N < s (b) N vs § for three values of W
(laser power) computed along the upper branch of the cw state.
The magenta line (W = 333 uW) terminates at the tip of the cw
resonance, i.e., at the end of the bistability range. The other two
lines are for the higher powers and terminate before the tip, thereby
marking stabilization of the cw state.
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FIG. 15. Families of the bright solitons computed for the laser power W = 333 uW and plotted vs §. The first line data show the
fundamental field, and the second line is for the second harmonic. (a, b) Soliton branches (red and green lines) and the cw state (magenta
lines) vs §. The solitons are shown for a range of frequency mismatch parameters, &o/2wr = 21, 23, 25, 27, and 29 GHz. The full lines
correspond to the stable solutions, and the dashed lines correspond to the unstable ones. The &y/27 = 25 GHz case in (a) and (b) is the one
that shows how the unstable soliton splits from the cw state and then connects to the stable soliton. (c, e) How the spatial profile of the soliton
changes with § for ¢y/2m = 25 GHz. (d, f) Like (c) and (e) but showing the envelopes of the discrete soliton spectra (see Fig. 17).

combination of the defocusing nonlinearity and the relatively
small normal dispersion, except several u’s around w,, where
dispersion is anomalous.

The same condition, as the one just stated, leads to the in-
trabranch instability of the cw state [see and compare Fig. 9(a)
for ¢9/2m =5 GHz and Fig. 14(a) for &y/2m = 25 GHz].
Recalling the results of Sec. VII [see Eq. (47)], the num-
ber, N, of the sidebands that can be simultaneously unstable
under these conditions is clamped by w,. Therefore, and
also in line with the previous subsection, gy/2m = 25 GHz
brings more of the unstable sidebands. Figure 14 shows
that there exists the optimal laser power, W, achieving the
maximal N.

N going up and then down with § tuned more negative
and powers increasing [see Fig. 14(b)] is due to the nonlinear
shifts becoming saturated by the higher-order terms in the ex-
pansions of the root function in Q. The weakened nonlinear
shifts gradually bring the parametric gain below the threshold
first for some and finally for all the sidebands. The N vs §
dependencies in Fig. 14(b) would be very different in the Kerr
resonators, where the number of the unstable sidebands tends
to infinity with the simultaneous increases of 6 and W [46].

It is now important to note that, for § < 0, the above
discussed instabilities happen to the upper state of the cw
bistability loop, while the low branch is either exclusively

or largely stable [see Figs. 14(a) and 15(a)]. The stable
low-amplitude cw state makes the background for the bright
solitons reported in the next section.

XIII. BRIGHT SOLITON FREQUENCY COMBS

The results of the previous section allow us to conclude
that, for the normal dispersion of the bare resonator modes,
D,; < 0, the bright solitons are expected provided one ar-
ranges the index (frequency) matching parameter between the
M and 2M resonator modes to be positive,

g0 ~ (nay — ny) > 0, (63)

and sufficiently large, so that the sum-frequency matching or
near matching,

wor + W_yf — W_ys = 05 (64)
happens for
wo= s> 1. (65)

The detuning should than be tuned to § < 0, i.e., “blue” de-
tuning. p, is well approximated by the ratio between |gy| and
the repetition rate difference, |Diy — Dis| [see Eq. (30)].

We now do as prescribed and select the laser power, W, and
detuning, 8, corresponding to a large number of the simulta-
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FIG. 16. Instability of the cw state and spontaneous birth of the
bright soliton. Laser power W = 333 uW, &y/27 = 25 GHz, and
§ = —3.8ky. (a) Fundamental field. (b) Second harmonic.

neously unstable sidebands (see Fig. 14). Initializing Eq. (A1)
with the cw state we immediately observe its instability and
the subsequent formation of the stable two-color soliton (see
Fig. 16).

For Dy, > 0 (anomalous dispersion), the bright solitons
would require gy < 0, adjusting wor + @, — w,s = 0 for u =
Wy > 1, and, then, tuning to § > 0, i.e., “red” detuning.
The mixed dispersion case, DD, < 0, requires a separate
analysis.

To trace the soliton families in the parameter space we
solve the comb equations in Sec. X. Since the teeth of the
single soliton combs follow with step 1, i.e., their spatial
period is 2, we set v = 1 in Egs. (55) and (57). Families
of the bright solitons traced in & for the laser power W =
333 W and for a range of frequency mismatch parameters,
go/2m € [21, 29] GHz, are shown in Fig. 15. The unstable
soliton branch (dashed red and green lines) splits from the
middle branch of the cw state (dashed magenta lines) at the
point of its p = 1 instability. The stable soliton branches
extend outside the cw bistability towards more negative §’s.

The soliton profiles along the resonator circumference
shown in Figs. 15 and 17 are characterized by the tails os-
cillating with the period 27 /u,. The corresponding spectra
have pronounced peaks at u = —pu,, where the powers of
the fundamental and second-harmonic sidebands are balanced
due to the sum-frequency matching. The background of the
soliton in the fundamental field is set primarily by the © = 0
sideband [see spectra in Fig. 15(d)], where v = 0 is stronger
than u = —u,. Therefore, the fundamental background drops
with § becoming more negative [see the correlated changes of
the full cw line in Fig. 15(a) and of the soliton background

in Fig. 15(c)]. The background of the soliton in the second
harmonic is, however, set primarily by the u = —pu, sideband
[see spectra in Fig. 15(f)], where u = —pu, is the strongest
and its power correlates with the soliton peak power. This
explains why the second-harmonic soliton background goes
up with § becoming more negative [see the dropping full cw
line in Fig. 15(b) and the increasing soliton background in
Fig. 15(e)].

The oscillatory soliton tail should be interpreted as due to
the inability of the nonlinear effects to compensate for the
sharp rise and the sign change of the dressed state disper-
sion around p, (see Fig. 13). Therefore, the nature of the
tails here is similar to the soliton Cherenkov radiation in the
resonators [40,62,63], fibers [64], and bulk crystals [65]. We
note that, in the present case, the dispersion can be signifi-
cantly altered by the pump power dependent state dressing,
which provides a more flexible tool to control the radiation
frequency.

Figure 17 shows how the soliton families change with the
tuning of gy. Here the structure of the families appears to be
more complex. The period of the oscillations of the soliton
tail, 27 /{14, can change only discretely while |gy| is tuned
continuously, so that the solution is forced to accommodate
itself, as much as it can, to the rigid period of its tails, which
leads to the discrete set of the soliton families. Each family is
centered around the value of |eg| = w«|Dir — Dis|; we recall
that |D¢ — Dy5|/2mw = 1 GHz. The tail oscillations of the Kerr
solitons in microresonators with the large higher-order disper-
sions also lead to somewhat similar “quantized” behavior of
the soliton parameters [47].

XIV. DISCUSSION

There are numerous open problems left for a researcher
tempted to understand the multimode dynamics of the high-Q
x® microresonators by looking into properties of the in-
dividual modes, in line with the present-day experimental
capabilities. The extension of our results to the case of the
exact index matching &y = 0 while keeping Dy — D large
requires separate consideration. Extending the bandwidth of
the soliton combs by taking the shorter resonators with the
higher repetition rates and lower quality factors and, perhaps,
larger u, needs to be investigated.

The power induced dispersion engineering of the dressed
states offers a method to control the comb widths and shapes.
Further work on the solitons and Rabi splitting is of course
important and can be performed with the currently available
resonators and index matching control tools. We note the
relatively high conversion efficiency from the pump to the
soliton-comb spectra seen in Fig. 17, which could be an im-
portant practical aspect requiring further exploration.

We should recall here the prior theoretical work on
the spatial [55,57] and temporal [30,38] resonator solitons
achieved via the second-harmonic generation arrangements
requiring the exactly or near matched phase, gp =0, and
group, Dy = Dy, velocities. While a combination of these
assumptions appears as the desirable idealization in the con-
texts of the currently available ring microresonators, future
studies along these lines are warranted. The relevance of
the strong-coupling and dressed states for the microres-
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FIG. 17. Families of the bright solitons computed for the laser power YW = 333 W and plotted vs & for § = —3.9«;. The first and second
columns show the fundamental and second-harmonic data, respectively. (a, b) Multiple soliton branches centered around &y/27 ~ u, [see
Eq. (30)]. (c—f) Spectra at the indicated values of . (g, i) Respective spatial soliton profiles. The shaded areas in (c)—(f) highlight the interval

between the two zero dispersion points (see Fig. 13).

onator half-harmonic generation arrangement remains to be
analyzed, including their links to the results on the half-
harmonic bright-bright, dark, and dark-bright soliton pulses
[15,27,31,58,66-69].

XV. SUMMARY

(1) The theoretical framework, i.e., dressed-resonator
method, to study frequency conversion and solitons is for-
mulated by including the sum-frequency nonlinearity into the
definition of the resonator spectrum.

(2) The Rabi splitting of the dressed frequencies leads to
the four distinct PDC conditions [see Eq. (43)], which are
used to explain the existence and generation of the sparse
nonsoliton, i.e., Turing-pattern-like, frequency combs.

(3) The effective nonlinearity and dispersion of the dressed
states have been used to demonstrate that the microresonator
with the normal dispersion and naturally large difference of
the repetition rates at the fundamental and second-harmonic
frequencies, Dy — Dys, supports a family of the bright soli-

ton frequency combs (see Figs. 15 and 17). Conditions for
this are provided by tuning the index and frequency match-
ing parameter, &y = 2wof — wos, t0 be positive and large, so
that it exceeds the repetition rate difference by a significant
factor, p, = |egl/|Dit — Dis| > 1. ps and —p, approximate
the mode number associated with the phase-matched sum-
frequency process and set limits on the soliton bandwidth.
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APPENDIX A: ENVELOPE EQUATIONS

The intraresonator electric fields of the fundamental and
second harmonic are expressed as per Eq. (2). Envelopes of
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the fundamental, ¥, and second, ¥, harmonic satisfy the
following system of partial-differential equations:

10,y = 0Yg — iD110y Yy — %szagdff

— s — Ne—idie(Pr —H), (Al
10,5 = (28 — £0)¥s — iD150p Vs — 3 D2sd5 Y
— v — N — ik (Alb)

Conditions Y, (t, %) = ¥ (t, ¥ + 2w) make this system
equivalent to a set of coupled-mode equations for v/, (t). The
first-principle derivation of Eq. (A1) is given in Ref. [29].

All parameters are explained in Sec. III of the main text,
apart from 2, which characterizes the pump power [29]. If
F = D¢/ke = 20000 is the finesse, then H2 is expressed via
the incoming laser power W as

H = LFW. (A2)
n < 1is the coupling efficiency. N; are the intrinsic Kerr, i.e.,
x®, nonlinearity terms:

Nis = vaeas(Wisl® + 219 ) Vs

Nonlinear coefficients y,; /27w and y3; /27 have units of
Hz//[b]W and Hz/W, respectively [29]. Units and numerical
values of other parameters can be found in Table 1.

(A3)

APPENDIX B: CW STATE: x@ VS x®

The cw state, i.e., the © =0 mode in the fundamental
and its second harmonic, is a solution of Egs. (Al) with
Ve = Yo, 09 Wor = Yo, = 0. Let us now evaluate the rel-
ative impact of the x @ and x® effects on the cw state. If &
dominates over the linewidth and detuning parameters, then
Yos X —Vs wgf /€0, and the net nonlinear frequency shift of the
fundamental resonance is

VsV Eer
(22 4 ]l = v =22+ 1]we®. B
&0 )

Hence, only for |eo| 2 ||, €cx = Ys¥e/ Vst the second har-
monic becomes weak enough for the x induced shift to
catch up with the x® one. For the parameters in Table I and
V3¢ /2w >~ 1 MHz/W [29], &,/2m ~ 100 GHz, i.e., in order
for the x® effects to make the impact on the cw solutions
as x@, the 2w, photon should miss the resonator frequency
providing the exact frequency matching by more than five free
spectral ranges. Thus, in the range of ¢y /27w € [—30, 30] GHz
explored in this project and for the combs with the relatively
low powers, the x® terms can be neglected. However, most
of the numerical data in this paper have been calculated with
and without N;. The differences that we have observed are
not worth mentioning in the context of our paper. For all the
above reasons, we set \; = 0 in this paper. Some results on
the interplay of the x® and x® effects in the half-harmonic
generation setup can be found in, e.g., Refs. [15,31].

APPENDIX C: CW STATE: x® ONLY
The cw state is sought in the form

Q 8¥2s lﬁgf Q2
= —_— H s = = —,
Yot P Yos Q. ey

(ChH

where €2 is the Rabi frequency. €2 is defined in Eq. (19), and

2 KiKs
L=
4yatyas

~ 30 W (C2)

is the characteristic intraresonator power. Thus, the explicit
relation between the Rabi frequency and the power in the
fundamental field is

1
8V2f3/2s.

[Worl* = (C3)

Using Egs. (A1), one can show that

K Q2 -1
Q= e (W 1917 (C4)
V2 VW, o Q0.

Here, Q¢ s are defined after Eq. (49), and

TH?
Wy = ~ 10 nW. (C5)
nF

Taking the modulus squared of Eq. (C4) we find the real cubic
equation for |Q|*:

21192 2 2 1
—s X 1 —|Q2|"Re + 3 3
K Ks Q€25 [€2¢]%] €25
w o H?
= =—. C6
W, 0

A useful insight into the cw properties is provided by
taking the limit when |gg| is large relative to ||, and |§] is
large relative to «,, so that Qg ~ —8gy and Qf ~ §. Then,
bistability of the cw state requires &g < O [the square bracket
in Eq. (C4) can be zero]. In this regime,

max 1Q? ~ =8¢, (C7)

implying that the resonance shifts proportionally to the pump
power, i.e., in the same way as it happens in Kerr effect.
This means that the cw state behaves as it would in the Kerr
resonator. For &g = 0 or smaller, Q; ~ §, Q2 ~ 165. Then,
the cw becomes simultaneously bistable for § > 0 and § < 0
[30,38], and max; |Q2]? ~ &2, i.e.,

max Q] = 3] (C8)

This is the Pockels regime of the cw state, when the nonlin-
ear change of the refractive index is proportional to the first
power of the field amplitude, which we do not consider in
this paper. Conditions for the p # 0 sidebands to be in either
cascaded-Kerr or Pockels regimes are different and discussed
in Sec. XII B.

APPENDIX D: LINEARIZATION AROUND THE CW STATE

In order to develop a theory of the growth of the multiside-
band signal, i.e., frequency comb, on top of the cw solution,
Yoc, we extend Egs. (A1) by a pair of the complex-conjugated
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equations [70], and seek a solution in the form

Yr Yot Vpt
Vs Yos Vs i
x| = « | T ~ e
vy Yo ;0 Yt
v vod " 7
S S w—us
00 1 07| Yu
NI |
—uf
0 1 0 of|7
wiu,s

If ¥ is the angle measured along the resonator circumference,
then 6 = ¢ — Dt is the coordinate in the rotating frame [see
Eq. (6)]. ¥4, (t) are the sideband amplitudes. Summing up
the first and second lines gives the net signals in the fun-
damental and second harmonic, respectively, with the third
and fourth lines being their conjugations [see Eq. (11)]. Sub-
stituting Eq. (D1) into the extended Eq. (Al), we assume
smallness of the sideband amplitudes, linearize, and then de-
rive equations for the individual sidebands using the angular
momentum matching. For a given u this leads to a coupled
system_of the four ordinary differential equations for ¥,

Y uts Upus> and ¥_ [see Eq. (12)].

APPENDIX E: APPROXIMATE PDC CONDITIONS

To present the PDC condition in Eq. (45) in a more trans-
parent form, we first make explicit how §, gy, and w, are
implicated there:

4
[(8 = 8ut) + (28 — 8,5 — €0)?
X (8 —d,r)

x (28 — 8,5 — €0)

I
X (36 =6, — 96 f—80(1+—>:|
|: : a Mos
7
X |:35—5Ms—3m*—80(1——)1|, (El)
Mo

where we have defined

2
|dec| =

Sut = —3Doept®, 8,5 = —3 Do’ (E2)

Equation (21) implies that |eg| dominates over all §’s. The
first case to consider is when p, falls between the two nearest
integers, i.e., the sum-frequency matching point u = u, has
been missed. Then Eq. (E1) simplifies to Eq. (46):

2
|Qpael? ~ —4e(8 — aﬂf)[l - %] (E3)

*

If the sum-frequency process is either nearly or exactly
matched at

W=~ uy, where U €Z,u, <R, (E4)
then
12
;szgdg ~ 8(8 — 8ar)(38 — 8as — 8ar). (E5)

Transition from Eq. (E3) to Eq. (ES) implies transition from
the square-root (Kerr-like) dependence of [Q2pqc| vs & to the
quasilinear (Pockels-like) one.

APPENDIX F: LASER POWER AT THE PDC THRESHOLDS

Detunings at the tips of the instability tongues are worked
out by imposing conditions

2 2
|| = |2], (Fla)

)12 )12
QU] = |2f"|". (F1b)

Equations (Fla), (46), and (52) yield

Ksgn(eo) ~
S = 8y — g AR (F2)
I

For u = 1, the procedure is the same. In order not to
overcomplicate the answer, we impose a plausible condi-
tion (Daf + Dos) = 3Dy, leading to g + 8ar = 38a¢. Then,
Egs. (F1b), (ES), and (53) yield

_ leol
3P = ot [ e, @

Transparent analytic estimates for the laser powers W at
the tips of the instability tongues can be worked out after
observing that along the tails of the nonlinear resonances (see
Fig. 2) the square bracket in Eq. (C4) is ~1:

W 28%1Q?
W, (o
[see Eq. (C5) for W,].
The balance of terms in Eq. (F3) is such that the root term

dominates and ;¢ can be neglected, which gives the following
estimate for the power:

(F4)

W Aeole+1)
~ i s = . F5
W, e, M )

In Eq. (F2), the two terms are balanced for the moderate
w’s leading to a longer equation not included here, but for
w2 > ui the second term can be neglected, so that

() 2
W ~ 2t Disleo]
Wi Kfsz
Thus, the powers to generate the sum-frequency matched

sideband, p = 71, scale with |go|?, and the ones for u # 0
scale with |gg| [see Egs. (F5) and (F6)].

s > . (F6)
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