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Abstract: We study the occurrence of two symmetry breaking processes in ring resonators pumped
by short pulses. Different scenarios are predicted depending on the input characteristics, including
a complex dynamical interplay between the two mechanisms.

OCIS codes: (190.3270) Kerr effect; (230.5750) Resonators; (230.4320) Nonlinear optical devices.

Nonlinear optical resonators are currently the subject of intense studies aiming at a better understanding of their
dynamics both for fundamental research and applied aspects in fields such as spectroscopy, ranging, all-optical data
storage or metrology. Among other features, optical ring resonators have been found to exhibit several processes of
symmetry breaking which tend to make their behaviour more complex. For instance, breaking of the symmetry
between two counter-propagating beams has been observed [1-3] as well as between fields of different polarization
[4] or in the temporal shape of the intracavity field [5]. In this study we identify, for the first time to our knowledge,
a regime for which two of these distinct symmetry breaking mechanisms coexist in a ring cavity. We numerically
investigate the interplay between polarization and temporal symmetry breaking which appears to greatly depend on
experimentally controllable parameters.

We consider a 1D isotropic passive ring cavity made of a dispersive medium exhibiting a Kerr nonlinearity (see
Fig. 1(a)) pumped in the anomalous dispersion regime. Light propagation in this system can be described by the
following set of two coupled normalized Lugiato-Lefever equations [6]:
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where E, and E_ describe the left and right circularly polarized components of the intracavity field respectively,
S, and S_ the corresponding input fields, and A is the cavity detuning (difference of frequency between the pump and
a resonance of the cavity). From these equations one can see that each field undergoes a cross-phase modulation due
to the presence of the field of opposite handedness which is twice as strong as the self-phase modulation. This is at
the origin of the polarisation symmetry breaking (PSB) mechanism in the system. In our study, we consider that the
cavity is synchronously pumped by short Gaussian-shaped pulses that can entail the breaking of the temporal
symmetry (TSB) of the intracavity field with respect to the input field.
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Fig. 1. () Schematic of the different types of symmetry breaking in a ring resonator synchronously pumped by short pulses. (b) Map of the
different operating regimes as a function of the input parameters (peak power and pulse width) obtained numerically. The black triangle refers to
the results presented in Fig. 2. PSB: polarization symmetry breaking, TSB: temporal symmetry breaking.
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We numerically studied Egs. (1) and (2) by performing extensive simulations of the resonance scanning from
negatively (red) to positively (blue) detuned over a wide range of input parameters (peak power and pulse width). This
allowed us to build a map of the different operating regimes which is presented in Fig. 1(b). We identified ranges of
parameters for which only PSB or TSB occurs (highlighted in red or blue respectively). More interestingly, over a
large range of parameters both mechanisms can arise, resulting in a complex interplay (green region). Note that
modulation instability is susceptible to occur for large input powers and leads to the breakup of the intracavity field
into multiple pulses which does not allow to identify unambiguously the role of TSB. To obviate this effect, we thus
focussed our attention on the behaviour of the system close to the symmetry breaking thresholds (see the black
triangle).

Figure 2 illustrates results obtained for pump parameters in the region where both symmetry breaking occurs and
for two different detuning scanning rates. For an arbitrarily slow scanning rate (left column) the power of the
intracavity field polarized along the y-axis at the fast time corresponding to the maximum of the input power (t = 0)
increases when approaching the resonance (Fig. 2(a)). At some point, PSB occurs, translating into the generation of
an x-polarized component (see Fig. 2(c)) just before TSB arise (see Fig. 2(b)). This in turn reduces the PSB. Further
on in the scanning, the temporal symmetry is retrieved which allows for a new increase of the PSB before it vanishes.
Finally, the system jumps out of the resonance when A exceeds 4.5. The same simulation realized with a scanning rate
five times faster (right column) shows similar results except that no sign of TSB is observed. This emphasise that the
interplay between the two processes depends on the dynamics of the input field (sweeping speed of the pump
frequency) which can be tuned in experiment.
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Fig. 2. Dynamics of the interplay between PSB and TSB. (a,d) Round-trip-to-round-trip evolution of the intracavity power of the x- and y-
polarized components (red and blue respectively) at the fast time corresponding to the maximum of the input power (z = 0) for two different
detuning scanning rates. Regions where one or both of the symmetries are broken are highlighted by a red background. (b,c,e,f) 2D color plots of
the evolution of the intracavity pulses separated in x- and y- polarized components for both detuning scanning rates. The input field is linearly
polarized along the y-axis. Detuning scanning rate is 5.6x10 rad/round-trip for the left column and 2.8x107 rad/round-trip for the right one.

To conclude, we studied an original operating regime of isotropic nonlinear ring resonators pumped by short
pulses. The isotropic nature of the cavity induces a cross-phase modulation between two counter-rotating circular
polarization modes which is responsible for a polarization symmetry breaking, whereas the pumping by short pulses
reveals a temporal symmetry breaking. We show that both mechanisms can coexist for a range of parameters that we
determined numerically and a dynamical interplay is predicted. This work brings further insight into the complex
dynamics of nonlinear resonators and will be of high interest for future experimental investigations of such systems,
particularly studied in the context of cavity solitons, frequency combs and their applications.
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