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A periodic multimode waveguide provides contradirectional feedback of all its modes. The relative constancy of feedback strength results in regular bands and stripes of minigaps at zone edges. A critical coupling strength was recently shown to flatten the bands and provide collective slow light. We connect these aspects to the "Littrow lasing" geometry and to spontaneous emission modification on the application side or to "dark modes" on the theoretical side.

INTRODUCTION

While the topic of one-dimensional feedback in a single-mode case is well known [1][2][3] , the existence of several coupled modes raises various prospects. We base the following developments on the case of a set of forward and backward waveguide modes that are equidistant in frequency, and submitted to a roughly constant feedback coupling between them. The appearance of flat bands and slow light is the leitmotiv of this paper. It gives some hints on practical applications based on broad photonic crystal waveguides as well as on various concepts underlying the description of these systems by coupled-mode theory. [4][5][6] 

BANDS OF PERIODIC BROAD GUIDES

The modes of a non periodic broad waveguide are pictured in Fig. l. Adding a periodic perturbation such as a wavelength-scale side corrugation, these modes are coupled together. This coupling can be seen as diffraction among plane waves. If the period A verifies A~Al2n (standard notations), there is only one back diffracted order, and there is no reason for the diffraction efficiency among such plane waves to vary rapidly as a function of the angle of incidence. 5 • 7 Reconsidering these plane waves as constituent of guided modes, it can be understood that contra directional coupling among two modes of similar (high) order is a constant K, independent of the mode: If we denote forward and backward amplitudes of the N+N modes by A m and E n , it means that a coupled mode formalism with nondiagonal terms such as dB n I dz= jKAm can be applied with constant K. As a result, starting around k=nla from a regular "net" of modes at K = O, 01m(k) = mxFSR +v g (k-n!a), determined only by a free-spectral range FSR and a group velocity v g = cln g (n g being the group index), it is seen in Fig. l that "stripes of minigap" develops across the coupled bands.

The bands that appear here are similar to those of broad 2D photonic crystal (PhC) waveguides, provided a parity criterion is considered, canceling each other coupling term (K m ,n=K if m and n have same parity, K m ,n=O otherwise), and also observed in those of popular graphene nanoribbons with corrugated edges, 8 The important phenomenon is the reduction of band width and growth of minigap stripes until a critical coupling value K c (K c = FSR/Jt for unit v g was conjectured). At this critical value, the bands are "optimally" flat" and have only small wiggles. The control of all minigaps by the same parameter is of some importance. We have recently used it to provide a unified vision of optogeometric modifications of photonic crystal waveguides for slow light engineering: modifications of either hole size, hole position or index of refraction are optimal when the corresponding modal coupling efficiency reaches this critical value.

APPLICATIONS

a corrugated waveguide as an open resonator, such a resonator can offer oscillation either from its "Fab ry -Perot" modes ignoring periodicity or from the zone edge modes utilizing the periodic feedback. This latter case was named "Littrow lasing" by us and co-workers 6 The longer path available for feedback is one interesting aspect of this system. The other is to access a regime of slow light in an a mp lifying system, if the more fundamental modes, with little feedback, are used for a mp lification purpose.

SPONTANEOUS EMISSION

The stripes of minigap create regions of frequency and wavevector that are deprived of modes, to the expense of bands, where the lower group velocity means that modes are crowded. Their relative flatness,

(a)

which holds relatively well in realistic system, means that in spite of the largely multimode nature of the system, large overall density-of-states (DOS) modulations can be observed. Description of emission from such systems can be made si mp le by exploiting coupled mode theo ry and source terms inserted between the pair of scattering matrices S that describe each side of the waveguide around the emitter. Fig. 2(a) illustrates the DOS of a PhC waveguide filtered by light collection considerations.

RELATION TO "DARK MODES"

The "dark mode" terminology was initiated in atom optics, whereby the atoms play the role of guided modes, the mode spatial evolution is replaced by the atom temporal evolution, and coupling among atom states replaces periodicity-induced or tunneling induced mode-coupling of waveguide physics.

Acronyms coined around these considerations include CPT (Coherent Population Trapping) and EIT (Electromagnetically Induced Transparency) [START_REF] Arimondo | Progress in optics[END_REF] • 12

, this latter case making use of a situation where a vanishing but nonzero coupling strength provide some kind of linearity, justifying the "transparency" terminology (as opposed to, e.g., saturated absorption, which is highly nonlinear). See, e.g., S. Longhi's work who made several targeted connections across both fields. 13 Our interest in "dark modes" arises from the fact that beyond critical coupling, in the formal coupled system of modes of Fig. I, there appears to be a set of two "bright" modes, separated by all other "dark" modes (Fig. 2b ). Using the imagina ry prolongation of all these modes, it is clear that a ve ry large imaginary part occurs for these two branches, much larger than the imaginary contributions of minigap stripes among the numerous "flat" branches. The terminology "bright" and "dark" actually relates to the dipole carried by an eigenstate or normal mode, essentially the sum of its amplitude. A normal mode is itself the combination of uncoupled (atomic/ individual waveguide) states. The numerous "dark" modes nearly achieve overall dipole cancellation.

Such a situation was considered notably when coupling an inhomogeneous ensemble of excitons to a single cavity mode in 1996, 14 but also earlier in molecular physics 15 and also by Davydov in his textbook presentation of an impurity mode located inside a finite chain. [START_REF] Davydov | Theorie du Solide[END_REF] The scheme of Fig. 2c intuitively suggests why this is the case [START_REF] Benisty | [END_REF] : when solving graphically for the secular equation of such system ( one mode coupled to N other ones { Ok} clustered in a frequency /energy window), we have to find the intersection of a linear function of w with a sum of homo graphic functions ~ gm/( W----Ok). This results in a collective situation on both sides, whereby the oscillator strength would asymptotically appear to have the N 112 dependence as all individual responses are in phase. On the contrary, within he cluster set { Ok}, positive and negative contributions may compensate each other, and a collective amplitude summation results in a very weak field : eigenstates exchange energy among themselves, but are not really able to exchange it "macroscopically".

Generalizing these ideas, a first step is to restore a N-to-N coupling case among two families, as done above. The main point is the existence of two families of clustered uncoupled modes. Simple examples indicate that the situation is the same as above : only two bright modes can emerge, whereas the 2N-2 other combinations are "dark modes".

We have pushed this conjecture further by proposing [START_REF] Benisty | [END_REF] that, when there are N p families of uncoupled modes with the same dispersion in each family, and when coupling is block-diagonal across such families and is sufficiently strong (beyond some critical coupling), then the total number of modes in the system N 101 splits into N p "bright" modes and N 101 -N p dark modes (often the majority).

These ideas still demand some more mathematical layout as well as more correspondence to the several photonics-related and plasmonics-related proposals involving dark-modes and EIT-like behavior. But their usefulness to classify the many proposed schemes makes them attractive.

CONCLUSION

Broad waveguides with side or bulk corrugations form a class of opened resonators. A striking feature is the ability of the feedback to create well defined and regularly separated bands of slow light, which somehow amounts to confine light between two blazed gratings operating near the Littrow condition. The potential of this system for lasing and for shaping spontaneous emission has been briefly addressed. The possibility to play with gain and amplification opens other perspectives not discussed here.

From a more global physical point of view, the coupling schemes that arise in coupled-mode theory for a "block-diagonal" situation are connected to the appearance of "dark" and "bright" states of the coupled system. In actual waveguide-related realizations, there is however an admixture with a continuum and the situation is more complex, but the critical coupling does still arise, and this point of view can greatly help in understanding the properties of such complex mesoscopic systems, notably toward slow light applications.

FIGURE 1 .

 1 FIGURE 1. Multimode waveguide with periodicity ; (a) scheme ; (b) bands with stripes of minigaps ; ( c) bands of an actual 2D photonic crystal waveguide having a mirror plane.
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 9 because each Bragg anticrossing position w, 11 (k) = m xFSR corresponds to Littrow back diffraction by the guide periodic edges exactly as it would be diffracted by a grating.

FIGURE 2 .

 2 FIGURE 2. (a) Density-of-states of a broad PhC guide restricted to about a third of Brillouin zone ; (b) Bands for coupling strength K>K c : two "bright" states split from dark ones ; ( c) Graphical account of the secular equation in a 1-to-N coupling case.
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