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        Illustration of two simulations, representing strong (rh = 0.80; left) and intermediate strength of self-gravity (rh = 0.58; right). The former case leads to prominent wake structure, the latter to overstable oscillations with weak embedded wakes. The cartoon in the uppermost row illustrates how such systems would appear at different ring longitudes, when viewed from B = 12° elevation. Orbital motion is counter-clockwise in the figure. The next row shows the normalised density autocorrelation function from these experiments: in the left the shading, from white to black corresponds to 0.5 to 1.5 (contours mark 0.8, 0.9, 1.1, 1.4), while in the right the range 0.75 to 1.25 is shown (contours 0.8, 0.95, 1.1, 1.2). The white curve near the bottom of the frames is a radial cut of the autocorrelation at ∆y = 0. The last two rows display the modelled I/F and τphot versus ring longitude, for B = B′ = 12° and ∆λ⊙ = 0°. Symbols mark the minimum of modelled I/F and τphot. Both the autocorrelation plots and the photometric curves are averages over 40 snapshots; for each snapshot 105 photons were followed for 36 ring longitudes separated by 10°.

      

    

  
    
      Fig. 5 
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        ‘Anomalous’ asymmetry at weakly gravitating systems. Upper row: I/F and τphot profiles in simulations with rh = 0–0.61. Error bars indicate the error of the mean, calculated from the RMS values over 20 snapshots. Arrows mark the location of the minimum I/F and τphot in non-gravitating rh = 0 run. Lower row: autocorrelation functions of density and transmission for rh = 0. Only the central parts are show: circles correspond to 1, 2, 4 particle radii. The density autocorrelation was constructed from number density of particle centres. The transmission autocorrelation was calculated from a binary table constructed by illuminating the particle field vertically with 25 ⋅ 106 photons, and assigning values 0 and 1 for locations where photons were intersected/not intersected by any particle, respectively (resolution of the grid was 0.3 particle radii). In both cases a normalised autocorrelation is displayed, the grey scale extending from 0.9 (black) to 1.1 (white). Arrows indicate the viewing directions corresponding to the minimum of I/F and τphot.
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        Photometric quantities extracted from τdyn = 1 simulations, using different elasticity laws, ϵn = 0.1, 0.5, and Bridges-formula with vc /vB = 5. Additionally, dashed line indicates results from simulations with a ‘hybrid’-method, with Ωz/Ω = 4.4 and 7.5, both using ϵn = 0.1. Filled circles denote runs developing overstability.
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        Examples of how size distribution affects the ring structure/asymmetry. In the left 10λcr × 4λcr simulations with rh = 0.61, both with identical particles (W = 1) and with size distribution (W = 20). In the right, comparison to rh = 0.80 simulations with W = 1 and W = 20; the calculation size is 4λcr × 4λcr. Other parameters are τdyn = 1.0, ϵn = 0.1.
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        I/F and τphot versus ring longitude, for weak (rh = 0.61; left frames) and strong self-gravity (rh = 0.8; right frames). Colours indicate profiles for identical particles (W = 1) and for W = 20 size distribution.
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        Effect of size distribution on azimuthal asymmetry and ring viscosity. Upper frames: Aasym and ∆θmin in the case of strong (rh = 0.80) and weak (rh = 0.61) self-gravity. The width of size distribution is varied, while keeping τdyn and Σ fixed by a suitable choice of Rmin and Rmax (see Appendix A). Filled circles indicate overstable simulations. Lower frames: total viscosities and various contributions to viscosity as a function of W, for weak (left) and strong (right) self-gravity. Box symbols denote νgrav calculated from density autocorrelation function (see Appendix B). The viscosities are normalised with ΩRo2 where Ro in the case of size distribution denotes the identical particle size, R, that yields the same τdyn and Σ. Dashed lines in the right axis indicate the νɡrav from Daisaka et al. (2001) viscosity formula, Eq. (14). In all simulations τdyn = 1, ϵn = 0.1.
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        Comparison A40 and νɡrav as a function of rh, collecting different simulation series as indicated by the labels (unless otherwise indicated, τdyn = 1, ϵn = 0.1, W = 1). In the middle frame, νɡrav is shown, while in the right, νtot is. The dash-dotted red curve in the middle frame shows the νɡrav calculated from Eq. (14), while in the right it indicates 2νɡrav.
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        Comparison of asymmetry amplitude A40 in simulations with different dynamical parameters. Upper frame: Blue curves assume to τdyn = 0.5 and velocity-dependent ϵn with vc = vB, as in models of French et al. (2007), while red curves assume τdyn = 1, ϵn = 0.1. Different internal densities ρ = 650, 450, and 250 kg m−3 are compared. Lower frame; comparison of the τdyn = 1.0 and τdyn = 0.5 simulations for ϵn = 0.1 and ϵn = 0.5; the latter elasticity law gives practically identical results to using velocity-dependent ϵn with vc = vB. The models correspond to B = B′= 12° and the HST values are weighted averages of 10° and 15° observations (see Fig. 20 in French et al. 2007).

      

    

  
    
      Fig. 15 
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        Comparison of photometric models to HST asymmetry amplitude A40, minimum longitude ∆θmin, and the PPS optical depth τpps measurements. Both identical particle (upper frames) and W = 20 size distribution models (lower frames) are shown, for various τdyn values indicated by the legends. In all cases ϵn = 0.1 andρ = 250 kg m−3 is assumed. Filled circles indicate simulations leading to overstability. The HST measurements are from French et al. (2007). Arrows mark regions where overstable oscillations have been observed in various studies quoted in the text.

      

    

  
    
      Fig. 16 
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        French et al. (2007) HST measurements, A40 (upper frame) and ∆θmin (lower frame) plotted as a function of τpps. The measurements (both Beff = 10° and 15°) are colour-coded according to the ring regions B1-B4 and A1-A2 defined in Colwell et al. (2009); see the insert frames. Thick dashed lines indicate B = B′ = 12° photometric models with W = 20 size distribution, for τdyn = 0.75, 1.0 and 2.2. The thin dashed line in the upper frame corresponds to simple estimate A40 = 0.3T /(1 − T) discussed in the text.

      

    

  
    
      Fig. 20 
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        Comparison to Tiscareno et al. (2007) and Tajeddine et al. (2017) estimates of A-ring viscosities. Left frame: symbols denote viscosities measured from damping of density waves (Tiscareno et al. 2007), while dashed lines show νD, the Daisaka et al. (2001) formula estimates (Eq. 14) assuming different internal densities of particles, ρ = 250, 450, and 900 kg m−3). In these estimates the same linear trend Σ = 337 + 13 × (a − 124) is adopted as in Tiscareno et al. (2007), where Σ is in units of kg m−2 and a in units of 1000 km. For comparison, the dash-dotted line uses a fixed Σ = 350 kg m−2 (Tiscareno & Harris 2018). Right frame: simulated total viscosities for the same models and internal densities as in Fig. 19, assuming a fixed surface density Σ = 350 kg m−3. The dashed region indicates the Tajeddine et al. (2017) viscosity estimate from angular momentum flux.

      

    

  
    
      Fig. A.1 
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        Number of simulation particles in size-distribution runs with q=3, compared to identical particles runs.

      

    

  
    
      Fig. B.1 
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        Viscosity measurements as a function of rh (or τdyn in the last frame) in series of simulations with different dynamical parameters. Unless otherwise indicated τdyn = 1.0, ϵn = 0.1, W = 1, rh = 0.61. Filled squares for νtot indicate runs leading to overstability. Dashed lines indicate the νgrav estimate from Eq. 14.

      

    

  
    
      Fig. C.1 
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        Examples of simulations with increases width of size distribution, W = 2, 10 and 100. In a) rh = 0.61, τdyn = 1.0 while in b) rh = 0.85, τdyn = 0.5. For each simulation the leftmost frame shows a MC ray tracing image of a typical snapshot, seen from B = 90° viewing direction and illuminated from B′= 25°. A 4λcr × 4λcr region is displayed. The middle frame displays a slice of the same snapshot through the equatorial plane, with the label indicating the A40 asymmetry amplitude calculated for the simulations. The rightmost frames shows a time-averaged surface density autocorrelation function: the label and the red line indicates the effective wake pitch angle calculated from the longitude of minimum I/F. The contour levels correspond to 10%, 30% and 50% overdensities. In all simulations ϵn = 0.1.
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