
    
      Fig. 3. 
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        Same as Figure 2, but for runs with ⟨Q⟩ = 1,  2,  3 (from left to right) at t = 0.8 trot. We see that the filamentary structures only emerge for the ⟨Q⟩ = 1 run.

      

    

  
    
      Fig. 5. 
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        Time evolution of the variance in the logarithmic surface density, ση, where η is defined in Equation 8. The panel on the left is for runs with varying ⟨Q⟩ and fixed ℳc and the panel on the right for runs with varying ℳc but fixed ⟨Q⟩, as indicated in the legends. The solid lines represent the simulation data and the dotted lines are piecewise fits with a constant and an exponential part. We see that the ⟨Q⟩> 1 runs are stable, while there is exponential growth in all the runs with ⟨Q⟩ = 1. For the unstable runs, we see that growth is faster for higher ℳc. We also observe a decrease in the time of the onset of the instability with increasing ℳc. We do not provide an analytical fit to the ℳc = 14 case because of its complex behaviour.

      

    

  
    
      Fig. 7. 
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        Normalised surface density Σ/Σc0 in the (lnR, θ) plane for the same runs and times as shown in Figure 6. The radial range in this figure is chosen to highlight the annulus from 2 − 4 kpc where feather formation is strongest. We can see the feathers appear as sloped lines that are periodic in azimuth, with length, thickness, orientation and spacing that vary with ℳc. The associated time evolution movies are available online.

      

    

  
    
      Fig. 10. 
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        Time evolution of the pitch angle, α = tan−1(−m/p), of the filaments in the runs with ⟨Q⟩ = 1 and varying ℳc. The upper panel shows the ℳc = 14 and 21 runs, and the lower shows ℳc = 29 and 36. All panels show results after the onset of the instability, and all times are normalised by the rotation period of the galaxy at R = 3 kpc. Circular points represent the mean pitch angle and error bars show the standard deviation. The dashed line shows α = 90°, that marks the transition between the trailing spirals with a positive pitch angles to leading spiral with negative ones. We see that all the runs show a decreasing trend in the pitch angle as the feathers get sheared due to differential rotation of the galaxy.

      

    

  
    
      Fig. 11. 
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        Amplitude of the 2D Fourier transform A(m, p) of the logarithmic surface density (see Equation (10)) in the region 2–4 kpc, integrated over p. Different panels are for runs with ⟨Q⟩ = 1 and varying ℳc, evaluated at the same times as in Figure 6. The grey curves are simulation data and the orange ones are the empirical fits to the data (see text for details). We can see how the power shifts toward higher values of m with increasing ℳc.

      

    

  
    
      Fig. 12. 
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        Azimuthal mode of the filaments (mfil) and various instabilities, shown with the ℳc ( ∼ vc/σ) of our galaxies. Black circular points with error bars show the mean and 16th to 84th percentile range of the mfil and corresponding physical spacing λfil for the snapshots shown in Figure 7. The dashed line is a linear fit to the median values of mfil (Equation (13)). Purple, red, and orange points with error bars represent the radial averages ⟨λ⟩ and standard deviations σλ (Equation (14) and Equation (15)) of the wavelength of the most unstable Toomre mode, the Jeans length and the Swing amplification length – see main text for details. These points are slightly offset from their overlapping ℳc values for visibility. The simulations show an increase in the median value of mfil and a broadening of the 16th to 84th percentile range with increasing ℳc. The median filament spacing agrees well with the Toomre length of the ℳc = 21, 29 and 36 runs, and with the swing length for ℳc = 14 run.

      

    

  
    
      Fig. 13. 
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        Mass-weighted probability density function (PDF) of the log10 of the density normalised by the radially averaged mid-plane density, for the snapshots shown in Figure 7. The grey dashed line depicts the Jeans density (see text for details), at which we expect numerical effects to dominate. The left panel shows all the runs at times similar to Figure 7, and the right panel shows the time evolution of the Q1_ℳ36 case leading up to the time in the left panel. We see that all the runs in the left panel form high-density tails that represent feathers and that the densest end of the tail is reaching the limit imposed by the resolution of our simulations.

      

    

  
    
      Fig. 14. 
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        Physical spacing of filaments as a function of the rotational Mach number, ℳc (∼vc/σ), in our simulations (black circles; cf., Section 3.3.2) compared with observations (yellow and blue diamonds). The yellow diamonds are JWST/MIRI observations (Meidt et al. 2023) and the blue diamonds are HST observations (La Vigne et al. 2006). We see that, except for NGC 1365 and NGC 4548, the filament spacing extracted from our simulations agrees within the uncertainty ranges of the ones reported in the observations.

      

    

  
    
      Fig. C.1. 
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        Same as Figure 2, but for the longer time evolution of the Q = 2 run. We see that there are faint structures at early times in the first two panels. The third panel shows a structure with somewhat more density contrast, visually confirming the slow growth of an instability.

      

    

  
    
      Fig. C.2. 

      
        [image: thumbnail]
      

      
        Same as Figure 5, but only for Q1_ℳ29 and Q2_ℳ29 runs, where the latter was evolved to a later time than shown in the main text. We see the oscillatory peaks in the Q = 2 run, but also a steady, yet slow growth over time. This growth is visibly smaller than in the Q1_ℳ29 run.
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