
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Snapshots of the convective pattern in our simulation near the top boundary r = 0.95R⊙. Panels a and b: radial velocity vr and nonaxisymmetric component of the longitudinal velocity vϕ.

      

    

  
    
      Fig. 5. 
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        Three-dimensional visualization of the columnar convective modes. Left: snapshot of pressure perturbation (nonaxisymmetric component) from the nonlinear simulation shown as a 3D volume rendering. The red-yellow and blue-cyan parts correspond to the regions with positive and negative pressure perturbations, respectively. Right: eigenfunctions of pressure perturbation of the columnar convective modes extracted from the simulation data using SVD. The cases with m = 2 and m = 12 are shown.

      

    

  
    
      Fig. 7. 
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        Power spectra of latitudinal velocity vθ near the equator (averaged over ±15 deg). Panels a and b: m − ω diagram near the base (r = 0.75 R⊙) and near the surface (r = 0.95 R⊙), respectively. The power is normalized at each m. The spectra are computed in a frame rotating at Ω0/2π = 431.3 nHz. Overplotted in red line in panel a is the dispersion relation of the equatorial Rossby mode with no radial node (n = 0) obtained from the linear calculation. The blue line represents the advection frequency of the equatorial differential rotation, m[Ω(r,π/2)−Ω0], at each height. Panels c and d: power spectra at fixed azimuthal order m = 1 and m = 16, respectively.

      

    

  
    
      Fig. 10. 
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        Radial structure of the real eigenfunctions of latitudinal velocity ℜ[vθ] at the equator. The eigenfunctions are normalized to unity at the base. The different colors represent different azimuthal orders m (see inset). The solid and dashed lines denote the eigenfunctions extracted from the nonlinear simulation and from the linear eigenmode calculation, respectively.

      

    

  
    
      Fig. 11. 
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        Schematic illustration of the flow structure of the n = 0 equatorial Rossby modes at (a) low-m and (b) high-m regimes.

      

    

  
    
      Fig. 12. 
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        Power spectra of horizontal velocities near the surface extended to negative azimuthal orders (m <  0). (a) Equatorial power spectrum of north-south symmetric component of vθ near the top boundary r = 0.95 R⊙, which is the same as Fig. 7b. The power is normalized at each m. Shown in red points are the frequencies of the mixed Rossby modes obtained from our linear analysis. The blue line represents the advection frequency of the equatorial differential rotation, m[Ω(0.95 R⊙,π/2)−Ω0]. (b) Equatorial power spectrum of north-south antisymmetric component of vϕ near the top boundary r = 0.95 R⊙.

      

    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
        Eigenfunctions of the retrograde-propagating mixed Rossby mode (n = 1 equatorial Rossby mode). (a) Meridional cuts of the eigenfunctions at m = 2. The lower and upper panels respectively show the results extracted from the simulation and from the linear analysis. (b) Schematic illustration of this mode.

      

    

  
    
      Fig. 14. 
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        Eigenfunctions of the prograde-propagating mixed Rossby mode (north-south ζz-antisymmetric columnar convective mode). (a) Meridional cuts of the eigenfunctions at m = 2. Lower and upper panels: respectively show the results extracted from the simulation and from the linear analysis. (b) Schematic illustration of this mode.

      

    

  
    
      Fig. 15. 
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        Spectra of the equatorial modes. (a) Maximum horizontal velocity vh of the equatorial modes near the top boundary r = 0.95 R⊙ at each azimuthal order m. The red, blue, and green points represent the ζz-symmetric columnar convective modes, n = 0 equatorial Rossby modes, and the mixed Rossby modes, respectively. The black dashed line represents the overall power of the convection simulation (including modes at high latitudes and stochastic convective motions). The cyan diamonds and squares denote the (rms) horizontal velocity amplitudes of the observed Rossby modes near the solar surface obtained by Liang et al. (2019) and Gizon et al. (2021), respectively. (b) Spectra of the volume-integrated kinetic energy of the equatorial modes.

      

    

  
    
      Fig. 16. 
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        Enthalpy fluxes Fe associated with the extracted modes in our simulations summed over m = 1 − 39. Panels a–c: ζz-symmetric columnar convective modes, the n = 0 equatorial Rossby modes, and the mixed Rossby modes, respectively. Panel d: the total enthalpy flux (including other modes and small-scale convection) is shown. The fluxes are normalized by the injected energy flux F* = L*/(4πr2).

      

    

  
    
      Fig. C.1. 
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        High-latitude inertial mode with north-south symmetric ζz. (a) Power spectrum of the north-south antisymmetric component of latitudinal velocity vθ at the base of the convection zone r = 0.71R⊙ for m = 1 as a function of latitude. The power associated with the high-latitude mode is denoted by black arrows at ω/2π ≈ −105 nHz. (b) Extracted eigenfunctions of the m = 1 mode. The lower and upper panels show the eigenfunctions extracted from the simulation and from the linear analysis, respectively.
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