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        Geometric albedos AG of model planets that are completely covered by ocean (blue), sandy desert (orange), vegetation (green), or clouds (gray). Rayleigh scattering by the gaseous atmosphere is included.

      

    

  
    
      Fig. 5 
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        Images of homogeneous, Lambertian and bidirectionally reflecting planets for λ = 400 and 800 nm, with the star to the top-right of each planet. A white facet corresponds to a brightness of ≥ 0.62 (normalized to a white, Lambertian reflecting facet). The overall brightest facet (2.7) is in the ocean glint for α = 142° and λ = 800 nm. At the same α and λ, the cloudy facets reach a maximum brightness of 1.1.

      

    

  
    
      Fig. 7 
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        Total (top) and polarized (bottom) flux curves for our model Earth (bottom of Fig. 6) in an edge-on orbit with an axial tilt angle of 90° (see Table 1 for the planet’s position and phase angle during each observational epoch). The polarized flux is calculated only for the bidirectionally reflecting planets, since Lambertian reflection is unpo-larized.

      

    

  
    
      Fig. 10 
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        Periodic convolution with a stride of 2 and kernel size N of 4. Since the rotational phases are pseudo-periodic, the first N − 1 values are appended to the end of the light curves before the size N kernel slides over to preserve dimensions.

      

    

  
    
      Fig. 11 
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        Example of a spherical convolution with five rings. The method developed by Krachmalnicoff & Tomasi (2019) (originally for HEALPix) is adapted to the Fibonacci sphere with the improvement that instead of zero-padding, the periodic nature of rings is used. Some facets inside the rings are black because they are not included in the kernel, since the number of facets in each respective ring must match for all kernel locations on the sphere.

      

    

  
    
      Fig. 12 
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        Network architecture to retrieve rotation axes. The feature recognition part uses periodic convolutions and the feature combinations part consists of densely connected layers with PReLU activation functions and dropout layers to prevent over-fitting (the number of nodes is indicated above the lower layers). When using polarization, the input shape is 8 ☓ 8 ☓ 12, otherwise 8 ☓ 8 ☓ 6. The periodic convolutions maintain the 1st and 2nd data dimensions since the first N − 1 values along the rotation axis are appended to the end before convolution. The number of filters determines the 3rd dimension of the output. The number of trainable parameters is 667907 (with polarization) and 667619 (without polarization).

      

    

  
    
      Fig. 13 
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        PReLU slope coefficients after training (plotted with a log scale). See Fig. 12 for the position of each layer in the neural network. These coefficients were retrieved from a neural network trained on planets in an edge-on orbit with bidirectional light curves and including polarization.

      

    

  
    
      Fig. 14 
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        Rotation axis retrieval accuracy as a function of orbital inclination angle i without (left) and with the constraint y ≥ 0 (right). Blue: training with Lambertian reflection and retrieval with Lambertian reflection; Orange: training with bidirectional reflection and retrieval with Lambertian reflection; Green: training with bidirectional reflection and retrieval with bidirectional reflection, both without polarization; Red: the same, but both with polarization.

      

    

  
    
      Fig. 15 
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        Accuracy of the retrieval of the rotation axis direction for N = 100 model planets in edge-on orbits: the x-coordinate (left), y-coordinate (middle), and z-coordinate (right). The degeneracy has been mitigated with the constraint y ≥ 0.

      

    

  
    
      Fig. 16 
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        Examples of albedo map retrievals for the best (top) and worst (middle) geometries from Fig. 17 using absolute light curves for λ = 550 nm. In these cases, 681 and 917 facets are visible, respectively. The map outside the visible region is white. The original map (bottom) is the model Earth (at λ = 550 nm). The MSE for these two retrievals is 0.0286 and 0.0129, respectively, which is similar to the MSE of the validation data for these geometries (see Fig. 17).

      

    

  
    
      Fig. 20 
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        Architecture for classifying facets on a planet as one of four surface types. Several periodic convolutions recognize patterns in the curves similar to the rotation axis retrieval network (Fig. 12). To maintain a high level of resolution of rotation phases, no down-sampling is used in the convolutions. Four dense layers with 500 to 1000 nodes estimate the probability of each surface type for all visible facets. We applied five spherical convolutions in series and add the outputs to achieve the final result. We used four filters in the spherical convolutions to match the dimensions.

      

    

  
    
      Fig. 23 
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        Albedo maps of bidirectionally reflecting planets at λ = 400 nm for homogeneous desert, cloud, and ocean planets retrieved by the network architecture of Fig. 18 that was trained on Lambertian reflecting planets, for different orbital inclination angles i. The rotation axis for each planet (indicated with a white or black cross) was chosen from the set shown in Fig. 17 to minimize the difference to the normal of the orbital plane. The tilt angles of the axes are 15°, 5°, 11° and 23° in order of ascending inclination.

      

    

  
    
      Fig. 24 
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        Map of the model Earth as retrieved from bidirectional light curves by the network that was trained with Lambertian reflecting curves. The orbital inclination and rotation axis of the planet are the optimal configuration shown in Fig. 17. The actual map is shown in Fig. 6.

      

    

  
    
      Fig. 25 
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        Accuracy of the retrieval algorithms that trained on Lambertian (dashed) and bidirectionally (solid) reflecting planets, when applied to light curves of bidirectionally reflecting planets, as functions of the orbital inclination angle i. The rotation axes for each inclination angle are chosen to minimize the difference to the normal on the orbital plane (see Fig. 23 for examples).
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