
    
      Fig. 3. 
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        One-dimensional density profile along the merger axis for DM (solid) and galaxies (dashed) at various times, as indicated. The top panel shows the evolution before the first pericentre passage, and the middle panel shows it shortly afterwards. In the bottom panel, the evolution following the first apocentre passage is displayed. The hSIDM scheme allows us to simulate a cluster merger for the strongly anisotropic Møller cross section with r = 104. We validate this approach by noting that the results are (practically) independent of the choice of the critical angle, for θc ∈ {0.1,  0.3} (blue and orange curves, respectively). The full time evolution movie is available online.

      

    

  
    
      Fig. 5. 
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        Dependence of the DM peak positions (left) as well as maximal DM-galaxy (upper right) and DM-BCG (lower right) offsets on the viscosity cross section σV/mχ while keeping the amount of anisotropy of the differential cross section dσ/dΩ fixed (‘Møller’ cross section Eq. (1) with r = 104). The time-axis on the left is rescaled such as to align the first and second pericentre passage for all models. The DM peaks remain the closer to each other the larger σV/mχ. The offsets increase (roughly linearly) with σV/mχ within the considered range (right column). We note that our results are independent of the choice of critical angle θc entering the hSIDM scheme, with offsets for θc = 0.1 and 0.3 being compatible with each other. The error bars are computed following Fischer et al. (2021b).

      

    

  
    
      Fig. A.1. 
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        Validation of the implementation of angle-dependent SIDM using the explicit sampling technique to determine the deflection angles from the underlying differential cross section (anisotropic rSIDM scheme). We show the angular distribution function f(t, θ)⋅sin(θ) of beam particles within the deflection test set-up for three different times t (solid lines) in units of the reference time t1 (see main text), and compare to the exact analytical solution for multiple scatterings in a target given in Eq. (18) (dashed lines). The lower panel shows the difference, normalised to the statistical error. Here we assume the ‘Rutherford’ cross section given in Eq. (2) with r = 104, and beam-target scattering without recoil. For illustration, also the isotropic distribution f∞ = 1/2 is shown (dotted) that, as we checked, is approached for t ≫ t1 (we note that the x-axis range extends only up to θ ≤ 0.6 ≃ π/5).

      

    

  
    
      Fig. A.4. 
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        Angular distribution f(t, θ)⋅sin(θ) of beam particles within the deflection test set-up as obtained within the hSIDM scheme at three (very early) times t (solid lines) and for two values of the critical angle, θc = 0.3 (left panel) and θc = 0.5 (right panel), respectively. The angular distribution is expected to agree with the analytical result Eq. (18) (dashed lines) after some minimal time t > tmin(θc) for which scatterings by angles θ < θc are sufficiently frequent such that the effective drag force and momentum diffusion approach applies. The agreement is indeed reached after the expected time tmin(0.3)≃2 ⋅ 10−2t1 and tmin(0.5)≃4 ⋅ 10−2t1, respectively. We note that hSIDM is thus well applicable on the relevant dynamical timescale t ∼ tdyn(≡t1).

      

    

  
    
      Fig. A.5. 
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        Minimal timescale tmin(θc) after which the hSIDM approach is applicable (extracted from the deflection test set-up). The symbols are derived from a comparison of numerical solutions using the hSIDM scheme with the result obtained when using the numerically expensive explicit sampling technique for all scattering angles (anisotropic rSIDM scheme). We show results for θc = 0.1, 0.3, 0.5, 0.7, 0.9, and for differential cross sections with anisotropy parameter r = 102, 103, 104, respectively. We furthermore consider the case without recoil and with ‘Rutherford’ scattering cross section (upper panel) as well we the case with recoil and with ‘Møller’ cross section (lower panel). Solid lines show the dependence of the analytical prediction Eq. (35) for tmin(θc) on θc and on r.

      

    

  
    
      Fig. A.6. 

      
        [image: thumbnail]
      

      
        Performance gain of the hybrid scheme (hSIDM) developed in this work for taking the angle dependence of DM self-scattering (characteristic for e.g. light mediator models) into account in N-body simulations. We show the CPU run-time tcpu (executed on a single CPU only) required for advancing the deflection test problem up to physical simulation time t (in units of the typical reference timescale t1) in the upper panel. The red line corresponds to the naive scheme for which scatterings by all angles are sampled from dσ/dΩ (anisotropic rSIDM). The CPU-time within the hSIDM approach is shown for runs with various values of the critical angle θc used to separate effective small- and explicit large-angle regimes. The CPU-time is reduced by almost a factor 100 for θc ∼ 0.3, and already significantly smaller for θc ∼ 0.1. The lower panel shows the amount of CPU run-time Δtcpu required to simulate a given physical simulation time interval Δtsim, which is roughly t-independent. The y-axis is normalised to unity for the anisotropic rSIDM scheme. The CPU run-time decreases strongly for θc ≲ 0.1, and saturates for θc ∼ 0.3. For even larger critical angles, the numerical cost of the effective small-angle approach becomes relevant as compared to the explicit treatment of large-angle scatterings within hSIDM.

      

    

  
    
      Fig. C.1. 
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        Time evolution of the DM (red dashed) and galaxy (green dot-dashed) peak positions, as well as the BCG position (blue short dot-dashed), for both merging galaxy clusters. The upper left panel corresponds to CDM, while the other panels show three different models for SIDM: purely forward-dominated (fSIDM, upper right panel), isotropic (rSIDM, lower left panel), and a light mediator model described by a Møller cross section with r = 10 (simulated using the hSIDM approach, lower right panel). The absolute self-interaction strength is matched in all cases by requiring a viscosity cross section σV/mχ = 1 cm2 g−1. In each panel we also show the peak positions shortly after the first pericentre passage (left inset) and those around apocentre (right inset).

      

    

  
    
      Fig. F.1. 
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        Illustration of a scattering event in the centre of mass frame (left) and in a frame where the second particle is initially at rest (right).

      

    

  
    
      Fig. G.1. 
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        Single scattering test. Within the deflection set-up (see Sect. A), we restrict the beam particles to undergo just one single scattering throughout the entire simulation, and let it run until all beam particles have scattered once. The solid line corresponds to the hSIDM implementation (which is essentially the anisotropic rSIDM case since we set θc = 0 here) while the dashed line corresponds to the theoretical prediction. The colours represent the scattering model we use: Møller (green), Rutherford (blue) and isotropic (red).

      

    

  
    
      Fig. I.1. 
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        Numerical solutions of the deflection test set-up when assuming a differential cross section Eq. (4) that is peaked at a single value of the deflection angle, given by θ0 = 0.2 here. Both panels show the angular distribution function f(t, θ)⋅sin(θ) at various (early) times t, for σT/mχ = 100(10) cm2 g−1 on the left (right) side. In both cases, the simulation result agrees with the Gaussian Molière approximation Eq. (27) only after some minimal time t > tmin(θ0). This minimal time is shown in Fig. A.3 in the main text, and compared to the theoretical expectation, finding good agreement.
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