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        Gas density projection of a region of the OBELISK simulation at redshift 4.02. BHs with M• > 106 M⊙ are denoted by black star symbols.
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        Spectral energy distribution of a merger remnant with mass 1.3 × 108 M⊙, fEdd = 0.51 and spin 0.90, residing in a galaxy with mass 1.4 × 1011 M⊙ at redshift 3.55. The top panel depicts the (unobscured) rest-frame luminosities while the bottom panel depicts the (obscured) observer-frame flux. The SED of the remnant BH is shown in the solid black and red lines for the fiducial and the brightening scenario, while the approximate UV and X-ray galaxy SED is shown in the blue dashed lines. The green arrows indicate approximately the instrumental sensitivities assumed in radio at 2 GHz (assuming a sensitivity of 0.4 μjy), in UV at 1500 Å (mUV, lim = 31.3), and in the 0.5 − 2 keV band (FX, lim = 10−17 erg s−1).
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        Distribution of the optical depth against the host galaxy stellar mass for remnant BHs in our numerical merger sample. Top panel: rest-frame UV; middle panel: observer-frame 0.5 − 2 keV; bottom panel: observer-frame 2 − 10 keV. The colour denotes the number of BHs in each bin, on a logarithmic scale. Optical depths are very high in the UV, while in X-rays the optical depths are not extreme.
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        Parameter distribution for the mock LISA data analysis. The top-left panel shows the signal-to-noise ratio (S/N) distributions. Gravitational wave events are assumed to be detected if S/N > 10, indicated by the vertical dashed line. The 90%-confidence error in the sky localisation is shown in the bottom-left panel. The dashed line delimits the shaded region, which corresponds to the events with sky localisation poorer than 10 deg2. The relative 90%-confidence error distributions for z, Mchirp and q, and for χ1 and χ2, are shown in the right panels, top and bottom respectively. Most parameters are recovered with small uncertainties. The majority of mergers have sky localisation worse than 10 deg2 at the time of the merger.
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        Black-hole vs galaxy flux, both corrected for absorption. Left column: rest-frame UV magnitude at ν = 1500 Å; right column: X-ray 0.5 − 10 keV band. Top row: numerical mergers; bottom row: delayed mergers. Black dots: accretion rate measured in the simulation; red crosses: merger-induced brightening with fEdd = 1. The grey region corresponds to galaxies dominating the emission over their BHs. The black dashed line indicates the boundary where the luminosity and galaxy and BH are equal. The hatched region corresponds to galaxies and BHs below the minimum flux needed for detection, which we set to mUV, lim = 31.3 (UV) and FX, lim = 10−17 erg cm−2 s−1 (X-rays). In the top left corner, we indicate the fraction of BHs with higher flux than their host galaxies and that of BHs above the observational flux limit. We note that a significant fraction of sources are very faint and lie beyond the limits of the plot, especially in the UV. Mergers that are GW undetected by LISA are shown with bigger and lighter markers, in purple and orange, for the fiducial and brightening cases. In UV all merging BHs are outshone by their host galaxy, while in X-rays a fraction of merging BHs are both brighter than the host galaxy and detectable by sensitive X-ray telescopes.
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        X-ray transients in the numerical merger sample. Similar to the right panel of Fig. 5. Black dots and red crosses correspond to the X-ray post-merger BH fluxes for the pre-transient case (fiducial properties) and the brightening (which assumes fEdd = 1). We only show mergers for which either of the two configurations is observable. Pre-transient and brightening fluxes are connected by orange dashed lines if the pre-transient source (total flux from the BH and the galaxy) is undetected and the brightening source is detected and the BH is observable, and orange solid lines if both fluxes are detectable and the flux change is larger than a factor of 2. GW-undetectable remnant BHs are shown in purple (pre-transient) and orange (brightening).
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        Mass of the remnant BH against the mass of the host galaxy for mergers occurring in the range z = 3.5 − 4. Blue crosses correspond to the overall population of numerical remnant BHs, crimson triangles to AGN-dominated mergers and green circles to observable mergers in the X-ray. Lines denote the geometric average of M• in bins of M*, while shaded regions denote the 1σ error in the average. We note that all observable mergers are AGN-dominated sources. AGN-dominated mergers are more massive, at fixed M* compared to all merger remnants: this is an effect of requiring the AGN to be bright, and brighter than the galaxy. This effect is stronger for observable mergers. A similar trend is found at all redshifts.
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        Distribution of M*, M•, sSFR, fEdd, redshift and q for the overall population of numerical BH mergers (in blue) and for the sub-sample of AGN-dominated mergers (in crimson), and observable mergers (in green) in the X-rays. The integrals of all distribution functions are normalised to unity. X-ray-observable merger remnants accrete faster and are more massive with respect to the general merger remnant population. They occur at lower redshifts and are hosted in more massive galaxies with lower sSFR.

      

    

  
    
      Fig. 10. 
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        LISA 90%-confidence GW sky localisation error of EM-observable mergers. The top panel shows the distribution of all numerical mergers (in blue), X-ray-observable mergers (in green), and radio-observable mergers with SKA in the pessimistic model (in pink). The bottom panel shows the distribution of X-ray EM counterparts (in orange) and radio EM counterparts (in yellow).

      

    

  
    
      Fig. 11. 
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        Observer-frame spectral flux density at ν = 2 GHz of numerical merger remnants against the remnant BH mass, for numerical mergers (left panel) and delayed mergers (right panel). For each sample, the ‘lower limit’ model (based on the fundamental plane, Gültekin et al. 2009) is shown with dark red circles, and the ‘upper limit’ model (based on the theoretical model in Meier 2001) is shown with dark green crosses. The dashed horizontal lines represent the 5σ sensitivity thresholds for the ngVLA (Carilli et al. 2015), in black, for the SKA1-MID, in grey, and for the SKA (Prandoni & Seymour 2015), in purple. These thresholds are calculated assuming 9 h exposure times and that the observed sources are not resolved. The legend indicates the fraction of observable events, which lie above the sensitivity threshold of each instrument and are observable with LISA, if applicable. Mergers that are undetected with LISA are shown with bigger and lighter markers.

      

    

  
    
      Fig. 12. 
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        Observability of a transient generated by a fEdd = 1 brightening (top panel) or a merger-induced flare (bottom panel) in the numerical merger sample. Black dots and red crosses correspond to the post-merger BH radio fluxes for the fiducial and the rebrightening scenario, respectively. The pre-merger primary BH radio flux is shown in blue triangles, and the flare flux is shown in green squares. We only show mergers for which either the fiducial or the merger-enhanced (brightening or flare) flux is observable. Fiducial and merger-enhanced fluxes are connected by orange dashed lines if the fiducial flux is undetected and the enhanced flux is detected, or orange solid lines if the flux is detected in both cases and the flux change is larger than a factor of 2. For simplicity, we only consider the detectability of the pessimistic model by the SKA (assuming a sensitivity of 0.4 μJy, purple horizontal line), but the ngVLA sensitivity is also shown for reference (1.5 μJy, black horizontal line). GW-undetected events are shown with bigger, brighter markers. With our modelling, most of the merger-induced flux changes are too small to be detectable in radio.

      

    

  
    
      Fig. 13. 
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        Distribution of M*, M•, sSFR, fEdd, redshift, and q for the overall population of numerical BH mergers (in blue), for radio-observable mergers (AGN-dominated mergers where FX, • > FX, lim, in green) and for EM counterparts (in orange). All histograms are normalised to unity. Observable BH mergers are hosted in more massive galaxies, have lower sSFR and higher fEdd with respect to the general BH-merging population. All radio-observable mergers are also X-ray-observable.
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