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            Abstract
Cosmological models in which dark matter consists of cold elementary particles predict that the dark halo population should extend to masses many orders of magnitude below those at which galaxies can form1,2,3. Here we report a cosmological simulation of the formation of present-day haloes over the full range of observed halo masses (20 orders of magnitude) when dark matter is assumed to be in the form of weakly interacting massive particles of mass approximately 100Â gigaelectronvolts. The simulation has a full dynamic range of 30 orders of magnitude in mass and resolves the internal structure of hundreds of Earth-mass haloes in as much detail as it does for hundreds of rich galaxy clusters. We find that halo density profiles are universal over the entire mass range and are well described by simple two-parameter fitting formulae4,5. Halo mass and concentration are tightly related in a way that depends on cosmology and on the nature of the dark matter. For a fixed mass, the concentration is independent of the local environment for haloes less massive than those of typical galaxies. Haloes over the mass range of 10âˆ’3 to 1011 solar masses contribute about equally (per logarithmic interval) to the luminosity produced by dark matter annihilation, which we find to be smaller than all previous estimates by factors ranging up to one thousand3.
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                    Fig. 1: Projected dark matter density maps at each simulation level.[image: ]


Fig. 2: Density profiles for haloes with mass between that of the Earth and that of a rich galaxy cluster.[image: ]


Fig. 3: Halo concentration as a function of mass over a mass range of 20 orders of magnitude.[image: ]
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Code availability

              
              The parent code GADGET-2 has been publicly available for some time. It is expected that most of the extensions and modifications made to meet the extreme requirements of this project will be made available in the future release of GADGET-4; those interested can contact V.S. (vspringel@MPA-Garching.mpg.de) for further information. The very large white-noise field, Panphasia, used to code our initial conditions, is also publicly available; those interested can contact A.J. (A.R.Jenkins@durham.ac.uk).
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Extended data figures and tables

Extended Data Fig. 1 Projected density maps for different zoom levels.
aâ€“f, Levels L1, L3 and L8c (a, c, e) are compared with maps of the same regions in their parent levels L0, L2 and L7c respectively (b, d, f). The regions shown are the largest spheres that fit almost entirely within the high-resolution region of the higher level. Only high-resolution particles are used to make the images.


Extended Data Fig. 2 The cumulative halo number as a function of mass, M200, in the high-resolution region of each zoom level compared with that in the same region of the parent level.
Different colours denote different levels as indicated in the legend. Results from the parent levels are shown as dotted curves. The two vertical black dotted lines indicate the upper mass limit for spurious haloes in L7c and L8c, calculated as described in ref. 37. Note the excellent agreement between the solid and dotted curves above the resolution limit of the latter (and above the L7c mass limit for spurious haloes in the case of L7c versus L8c).


Extended Data Fig. 3 Comparison of the density profile of a massive halo at each level with that of its counterpart in the parent level.
a, The density profile of one of the most massive haloes in the high-resolution region of each zoom level is compared with that of the same halo at the parent level. Results from different levels are shown with different colours, as indicated by the legend, which also gives the masses of the haloes concerned. Higher-resolution profiles are shown as dashed curves, while those from the parent levels are shown as solid curves. The range between the convergence radius and r200 is plotted as a thick line in the lower-resolution case. b, The ratio of the density profiles of each pair in the upper panel. Again, results in the range between the convergence radius in the lower-resolution case and r200 are shown as thick lines. Note the excellent convergence between simulation pairs over this radial range, which typically differ in mass resolution by a factor of several hundred.


Extended Data Fig. 4 Dependence of halo concentration on local environment in the high-resolution region at each zoom level.
Results are shown for haloes in the mass range [0.5,Â 2]Mchar; the key gives the characteristic mass, Mchar, for each level and also defines the colour key. Each white curve gives the median concentration for the best-fit Einasto profile, while the surrounding coloured region gives the r.m.s. scatter. Local environment density is defined here as the mean in a thick spherical shell, 5Â <Â r/r200Â <Â 10, surrounding each halo, and is given in units of the critical density. All haloes are used for this plot. A vertical dotted line shows the cosmic mean density. Note that although concentration depends strongly on mass, any dependence on local environment density is weak.


Extended Data Fig. 5 Stacked density profiles of matched haloes in two L7 simulations.
The result for the L7 and the L7c are presented as solid and dashed curves individually. The densities are multiplied by r2 to increase the dynamical range of the figure. Different colours correspond to different mass bins with central values quoted in the legend. The profiles are shown as thick lines over the range where they are most reliable, between the convergence radius, rconv, and r200. The vertical dotted line indicates the softening length in the high-resolution region at this level. The effect of the free-streaming cut-off is to reduce the density in the inner parts, and therefore the concentration, by an increasing amount as the halo mass approaches the free-streaming mass.


Extended Data Fig. 6 The mean luminosity density produced by dark matter annihilation in todayâ€™s Universe as a function of halo mass.
Solid coloured lines indicate estimates obtained by multiplying the mean \(\langle L/M\rangle \) obtained from well resolved, simulated haloes by the halo number density predicted for each bin by the Shethâ€“Tormen halo mass function41. Shaded regions indicate the estimated 1Ïƒ uncertainty. Dashed curves indicate results found if we instead use \(\langle L/M\rangle \) values predicted by previously published massâ€“concentration relationsÂ (light blue21, yellow10, red19, green20, dark blue18). Corresponding predictions for the total integrated luminosity density are given in the key by values preceding each modelâ€™s name. Note that the units of annihilation luminosity are arbitrary, so only ratios of values are meaningful.


Extended Data Table 1 Parameters of the simulation levelsFull size table
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