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            Abstract
White dwarfs are stellar remnants devoid of a nuclear energy source, gradually cooling over billions of years1,2 and eventually freezing into a solid state from the inside out3,4. Recently, it was discovered that a population of freezing white dwarfs maintains a constant luminosity for a duration comparable with the age of the universe5, signalling the presence of a powerful, yet unknown, energy source that inhibits the cooling. For certain core compositions, the freezing process is predicted to trigger a solid–liquid distillation mechanism, owing to the solid phase being depleted in heavy impurities6,7,8. The crystals thus formed are buoyant and float up, thereby displacing heavier liquid downward and releasing gravitational energy. Here we show that distillation interrupts the cooling for billions of years and explains all the observational properties of the unusual delayed population. With a steady luminosity surpassing that of some main-sequence stars, these white dwarfs defy their conventional portrayal as dead stars. Our results highlight the existence of peculiar merger remnants9,10 and have profound implications for the use of white dwarfs in dating stellar populations11,12.
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                    Fig. 1: Observational Gaia colour-magnitude Hertzsprung–Russell diagram of white dwarfs within 150 pc.


Fig. 2: Schematic representation of two scenarios of white dwarf crystallization.


Fig. 3: Observed and simulated distributions of high-mass white dwarfs along their cooling tracks.


Fig. 4: Evolving surface luminosity and central composition of high-mass white dwarf models.
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                Data availability

              
              The Gaia data are publicly available on the Gaia archive (https://gea.esac.esa.int/archive). Cooling sequences calculated for this work are provided at https://doi.org/10.5281/zenodo.10201676, as are the DQ model atmosphere synthetic magnitudes.

            

Code availability

              
              The population-synthesis code is provided along with the cooling sequences at https://doi.org/10.5281/zenodo.10201676. We have opted not to make publicly available the highly specialized and multipurpose STELUM code because of its complexity.
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Extended data figures and tables

Extended Data Fig. 1 Chemical evolution of a 1.15 M☉ white dwarf.
The 16O and 22Ne mass-fraction abundance profiles are shown at four different stages in the evolution of the star.


Extended Data Fig. 2 Distance distribution of white dwarfs.
Only high-confidence white dwarf candidates (PWD ≥ 0.9) in the Gaia EDR3 white dwarf catalogue69 are considered. The CDF is broken down into three MG bins that span the range of magnitudes covered in our analysis of the Q branch. For the faintest bin, the sample has a very high level of completeness up to a distance of 150 pc.


Extended Data Fig. 3 Modelled surface luminosity for different scenarios.
The surface luminosity is shown as a function of cooling age for 1.05, 1.15 and 1.25 M☉ C–O white dwarf models. The dotted lines correspond to the nominal case considered in Fig. 4a. The solid lines represent cooling sequences in which a standard composition7 is used instead of a post-merger profile (a), in which distillation is only partially completed (b) and in which X(22Ne) = 0.06 and distillation is turned off (c). Post-merger chemical profiles are assumed in panels b and c.


Extended Data Fig. 4 Effect of the composition on the predicted pile-up.
Same as Fig. 3 but with different assumptions for the composition of the extra-delayed C–O population.


Extended Data Fig. 5 Effect of a different implementation of distillation on the predicted pile-up.
Same as Fig. 3 but assuming partial completion of the distillation process. For the extra-delayed C–O population, our default post-merger composition profile is assumed.


Extended Data Fig. 6 Effect of distillation on the abundance profile.
The final 22Ne mass-fraction profile for a 1.15 M☉ white dwarf with an initial post-merger stratification is shown for two different scenarios. The composition profile is shown at the end of the crystallization process.


Extended Data Fig. 7 Effect of microscopic diffusion on the predicted pile-up.
Same as Fig. 3 but with X(22Ne) = 0.06 and no distillation (microscopic diffusion only). For the extra-delayed C–O population, our default post-merger composition profile is assumed.


Extended Data Fig. 8 Effect of the age distribution on the predicted pile-up.
Same as Fig. 3 but using a non-uniform stellar age distribution based on Mor et al.74.


Extended Data Fig. 9 Effect of the merger time delay on the predicted pile-up.
Same as Fig. 3 but assuming no merger time delay for all stars (a) and doubling the merger time delay used in our fiducial simulation (b).
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