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Figure 1: Doppler image of the solar disk, taken by the Michelson Doppler Imager on board the
Solar and Heliospheric Observatory [1].

Figure 2: Temporal power spectra from MDI/SOHO at selected values of spherical-harmonic degree
l [1]. Note 3.33 mHz = 1 cycle/(5 min).
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Figure 3: Observed power vs. frequency and l. Each ridge line corresponds to a particular n. [1].
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Figure 4: Deviations between sound speed predicted by solar model and sound speed by inversion
of helioseismological data [1, 10].
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Figure 5: Internal angular velocity at three solar latitudes[1, 11]. Note: 400 nHz = 1 cycle/(30 d).
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Fig. 1 | Illustration of the effects of crystallisation on the cooling of white dwarfs. The closely 

spaced isochrones in effective temperature-luminosity space connect white dwarfs of the same age 

(log tcool = 7.5 [yr] at the top, with subsequent increments of Δlog tcool = 0.02) but with different 

masses (from 0.4 M☉ on the low-Teff sides of the isochrones to 1.3 M☉ on the high-Teff sides). The 

(variable) density of these many isochrones indicates graphically phases of slowing down and of 

accelerated cooling. All models are for standard pure-hydrogen atmosphere DA white dwarfs with 

the same envelope stratification (MH/MWD = 10−4 and MHe/MWD = 10−2) and core composition 

(12C/16O in 50/50 proportions by mass fraction, and homogeneously distributed)11. The models 

include the release of latent heat, but no additional energy source associated with phase separation5-

7. From the top, the series of orange dots indicates the onset of crystallisation at the centre of the 

Tremblay et al. 2019 (Nature) 
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Fig. 2 | Observational Gaia colour-magnitude H-R diagram for white dwarfs within 100 pc. 

Dereddened G, GBP, and GRP photometry along with parallaxes are used for 15,109 white dwarf 

candidates with Gaia data reliable enough to derive atmospheric parameters18. For visualisation 

purposes, the data are shown in a greyscale according to a Gaussian kernel density estimate, and 

with a power-law scaling of exponent 0.25. Two orange dashed sequences illustrate where 

evolutionary models predict that 20% (top sequence) and 80% (bottom sequence) of the total white 

dwarf mass has crystallised. The higher density of white dwarfs within that region corresponds to 

the transverse sequence discussed in the text. Three evolutionary models at 0.6, 0.9, and 1.1 M☉ 

from the top to bottom (blue solid lines) illustrate the evolution of H-atmosphere white dwarfs 

with thick hydrogen layers11. The bifurcation of the observed cooling sequence in two separate 
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Fig. 3 | Observational Gaia H-R diagram for white dwarfs with SDSS spectra. Included are 

798 objects within 100 pc that show the presence of hydrogen Balmer lines and no helium lines or 

red excess from a companion18. White dwarfs are colour coded (see right-hand scale) for their 

independent spectroscopic masses19,22,23 except when lines are too weak to derive masses (σM/M > 

50%, red dots), or there is evidence of a magnetic field (>2 MG) from Zeeman line splitting (red 

dots with black outlines). Two orange dashed sequences illustrate where evolutionary models 

predict that 20% (top) and 80% (bottom) of the total white dwarf mass has solidified. This region 

where the bulk of the crystallisation occurs shows an overdensity of objects. 
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Fig. 4 | Luminosity function for massive white dwarfs within 100 pc. Stellar remnants with 

Gaia derived masses between 0.9 and 1.1 M☉ were used to calculate the observed luminosity 

function (connected red dots). Error bars are from number statistics (1 sigma). The first peak on 

the left is a direct observational signature of crystallisation in white dwarfs. The second peak on 

the right followed by a sharp drop off at smaller luminosities is caused by the finite age of the 

Galactic disk10. Three different predicted luminosity functions are employed to illustrate the 

physics of crystallisation. All models use the same assumptions on Galactic evolution, including 

an age of 10 Gyr for the disk. In the standard case (solid line) both the latent heat released from 

crystallisation and the gravitational energy released from 16O sedimentation are included. The 

dotted curve neglects phase separation while still including the release of latent heat, while the 


