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White dwarfs are the final remnants of low and intermediate mass stars and their evolution
is essentially a long lasting gravothermal process of cooling that allows them to be used for
reconstructing or at least for constraining the evolution of several Galactic populations of stars
since it is possible to relate their cooling age with their luminosity. At present, the number of
white dwarfs with reasonably good parallaxes and photometric data is 300,000 thanks to the Gaia
mission. These data together with the spectroscopic information obtained by different surveys
have shown the existence of structures in the HR-domain of white dwarfs and have provided
luminosity functions of unprecedented precision that open new perspectives about the evolution
of white dwarfs. One of them is crystallization. This process releases energy via latent heat
and through the sedimentation of heavier chemical species by a change of solubility during the
transition liquid-solid and consequently it slows down the cooling evolution. This effect raises a
new problem, the dependence on the initial metallicity, an aspect that cannot be longer neglected
and that it is hard to include since it is impossible to estimate the original metallicity of the parent
star of isolated white dwarfs. One possible way to solve or to palliate this problem is to obtain the
luminosity function of white dwarfs that are members of non-interacting binaries.
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1. Introduction

White dwarf stars have a relatively simple structure. Those in the range of 0.4 ≲ 𝑀/𝑀⊙ ≲ 1.1
have a core made of a mixture of 12C and 16O plus some impurities being 22Ne and 56Fe the must
abundant. This core, which is electron degenerate, is surrounded by two layers, the inner one being
made of He and the outer one, which is absent in ∼ 20 − 30% of stars, made of H. Their masses
are 𝑀𝐻𝑒 ≃ 10−2 𝑀⊙ and 𝑀𝐻 ≲ 10−4 𝑀⊙, respectively. Because of the degeneracy of electrons,
white dwarfs cannot obtain energy from nuclear reactions and their evolution can be viewed as that
of a degenerate core containing the bulk of mass and acting as an energy reservoir, surrounded by
a semi-degenerate/non-degenerate envelope that controls the flux of energy from the interior to the
free space. This simple structure and their long cooling times make them the ideal stellar object
to characterize the properties of Galactic substructures, trace the evolution of the Galaxy and test
new ideas in Physics. Furthermore, they are responsible of many energetic events like supernovae,
novae, cataclysmic variables, and so on.

The age of stars is a fundamental parameter hard to obtain. In the case of non-degenerate stars
several methods (chromospheric activity, isochrones, asteroseismological and so on) have been
used [90]. In general the associate precision is of the order of ∼ 20%, although asteroseismological
methods can be highly accurate. Since the evolution of white dwarfs is a simple gravothermal
process, it is possible to build a relationship between its luminosity and its cooling time, often
called photometric age, with an estimated accuracy of the order of 5%.

Unfortunately the situation is not so optimistic. The first problem is that the total age of a white
dwarf is the photometric age plus the age of the progenitor, being the last one strongly dependent on
the progenitor mass. As far as the mass of the progenitor is known via the poorly determined initial
final mass relationship (IFMR), the uncertainty can be very large, specially in the case of low mass
white dwarfs, although not in the case of massive white dwarfs, 0.9 ≲ 𝑀𝑊𝐷 ≲ 1.2 M⊙, for which
the lifetime of the progenitor can be often neglected as compared with the cooling time [44]. The
second problem is that the photometric time depends on the initial metallicity, which is not known
in the case of isolated white dwarfs1.

2. The photometric age

The main source of energy of white dwarfs is the gravothermal readjustment of its structure,
complemented with the latent heat and sedimentation associated to crystallization, as well as with
the gravitational diffusion of heavy chemical species like 22Ne. The sinks of energy are thermal
neutrinos, that freely escape, and photons that diffuse through the envelope. A detailed discussion
can be found in [1, 19, 35, 48, 55, 82].

1Parts of this contribution were also presented during the workshops 22nd European Workshop on White Dwarfs
(EUROWD22), S.Lauer, T Rauch, August 15-19, 2022, Tubingen (Germany), and Stellar evolution along the HR
diagram (MW-Gaia Workshop), G. Clementini and M. Marconi, September 20-23, 2022, Naples, Italy, both unpublished.
In the second case the corresponding viewgraphs can be found at https://drive.google.com/drive/folders/
1O56LZpqy0EcgMvGpN3780fwS4MEY4U30?usp=sharing.
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The evolution of their luminosity can be described by:

𝐿 + 𝐿𝜈 = −
∫

𝑀𝑊𝐷

𝑐𝑉
𝑑𝑇

𝑑𝑡
𝑑𝑚 −

∫
𝑀𝑊𝐷

𝑇

(
𝜕𝑃

𝜕𝑇

)
𝑉,𝑥

𝑑𝑉

𝑑𝑡
𝑑𝑚 +

∫
𝑀𝑊𝐷

[𝑔𝑠 + (𝑙𝑠 + 𝑒𝑠) ¤𝑚𝑠 ± ( ¤𝜀𝑒)] 𝑑𝑚 (1)

where the gravothermal readjustment of the structure is represented by the first two terms of the
r.h.s. of Equation 1, the gravitational induced diffusion of heavy species like 22Ne by 𝑔𝑠, the latent
heat and sedimentation associated to crystallization by 𝑙𝑠 + 𝑒𝑠 times the crystallization rate ¤𝑚𝑠, and
any other exotic and hypothetical source or sink of energy by ( ¤𝜀𝑒). The l.h.s. of Equation 1 contains
the sinks of energy, photons and neutrinos. If this equation is complemented with a relationship
connecting the temperature of the core with the luminosity of the star2 it allows to obtain the so
called photometric age of the white dwarf or equivalently, the time that the white dwarf has been
cooling, and use white dwarfs as an efficient forensic tool to study the temporal evolution of the
Galaxy.

3. Influence of the initial conditions

One of the main problems is the determination of the initial conditions of the evolution of
white dwarfs, which are strongly dependent on the amount of residual hydrogen left at the end
of the Asymptotic Giant Branch (AGB) stage. If it is large enough, 𝑀𝐻 ≳ 10−4, hydrogen
burning via pp-reactions never stops and it can be even dominant at low luminosities. Fortunately,
asteroseismological observations seem to constrain the mass of hydrogen well below such a critical
value.
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Figure 1: Photon and neutrino luminosities (dashed and continuous lines) versus the magnitude

2Typically 𝐿 ∝ 𝑇 𝛼
𝑐 with 𝛼 ≈ 2.5 − 2.7, although it depends on the nature of the envelope.
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At very early times, the main contributor to the luminosity of the nascent white dwarf is
hydrogen burning via CNO cycle and is during this epoch that the final thickness of the hydrogen
layer is configured. This stage is very short, ∼ 104 yr, nuclear reactions cease abruptly, and the
luminosity drops from log(𝐿/𝐿⊙) ≈ 4 to log(𝐿/𝐿⊙) ≈ 1 − 2 [1]. From this moment neutrino
emission becomes dominant, Figure 1, and forces the different thermal structures to converge to a
unique one at log(𝐿/𝐿⊙) ≈ −1.5 [19]. The comparison between the evolution times obtained with
the LPCODE and the BaSTI codes using exactly the same inputs differ at this epoch by an 8% as a
consequence of the different converged models at the beginning of the cooling sequence [77].

After 107 − 108 yr, depending on the mass of the star, neutrino emission rapidly drops since
𝐿𝜈 ∝ 𝑇7

𝐶
at this stage and photon losses become dominant once more (Fig. 1). At this epoch photon

luminosity is controlled by a thick non-degenerate layer with an opacity dominated by hydrogen, if
present, and helium that is weakly dependent of the metal content [1, 19, 35]. At the same time, the
core of the white dwarf behaves like a fluid which can be described as a Coulomb plasma not very
strongly coupled, Γ < 178 [50, 68, 87]3. At this stage a key ingredient is the electron conductivity
in the frontier between moderate and strong degeneracy. If the Blouin et al. [8] is used instead
of that of Cassisi et al. [16], models predict longer cooling times at high luminosities and shorter
cooling times at low luminosities [16, 81].
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Figure 2: Oxygen distribution in the interior of
white dwarfs with different masses [79].

Figure 3: Central oxygen abundances versus de mass
of the white dwarf for three metallicities [73]. Numbers
give the mass of several progenitors.

The dependence of the specific heat on the chemical composition introduces an important
source of uncertainty in the cooling rate of white dwarfs. The abundance of oxygen in the center
is larger than in the outer layers and this tendency increases when the mass decreases (Fig. 2).
This behaviour is controlled by the rate of the reaction 12C(𝛼, 𝛾)16O and by the treatment given to
semiconvection and overshooting [78, 79] which are both uncertain and depend on the metallicity
as it can be seen in Figure 3. Fortunately, asteroseismological techniques have started to provide

3The Coulomb parameter Γ = 𝑍2𝑒2/𝑎𝑘B𝑇 , where 𝑎 = [3/(4𝜋𝑛i)]1/3 is the ion-sphere radius, 𝑛i is the ion number
density and 𝑘B is the Boltzmann constant, compares the energy of the Coulomb interaction with the thermal energy. In
the case of one component plasma the transition liquid-solid occurs for Γ ≃ 178
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direct information about the internal structure and have confirmed the stratified nature of the C/O
core [20, 31, 74].
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Figure 4: Carbon-oxygen phase diagram. The
cooling tracks are represented by arrows. The
liquid solid coexistence is represented by a
dashed line. The azeotropic point is represented
by A

Figure 5: Structure of a crystallizing CO white
dwarf star.

When the temperature is low enough, the plasma experiences a phase transition and crystallizes
into a classical body-centered cubic crystal (bcc), the detailed structure being rather uncertain since
the free energy of the different Coulomb crystals is very similar at low temperatures. Solidification
introduces two additional sources of energy in the cooling process, latent heat and gravitational
sedimentation. The contribution of the latent heat was early recognized [88, 96]. It is of the order
of 𝑘B𝑇s per nuclei, where 𝑘B is the Boltzmann constant and 𝑇s is the temperature of solidification.
The total energy released is not very high but since it happens at relatively low luminosities the
cooling delay is not negligible.

During the process of crystallization of a C/O mixture the chemical composition of the solid
and liquid plasmas that are in equilibrium are not necessarily equal [84]. The first phase diagram
of the two dominant chemical species, 12C and 16O, was obtained by Stevenson [91] who found a
complete separation of both species at the solid phase. These calculations were improved by several
authors [36, 65] who found an azeotropic behaviour (Figure 4). This phase diagram was reexamined
20 years later [7, 34, 60] confirming the azeotropic behaviour of the mixture upon crystallization
and the azeotropic abundance of oxygen being 𝑥𝑂 ≈ 0.2 (number fraction). Given the expected
relative abundances of carbon and oxygen, the solid that forms contains more oxygen, is denser than
the liquid, and settles down, while the liquid, which contains an excess of carbon, is redistributed by
Rayleigh-Taylor instabilities. Figure 5 displays the resulting structure which remembers that of the
Earth, a solid inner core surrounded by a fluid outer core4. The result is an enrichment of oxygen
in the central layers and a depletion in the outer ones, with the subsequent release of gravitational

4Given the similitude, it has been suggested that this convective structure could generate a dynamo able to create
a magnetic field [49], or to facilitate the emergence of a fossil field in the case of magnetic white dwarfs (https:
//indico.ph.tum.de/event/7409/contributions/8008/attachments/5531/7273/Isern_Slides.pdf).
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energy [7, 33, 39, 47, 48, 71, 76, 87]. The energy release is smaller if oxygen is more abundant in
the center and, obviously, the efficiency of the process depends on the detailed chemical structure,
decreasing if the abundance of oxygen is already higher in the central regions of the star (Figures 2
and 3).

Figure 6: Luminosity versus time for a 0.6 solar mass white dwarf. Solid line: DA model. Dotted line:
Same model but ignoring phase separation. Dashed and dotted-dashed lines represent, respectively, a non-DA
model with and without separation [42].

The cooling time and the delays introduced by these effects depend on the thickness of the H
and He envelope layers since they control the outflow of energy, i.e. Δ𝑡 ≈ Δ𝐸/𝐿. This property is a
matter of debate and it is not clear if the mass of these layers is the result of a global mechanism or
the result of a stochastic process that depends on the individual stellar properties, specially during
the AGB phase. Figure 6 displays the influence of the C/O sedimentation together with the presence
or absence of a thick hydrogen layer of 10−4 M⊙. Models with layers of different mass can be found
in [69, 92]

3.1 Lifetime of the progenitor

The time necessary to produce a white dwarf depends not only on the mass of the progenitor,
but also significantly on the metallicity. Figure 7 displays the ages obtained from two independent
calculations. As it can be seen, low metallicity stars have systematically smaller lifetimes than those
with solar metallicity. In the case of 1 M⊙, for instance, the lifetime difference can be as large as a
factor 2. Since it is not possible to estimate the initial metal content in the case of isolated white
dwarfs, the age of the progenitor, specially if it is a low mass white dswarf, will be affected by an
intrinsic uncertainty which can be overcome or partially palliated if the white dwarf is a member
of a cluster, a wide binary, or the metallicity distribution of the population at which it belongs is
known.

6
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Figure 7: Lifetime of the progenitor versus the main sequence mass for different metallicities independently
obtained by Romero et al. [73] (left, in giga-annum) and Pietrinferni et al. [67] (right,in mega-annum). The
bottom of the figure displays the relative differences between the 𝑍 = 10−5 and the 𝑍 = 𝑍⊙ cases.

3.2 Initial-final mass relationship

The mass of the white dwarf progenitors lies in the range 𝑀/𝑀⊙ ≲ 8−10, and the relationship
that connects this mass with that of white dwarfs is known as the initial-final mass relationship
(IFMR). The evolution during the main sequence is reasonably well known as well as that of white
dwarfs, but the evolution during the RGB and specially during the AGB phases remains elusive and
at present it is not possible to predict how much mass is lost during these stages. The first attempt
to empirically map this function was due to Weidemann in 1977 [97] and since then its has been
noticeably improved using semiempirical arguments [3, 4, 17, 18, 23, 24, 52, 72, 80, 98]. One
method consists on obtaining the age of a coeval non-degenerate star in the case of white dwarfs
that are members of a cluster or a wide binary and, after subtracting the cooling time of the white
dwarf, the mass of the progenitor is obtained via an age-mass relationship. Another possibility is
provided by the comparison of the white mass distributions obtained from synthetic populations
and the observed one in a volume limited sample.

There are still several aspects not well known like the dependence of the total mass expelled
during the RGB/AGB phases on the metallicity, magnetic field and angular momentum, or the
incidence of mergers. When all these aspects are taken into account, the IFMR broadens noticeably
introducing important uncertainties in the determination of the total age of the white dwarf and,
consequently, on the evolution of galactic populations. This is clearly seen in the analysis of the
influence of the metallicity in the mass distribution of the 40 pc sample [18], and on the theoretical5
IFMRs displayed in Fig. 8 [67, 73]. There are several points in this figure that merit a comment:

1. Low metallicity stars produce white dwarfs with larger mass. The difference in mass can be
as large as 40%. This means that the white dwarf mass distribution of a multiple-metallicity
population will be different form one containing a single-metallicity one. Since the mass of
the progenitor is infered from the mass of the white dwarf and, in the case of isolated stars,
the metallicity is not known, the uncertinty in the parent star mass and age can be very large.

5Several groups have computed this relationship (BaSTI, LaPlata, Montreal,Padua, Postdam...).They differ in several
aspects, specially those concerning the thermally pulsing asymptotic giant branch (TP-AGB) [99].
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2. The mass of white dwarfs with masses ≲ 1.5 − 2 M⊙ are not strongly dependent of the
metallicity but its distribution is relatively flat, i.e. 𝑑𝑚𝑊𝐷/𝑑𝑀𝑝𝑠 ≈ 0, and can oscillate
(this result can also be seen in [59, 99]. As before, this means that low mass white dwarfs
around the peak can be produced by a relatively wide range of low mass progenitors. Taking
into account the strong dependence of the lifetime with the mass this can introduce severe
uncertainties.

Figure 8: Mass of the white dwarf versus the progenitor mass for different metallicities independently
obtained by Romero et al. [73] (left) and Pietrinferni et al. [67] (right). The bottom of the figure displays
the relative differences between the 𝑍 = 10−5 and the 𝑍 = 𝑍⊙ cases.

4. Energy release by impurities

Isotopes with small Z/A ratios, like 22Ne, can play an important role during the cooling of
white dwarfs. This isotope is the result of the 𝛼-burning of the 14N left at the end of the H-burning
stage and its abundance is of the order of the sum of C, N and O initial abundances of the parent
star i.e. 𝑋 (22Ne) ≈ 0.02 in the case of solar metallicities. Because of this neutron excess and
the high sensitivity of degenerate stellar structures to the electron number profile, 𝑌𝑒, its migration
towards the central regions of the white dwarf can represent an important source of gravitational
energy despite its low abundance [38, 47]. A similar role, although less important because of its
abundance, can be played by 56Fe. As it is obvious, the incidence of these impurities depends
essentially on the initial metallicity of the parent stars.

During the fluid phase a mixture of C/O/Ne remains mixed [65] and the only mechanism able
to induce a migration of 22Ne towards the central regions is through gravitational diffusion. The
corresponding local diffusion times cale was estimated to be [11],

𝜏 (Gyr) = 2.24𝑇−1/3
8 𝑚−1𝜌

11/18
8

[
𝑍

���� ⟨𝐴⟩⟨𝑍⟩ −
𝐴

𝑍

����]−1
(2)

where 𝑇8 and 𝜌8 are the temperature and density, respectively, in units of 108, which suggests
that diffusion is efficient only in the envelope and in hot interiors, 𝑇8 ≥ 1. However, since this
early epoch lasts for a short time as a consequence of the neutrino emission, it was concluded that
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22Ne was not able to appreciably migrate before crystallization unless the diffusion coefficient was
increased by an order of magnitude. A re-analysis with improved physics indicated that, effectively,
this mechanism is not efficient in low mass white dwarfs, the majority, but it could work in massive
ones, 𝑀 ≳ 1.0 M⊙ [6, 22]. Self-consistent calculations assuming that the diffusion within the
crystal is negligible have shown that in the case of a 0.6 M⊙ star the delay is negligible, while in
the case of a 1.06 M⊙ is ∼ 3.2 Gyr and ∼ 0.6 Gyr for a pure carbon and a pure oxygen white dwarf
cases [2, 13, 28], in agreement with the early guess of [11]. Similar results have been obtained by
[5], [14] and [81].

Figure 9: Structure of a C/O/Ne white dwarf during the distillation process of neon.

The sedimentation induced by crystallization of a C/O/Ne mixture is more complex since it
depends on the behaviour of a multicomponent diagram that is not well known. In the first attempts
to guess the behaviour of 22Ne, this ternary mixture was approached by a binary mixture containing
neon and an average isotope between carbon and oxygen. The outcome was the existence of an
azeotrope for neon abundances by number in the range of 0.05 to 0.13 [38, 87]. Since the expected
abundance of neon is smaller than these values, the resulting solid is lighter than the liquid (Fig. 4)
and rises upwards, melting when the solidification temperature, which depends on the density as
𝑇𝑆 ∝ 𝜌1/3, becomes equal to that of the nearly isothermal core and, depending on their density, this
matter re-homogenizes via Rayleigh-Taylor instabilities. Figure 9-left displays the final structure, a
core rich in neon (azeotropic composition), that initially is liquid and eventually solidifies without
any further compositional change, surrounded by a layer containing raising flakes that are neon poor
and a convective mantle with a neon content gradually decreasing6 [39, 61, 83, 87]. The net effect
is a migration of neon towards the central regions and a release of gravitational energy [38, 47].

A second attempt, now taking into account the ternary nature of the mixture, revealed that for
normal abundances neon was only playing a minor role in the carbon-oxygen separation, without
any change in the abundance of neon, but if the abundance of oxygen was able to reach a low

6Notice that as previously mentioned this structure is prone to generate a dynamo much more energetic that in the
case of the one associated to the C/O crystallization, or to facilitate the emergence of a previously existing magnetic field
[43].
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enough value, an off-center solid shell made of carbon and neon without oxygen formed [86].
A more accurate calculation also found that, effectively, depending on the relative abundance of
oxygen it was possible to obtain stars with a neon rich core or a carbon-neon shell without oxygen
[9]. More precisely, three possibilities were found: a) when the liquid is rich enough in 22Ne,
the solid in equilibrium is poor in neon, crystals float and the final outcome is a solid core with a
composition (𝑥C, 𝑥O, 𝑥Ne) = (0.8, 0.0, 0.2) by number, surrounded by a C/O mantle free of neon
that crystallizes as usual, b) when the central mixture is oxygen poor, the distillation process can
proceed and the final outcome is a neon rich core surrounded by a C/O mantle like in case a),
and c) when the composition is more or less standard, 𝑥O = 0.53, 𝑥Ne = 0.009 for instance, the
distillation process cannot start and the solid has the composition predicted by the C/O mixture
without changes in the neon distribution but, since the outer layers are gradually depleted in oxygen,
there is a moment at which the distillation starts and the final outcome is a C/O/Ne core, surrounded
by a C/Ne shell, both surrounded by a C/O mantle free of neon7.

The sedimentation of 56Fe can also play an important role [102]. If the hypothesis of an
effective binary mixture is adopted, the predicted behaviour is a eutectic behaviour and, since the
abundance of this impurity is smaller than the eutectic value, the outcome is a distillation process
that creates an iron rich core at the centre [87]. A recent analysis [15] has found that Fe-rich crystals
separate before solidification of the rest of the mixture and create an iron rich core that can be made
of nearly pure iron or a C/O/Fe alloy, depending on the exact composition of the star. Since this
phenomenon occurs very early, concentric shells containing different impurities can form like an
Fe-rich core surrounded by a Ne-rich shell and both surrounded by a C/O mantle, for instance.

5. Tools to extract collective properties of white dwarfs

The two main tools to obtain collective information about white dwarfs relays on their distri-
bution in the Hertzsprung-Russell (HR) diagram and on their luminosity function.

The density of stars in a given region of the HR-diagram indicates the existence of a process
that slows down their evolution and/or forces them to evolve through this region thus providing
information about the properties of these stars. In particular, GAIA mission has provided parallaxes
with the necessary accuracy for building a detailed HR-diagram of the white dwarf domain [26].
This region (Fig. 10) contains a clear main concentration of stars distributed continuously from
left to right, following more or less the constant radius cooling tracks, that has been labelled (A).
Just below there is a second nearly parallel concentration labelled (B) that separates in the region
−0.1 ≲ 𝐺𝐵𝑃 − 𝐺𝑅𝑃 ≲ 0.8, and a third, weaker concentration, labelled (Q), placed below the two
main groups but not following the constant mass evolutionary tracks. It starts around 𝑀𝐺 ∼ 13,
𝐺𝐵𝑃 − 𝐺𝑅𝑃 ∼ −0.3 and merges with A,B groups at 𝐺𝐵𝑃 − 𝐺𝑅𝑃 ∼ 0.2.

At present there is a wide consensus that the A-branch is mainly composed of DA-white dwarfs
with a standard mass distribution but the origin of the other two branches is still under discussion.

The B-branch bifurcation, which partially coincides with the 0.8 M⊙ tracks, has been attributed
to a flattening of the IFMR in the corresponding region [24] or to the merging of a double white
dwarf [53] thus favouring of an excess of white dwarfs around such a mass. Another possibility,

7Notice that a tangential collision of two white dwarfs can eject part of this 12C22Ne layer to the ISM providing in
this way a new hypothetical scenario to account for the Ne-E anomaly observed in solar meteorites [45, 46]
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Figure 10: White dwarfs in the HR-diagram (Copyright: ESA/Gaia/DPAC).

however, is the contamination of the atmosphere by small amounts of carbon coming from the outer
core that modify the evolutionary path without modifying the mass distribution [10, 12].

The Q-branch is thought to be the consequence of the settling of 22Ne induced by crystallization
of massive C/O white dwarfs [14]. This scenario needs single massive white dwarfs made of oxygen
with abundance of 22Ne much larger than solar, for which reason a promising scenario is the merging
of a white dwarf with a subgiant star [89]. Once more, the metal content plays an important role.

5.1 The luminosity function

The luminosity function of white dwarfs (WDLF) is defined as the number of white dwarfs per
unit volume or per unit of Galactic disc surface in the interval (𝑙, 𝑙 + 𝑑𝑙), with 𝑙 = −log10 (𝐿/𝐿⊙),
per unit of luminosity interval

𝑁 (𝑙) =
∫ 𝑀s (𝑍 )

𝑀i (𝑍 )
Φ(𝑀) Ψ[𝑇 − 𝑡cool(𝑙, 𝑚, 𝑍) − 𝑡PS(𝑀, 𝑍)]𝜏cool(𝑙, 𝑚, 𝑍) 𝑑𝑀 (3)

where 𝑀 is the progenitor mass in solar masses, 𝑍 is the initial metallicity, and 𝑚 is the mass of the
white dwarf that results from the evolution of a Main Sequence star of mass 𝑀 . Notice that it is
necessary to adopt an IFMR to connect the mass of the white dwarf with the mass of the progenitor.
The advantage is that it is not necessary to compute the derivative of this function which is poorly
known. Φ is the initial mass function (IMF), Ψ is the star formation rate (SFR), 𝑡PS is the lifetime
of the progenitor, 𝑡cool is the cooling time of the white dwarf at the luminosity 𝑙, and 𝜏cool is the
characteristic time at the luminosity 𝑙 [64].

This luminosity function, averaged over an interval of luminosity Δ𝑙, can also be directly
computed as follows [48]. Assume a stellar population that forms at a rate Ψ(𝑡). After a time 𝑇 ,
the number of white dwarfs that have a luminosity 𝑙 per unit of luminosity interval is given by

𝑁 (𝑙, 𝑇) = 1
Δ𝑙

∫
𝑡

∫
𝑀

Φ (𝑀) Ψ (𝑡) 𝑑𝑀𝑑𝑡 (4)
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Figure 11: Left: Luminosity functions obtained before the large cosmological surveys – [58], full circles;
[25], full squares; [66], open triangles; [57],open diamonds; [54], open circles. Right: Luminosity functions
obtained from the SDSS catalogue: Black solid squares [32], open blue squares, only DAs [21], black crosses
[56], and green stars [63]. Magenta stars were obtained from the SCSS catalogue [75] and contain DA and
non–DA stars.

where, as before, 𝑀 is the mass of the parent star, and the integral is constrained to the domain

𝑇 − 𝑡𝑐𝑜𝑜𝑙 (𝑀, 𝑙 − 0.5Δ𝑙) ≤ 𝑡 + 𝑡𝑀𝑆 (𝑀) ≤ 𝑇 − 𝑡𝑐𝑜𝑜𝑙 (𝑀, 𝑙 + 0.5Δ𝑙) (5)

for all the stars able to produce a white dwarf.
Notice, however, that both formulations of the luminosity function assume that the number of

stars is conserved, which is not strictly correct. On one hand there are radial and vertical motions
that inject and remove stars from the solar neighborhood and, on another hand, a fraction of white
dwarfs in binaries can be destroyed via supernova explosion or merge to form a unique white dwarf
which, in some cases, can explode.

The first empirical luminosity function was obtained by Weidemann [100] and was improved
by several authors during nineties (Figure 11, left) proving in this way that the evolution of white
dwarfs was just a cooling process and that there was a cut-off in the distribution caused by the finite
age of the Galaxy. The position of the cut-off is sensitive to the cooling rate and, consequently,
it can be used to constrain theoretical models or the age of the Galaxy. However the low number
of stars in the samples, few hundreds, and the uncertainties in the position of the cut-off prevented
anything else that obtaining upper bounds.

The advent of large cosmological surveys like the Sloan Digital Sky Survey (SDSS) and
the Super COSMOS Sky Survey (SCSS), both completely independent, introduced a noticeable
improvement in the precision and accuracy of the luminosity function since they allowed to increase
the sample size to several thousands of stars. Figure 11-right, displays both functions normalized to
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the 𝑀bol ≈ 12 bin. As can be seen, they nearly coincide over a large part of the brightness interval.
At large brightness, 𝑀bol < 6, both luminosity functions show a large dispersion, not plotted in the
figure, as a consequence of the fact that the proper motion method is not appropriate there. One
way to circumvent this problem relies on the UV-excess technique [56]. The results obtained in
this way are represented by black crosses after matching their dim region with the corresponding
bright segment of the Harris et al. [32] distribution. The discrepancies at low luminosities are due
to the difficulty of separating DAs from non-DAs and to the different behaviour of the envelope. As
a complement, the luminosity function of the dimmest white dwarfs obtained by Leggett et al. [57]
has been included (red triangles).

Figure 12: From left to right, luminosity functions of DA and non-DA white dwarfs from the SCSS catalogue
for the thin and thick disks, and the halo [75].

The luminosity function depends not only on the properties of white dwarfs but also on the
properties of the Galaxy via SFR and IMF (Eqs. 3 and 4). This degeneracy can be removed
assuming the universality of the IMF and considering the luminosity functions of populations that
have different star formation histories since the signature of any intrinsic property of white dwarfs
will appear in all the luminosity functions at roughly the same bolometric magnitude. The accuracy
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of both catalogues, SCSS and SDSS, has been enough to allow building preliminary luminosity
functions of the thin and thick disks and the halo (Fig. 12) using kinematic arguments [63, 75].
The blue line of the halo WDLF has been obtained assuming a constant burst of star formation
that lasted from 0 to 1.4 Gyr at the beginning of the formation of the Galaxy (age 13.4 Gyr) and
a metallicity 𝑍 = 2 × 10−5, that of the thick disk was obtained assuming a constant SFR lasting
from 0 to 4 Gyr and 𝑍 = 2 × 10−3 and that of the thin disk also assuming a constant SFR from
4 Gyr to present, and solar metallicity (blue line) or time dependent metallicity (magenta line)
according to the Twarog [95] recipy. All of them were normalized to the region around 𝑀bol ≃ 12,
and using the BaSTI models [81] which take into account the gravitational settling of neon, but not
the distillation process. It is evident that accurate and precise luminosity functions together with
improved theoretical models will provide in a next future new information about these structures.

Figure 13: Luminosity functions obtained with
SFR constant (black), adding a young, 2 Gyr, burst
(red) or an old. 11 Gyr, burst (blue), normalized to
𝑀𝑏𝑜𝑙 = 13. Dashed lines have the same meaning
but restricted to the mass range 0.9-11 M⊙

Figure 14: Luminosity function obtained with the
100 pc sample of white dwarfs in theGaia Catalogue
of Nearby Stars (GCNS) with bins of 0.25 Mbol. The
structure and features are statistically significant for
all bins excepting the first and the last ones [27].

The quality of this new luminosity functions allowed, for the first time, to determine their shape
and to use the slope as a tool to test new physical theories. This can be understood in the following
way, Eq. 3 can be written as:

𝑛 (𝑙) ∝ ⟨𝜏𝑐𝑜𝑜𝑙⟩
𝑀max∫
𝑀𝑖

Φ (𝑀) Ψ
(
𝑇𝐺 − 𝑡𝑐𝑜𝑜𝑙 − 𝑡𝑝𝑠

)
𝑑𝑀 (6)

If this equation is restricted to the branch of bright white dwarfs, i.e. those for which 𝑡cool is small,
the lower limit of the integral is satisfied by low-mass stars and, as a consequence of the strong
dependence of the main sequence lifetimes with mass, it adopts a value that is almost independent
of the luminosity under consideration. Therefore, if Ψ is a well-behaved function and 𝑇𝐺 is large
enough, the lower limit is almost independent of the luminosity, and the value of the integral is
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incorporated into the normalization constant in such a way that the shape of the luminosity function
only depends on the averaged physical properties of white dwarfs [37]. This average is dominated
by low mass white dwarfs and, as far as the mass spectrum is not strongly perturbed by the adopted
star formation or the initial mass function, it is representative of the intrinsic properties of white
dwarfs [41]. This shape, however, can be modified by a recent burst of star formation since, in
this case, low-mass main sequence stars have no time to become white dwarfs and 𝑀𝐼 in Eq. 6
becomes luminosity dependent. On the contrary, if the burst is old enough, the corresponding
bright branch of the luminosity functions are barely modified (Fig. 13). Therefore, if an additional
source or sink of energy is added, the characteristic cooling time is modified and its imprint appears
in the luminosity function, as can be seen in Figure 11-right, where a change of slope is evident
at magnitudes 𝑀bol ∼ 8. This change is caused by the transition from a cooling dominated by
neutrinos to one dominated by photons. As an example, this technique was used by Isern et al. [40]
to suggest that axions of the DFSZ type could be contributing to the cooling of white dwarfs.

Figure 15: Theoretical luminosity functions taking into account the metallicity effects for ages of 8, 10, and
12 Gyr (left) and the same but taking into account the increase of the height scale of older objects for ages
of 8, 9, 10, 11, 12 and 13 Gyr (right).

The previously mentioned WDLFs were built using the theoretical mass-radius relationship,
which is still rather uncertain, and parallaxes obtained before Gaia. The high accuracy of parallaxes
and photometric data provided by Gaia [26, 27] has allowed to increase the number of high-
confidence white dwarfs candidates by more than one order of magnitude, being at present of the
order ∼ 360, 000 stars [29, 30, 51]. In particular, the Gaia Catalogue of Nearby Stars (GCNS) has
allowed to obtain a luminosity function (Fig. 14) representative of white dwarfs within a distance
of 100 pc with bins of 0.25 Mbol [27]. The GCNS is reliable and complete within a well defined
survey volume and allows to identify WDs from their position in the HR-diagram. Although the
sample is volume limited, the luminosity function displayed in Figure 14 has been corrected using
the 1/𝑉𝑚𝑎𝑥 method to avoid the biases introduced by the scale height above the Galactic plane and
the low luminosity of white dwarfs as compared with the limiting apparent magnitude of Gaia.
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Figure 15, left, displays the theoretical luminosity function adopting the BaSTI models, the
time-dependent metallicity of Twarog, op.cit., a constant star formation rate and normalizing around
𝑀bol = 12. As it can be seen the qualitative agreement is rather good except in the regions
8 ≲ 𝑀bol ≲ 10, 13 ≲ 𝑀bol ≲ 15, and the peak. The first one may be caused by a burst, old
∼ 0.5− 0.7 Gyr, in the SFR [93], while the second region is affected by the hypothetical distillation
of 22Ne and deserves more attention. The discrepancies in the region of the peak can be noticeably
reduced if it is taken into account that older objects have higher scale heights above the galactic
plane. This figure (right) also displays the results of introducing a variable scale height like that of
Mira stars [101].

5.2 The luminosity function of massive white dwarfs

Thanks to the Gaia data it has been possible to build a reliable and precise luminosity function
of massive white dwarfs in the solar neighbourhood, 𝑑 ≲ 100 pc [94] (Fig. 16, left panel). If the
luminosity function, Eq. 3, is restricted to massive white dwarfs, i.e. those for which it is possible
to neglect the lifetime of the progenitor in front of the cooling time, and Ψ(𝑡) is smooth enough8,
then

𝑁 (𝑙, 𝑇) ≃ ⟨Ψ⟩
Δ𝑙

∫
Δ𝑀

Φ (𝑀) Δ𝑡𝑐𝑜𝑜𝑙 (𝑙, 𝑀) 𝑑𝑀 (7)

with
Δ𝑡𝑐𝑜𝑜𝑙 = 𝑡𝑐𝑜𝑜𝑙 (𝑙 + 0.5Δ𝑙, 𝑀) − 𝑡𝑐𝑜𝑜𝑙 (𝑙 − 0.5Δ𝑙, 𝑀) (8)

and consequently, the age and with of any bin and the star formation rate corresponding to this time
can be computed as

⟨𝑡⟩ =

∫
Δ𝑀

Φ(𝑀)𝑡𝑑𝑀∫
Δ𝑀

Φ(𝑀)𝑑𝑀
(9)

⟨Δ𝑡⟩ =

∫
Δ𝑀

Φ(𝑀)Δ𝑡𝑑𝑀∫
Δ𝑀

Φ(𝑀)𝑑𝑀
(10)

⟨Ψ⟩ = 𝑁 (𝑙, 𝑇)Δ𝑙∫
Δ𝑀

Φ (𝑀) Δ𝑡𝑐𝑜𝑜𝑙 (𝑙, 𝑀) 𝑑𝑀
(11)

It is important to notice here that the star formation rate obtained in this way is an effective
one in the sense that it recovers the present age distribution of the sample, but does not take into
account the secular evolution of the sample mainly due to radial migrations and height inflation.
On another hand, hidden white dwarfs in binaries and non-resolved double degenerates can bias
the sample, while double degenerate mergers can reduce the density of white dwarfs in some bins
and, in the case they do not explode as SNIa, reappear as newly born hot single white dwarfs with
the corresponding density increase of younger bins, thus modifying the SFR deduced from these
data. The importance of this effect is small given the present level of precision, but it is necessary
to include it in order to interpret future high precision WDLFs.

8This method is also valid for white dwarfs with masses within a limited enough range of values.
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Figure 16: Left panel: empirical luminosity function of massive (0.9 ≤ 𝑀WD/𝑀⊙ ≤ 1.1) DA white dwarfs in the
solar neighbourhood [94]. Right panel: in black, the corresponding star formation rate [44], in red, the Galactic disc star
formation rate [62].

The star formation rate obtained in this way is not constant or monotonically decreasing as
it is often assumed. It grew quickly in the past, during the first epochs of the Galaxy, it roughly
stabilized and started to decrease 7 to 6 Gyr ago. A noticeable feature is a prominent peak centred
around 2.5 Gyr ago, the exact position being model depending. This means that the result may be
dependent of the treatment of the metal content.

The existing degeneracy between galactic properties and evolutionary models implies that
different stellar models can lead to different star formation histories, for which reason it is necessary
to compare these results with others obtained independently. Mor et al. [62] computed the star
formation history of the Galactic disk using main sequence stars from the Gaia DR2 and the
Besançon Galaxy Model. Since this function is expressed in stars per unit of disk surface it has
been divided by an arbitrary and constant height scale above the galactic plane (red line, Fig. 16-
right). As it can be seen both methods, local and galactic, predict a concordant burst of star
formation ∼ 2.5 Gyr ago but diverge at early times. This divergence may have several origins,
a local delay in starting the star formation process9, a different behaviour of the outer and inner
disks, a vertical dilution caused by a galaxy collision or just the conversion of DA white dwarfs into
non-DAs. The peak that appears at ∼ 0.2 − 0.5 Gyr is in the limit of applicability of the method
and deserves more attention since it could be related with the burst quoted by Tononi et al. [93].

A possible source of uncertainty is the role played by mergers The majority of stars are part

9White dwarf data are representative of the local neighbourhood while the Mor’s result is representative of a large
fraction of the Galactic disk.
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of binary or multiple stellar systems and in the case of white dwarfs in binaries with short enough
periods both components can interact and explode or even merge. In the first case, a supernova
explosion implies the destruction of one or two white dwarfs depending on the adopted scenario,
single or double degenerate events. However, given the scarcity of Type Ia supernovae as compared
with the total number of white dwarfs, its impact on the luminosity function is probably low, at
least within the present uncertainties. Mergers are more relevant since in these events two stars are
removed and a new one, hot and massive, is created thus contaminating the sub-sample of massive
white dwarfs. It is evident that white dwarfs in such systems have a different evolutionary path than
the single ones and need a different treatment [70, 85]. An obvious question is how to distinguish
single white dwarfs that have a binary origin from those that were born single. It has been claimed
that they could be separated thanks to the distribution of rotation velocities since it is expected that
those coming from a merger have higher angular velocities, but the problem is that the evolution
of the angular momentum is not well known. The mass distribution can also be used since these
objects are biased towards higher values, perhaps larger than 0.8 M⊙ but the problem is that the
relationship between the mass of the progenitor and the mass of the white dwarf is not well known
in the case of singles and, as it has been seen, it depends on the metallicity.

5.3 The luminosity function of white dwarfs in non interacting binaries

Probably the best way to tackle the problem of the influence of metals in the luminosity function
is to consider non-interacting binary systems containing a white dwarf and a non-degenerate star
since the last one can provide the initial metallicity of the system. The number of binaries born per
unit time with masses 𝑀1 and 𝑀2 at the galactic time 𝑡 and initial separation 𝐴0 in a region of the
Galaxy is

𝑏(𝑀1, 𝑞, 𝐴0, 𝑡) = Ψ𝐵 (𝑡)Φ(𝑀1) 𝑓 (𝑞)𝐻0(𝐴0) (12)

where Ψ𝐵 is the mass converted into binary stars per unit time, 𝑓 (𝑞) is the mass ratio distribution
with 𝑞 = 𝑀2/𝑀1 ≤ 1, and 𝐻0 is the initial distribution of separations.

The luminosity function of white dwarfs that are members of a non-interacting binary system
in which the companion is a non-degenerate star can be computed as before as

𝑁𝐵 (𝑀𝑏𝑜𝑙, 𝑇𝐺) =
1

Δ𝑀𝑏𝑜𝑙

∫
𝑡

∫
𝑀1

∫
𝑞

∫
𝐴0

𝑏(𝑀1, 𝑞, 𝐴0, 𝑡)𝑑𝑡𝑑𝑀1𝑑𝑞𝑑𝐴0 (13)

with the following constraints

𝑡 + 𝑡𝑃𝑆 [𝑀1, 𝑍 (𝑡)] + 𝑡𝑐𝑜𝑜𝑙 [𝑚𝑤𝑑 , 𝑍 (𝑡), 𝑀𝑏𝑜𝑙 − 0.5Δ𝑀𝑏𝑜𝑙] = 𝑇𝐺 (14)
𝑡 + 𝑡𝑃𝑆 [𝑀1, 𝑍 (𝑡)] + 𝑡𝑐𝑜𝑜𝑙 [𝑚𝑤𝑑 , 𝑍 (𝑡), 𝑀𝑏𝑜𝑙 + 0.5Δ𝑀𝑏𝑜𝑙] = 𝑇𝐺 (15)

for each 0 ≤ 𝑡 ≤ 𝑇𝐺 . Since the metallicity has to be provided by the non-degenerate companion,
an additional constrain has to be introduced to guarantee that the secondary has not reached yet a
white dwarf status,

𝑡 + 𝑡𝑀𝑆 (𝑞𝑀1, 𝑍) > 𝑇𝐺 (16)

where 𝑡𝑀𝑆 (𝑞𝑀1, 𝑍) is the lifetime of the secondary.
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Figure 17: Luminosity function of white dwarfs in non-interacting binaries (solid line) and single (dashed line). Both
have been obtained assuming a constant SFR and solar metallicity and have been normalized to 𝑙 = 3.

As expected, the WDLF (Fig. 17) is not strongly modified by the introduction of Eq. 16 and has
the advantage that provides at the same time a reliable luminosity function and a time dependent
distribution of metals in the solar neighbourhood which at the same time allows to refine the
luminosity function of single white dwarfs.

6. Conclusions

Gaia is producing a set of highly accurate and precise fundamental data like trigonometric
parallaxes, luminosities, colours and spectral characteristics that is completely changing our view
about many stellar types and the structure of the Galaxy. In the case of white dwarfs, these data ha
allowed to obtain a fine picture of they distribution in the HR-diagram and an accurate luminosity
function that are allowing to better understand the properties of such stars.

An ingredient that is still lacking is the metallicity of the parent star as a consequence of their
strong gravitational field that rapidly erases any vestige of the initial metal content. Its role, as it
has been seen, is important to understand many aspects of the evolution of these stars and to use
them as reliable chronometers.
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