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ABSTRACT
Since the Gaia data release 2, several works have been published describing a bifurcation
in the observed white dwarf colour−magnitude diagram for GBP − GRP > 0. Some possible
explanations in the literature include the existence of a double population with different
initial mass functions or two distinct populations, one formed by hydrogen-envelope and one
formed by helium-envelope white dwarfs. We propose instead spectral evolution to explain the
bifurcation. From a population synthesis approach, we find that spectral evolution occurs for
effective temperatures below �11 000 K and masses mainly between 0.64 M� and 0.74 M�,
which correspond to around 16 per cent of all DA white dwarfs. We also find that the Gaia white
dwarf colour–magnitude diagram indicates a star formation history that decreases abruptly
for objects younger than 1.4 Gyr and a top-heavy initial mass function for the white dwarf
progenitors.

Key words: parallax – white dwarfs.

1 IN T RO D U C T I O N

The Gaia mission (Gaia Collaboration et al. 2016) is already one of
the most important surveys for the study of white dwarfs. Since its
data release 2, it has provided photometry on three bands, G, GBP

and GRP, and parallax and proper motion of more than 200 000 white
dwarf candidates (Gentile Fusillo et al. 2019). It is expected that
by the end of the Gaia mission, about 400 000 white dwarfs should
be discovered. In its further releases, low-resolution spectra will
be available, allowing the spectral confirmation and classification
of white dwarfs (Jordan 2007). All these parameters combined
could lead us to uncover the properties of white dwarfs, such as
effective temperature, masses, radii, atmospheric composition and
ages. Because white dwarfs comprise the endpoint of more than
97 per cent of the evolution of all stars in the Milky Way, these
parameters will allow the mapping of the initial mass function (IMF)
and star formation history (SFH) of the solar neighbourhood (e.g.
Isern 2019).

Gaia Collaboration et al. (2018) described a bifurcation in the
colour–magnitude diagram for GBP − GRP > 0, defining a high-
luminosity and a low-luminosity region. This bifurcation is not
expected for a simple population of white dwarfs. They argue
that the high- and low-luminosity regions coincide with theoretical
cooling sequences of 0.6 M� and 0.8 M�, respectively, consider-
ing pure-hydrogen-atmosphere models from the Montreal Group

� E-mail: alejandra.romero@ufrgs.br

(Holberg & Bergeron 2006; Kowalski & Saumon 2006; Tremblay
et al. 2011; Bergeron et al. 2011). They note that two separate peaks
in the mass distribution are not expected since Kleinman et al.
(2013) did not report any minimum between 0.6 M� and 0.8 M� in
the Sloan Digital Sky Survey (SDSS) DA mass distribution, only
an extended tail for masses above 0.8 M�. Thus, they proposed
that the bifurcation is better described by two distinct evolutionary
sequences of 0.6 M�, one of pure-hydrogen and one of pure-helium
white dwarfs, corresponding to the high-luminosity and the low-
luminosity regions, respectively.

Considering that the bifurcation can only be seen for magnitudes
Gabs > 11.5 and colour GBP − GRP > 0 and becomes barely visible
for magnitudes Gabs > 13.5 and colour GBP − GRP > 0.5, in later
sections of this work we call the region with a lower density of
white dwarfs inside these limits the ‘Gaia gap’.

Several works have been published trying to explain the origin
of the Gaia gap. El-Badry, Rix & Weisz (2018) proposed that a
piecewise linear initial to final mass relation (IFMR) could describe
the Gaia gap, since the slope variations of the IFMR induce
variations in the number of stars in each mass interval. Kilic et al.
(2018) argue that the El-Badry et al. (2018) hypothesis could explain
the Gaia gap, but not the difference between the binary fractions of
the main-sequence (∼50 per cent, depending on the spectral type)
and the white dwarf populations (26 per cent according to Holberg
et al. 2016). Kilic et al. (2018) used a population synthesis approach
to study a sample of 13 928 white dwarfs within 100 pc. They
estimated that 36 per cent of the population is composed of helium-
atmosphere white dwarfs, assuming a Salpeter IMF (Salpeter 1955).
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They reported that the presence of a helium-atmosphere white dwarf
population by itself cannot reproduce the Gaia gap and concluded
that the gap is a consequence of a bifurcation in the mass distribution
due to a double population, one with masses around 0.6 M�, and
a second with masses around 0.8 M�. They attributed this massive
population to mergers. Alternatively, core crystallization during the
white dwarf evolution was considered as a possible explanation for
the Gaia gap. When the white dwarf core crystallizes, it releases
energy, slowing down the white dwarf cooling. However, Tremblay
et al. (2019) concluded that crystallization is not responsible for the
existence of the Gaia gap, but produces a separate low-luminosity
branch in the HR diagram, the so-called Q-branch.

In this work, we investigate the effects of spectral evolution from
hydrogen-envelope to helium-envelope white dwarfs. Spectral evo-
lution in general has been discussed in several works since Shipman
(1972). Chen & Hansen (2011, 2012) developed evolutionary mod-
els of hydrogen-envelope white dwarfs that undergo spectral evo-
lution and turn into helium-envelope ones. They concluded from a
population synthesis approach that spectral evolution is an essential
process to be included in the white dwarf cosmochronology, consid-
ering that it changes the cooling rate of the white dwarfs. However,
it is not known yet how common spectral evolution is, its relation
to the white dwarf mass and effective temperature, or what its con-
sequences in the colour–magnitude diagram are for large samples,
such as the Gaia sample. Rolland, Bergeron & Fontaine (2018) pro-
pose that spectral evolution could be driven by convective mixing,
which should occur for effective temperatures lower than 13 000 K
and hydrogen masses between log (MH/M∗) ∼ 10−15 and 10−6.

Ourique et al. (2019) studied the number of spectroscopic DAs
and non-DAs from Kepler et al. (2016) and Munn et al. (2017)
and found that the helium to hydrogen white dwarf number ratio
goes from ∼0.075 for effective temperatures around 30 000 K to
∼0.36 for effective temperatures around 11 000 K and becomes
nearly constant for colder temperatures. From these results they
conclude that most non-DAs are the result of spectral evolution,
since the very late thermal pulse, which produces helium-envelope
white dwarfs, is predicted not to occur for more than 0.16–0.25
of all white dwarfs (Blöcker 2001; Lawlor & MacDonald 2006).
Ourique et al. (2019) also calculated the mass distribution of
spectroscopic white dwarfs classified as DA, DB and DC. They
found that the DC mass distribution is centred around 0.7 M�,
while the DA mass distributions present a decrease in number
in the same region. They concluded that this decrease in the DA
mass distribution is an indicator that a fraction of DAs with masses
around 0.7 M� undergo spectral evolution, turning into DCs. It is
important to notice that Ourique et al. (2019) used a pure-helium
model to estimate parameters for non-DAs, which should lead to
an overestimation in their masses (Bergeron et al. 2019; Serenelli,
Rohrmann & Fukugita 2019) if their envelopes are contaminated
by hydrogen.

Bergeron et al. (2019) proposed that pure-helium-atmosphere
white dwarf models do not describe non-DA white dwarfs for
effective temperatures below 11 000 K. They show that pure-helium
models result in higher masses than expected for non-DAs below
11 000 K, and hydrogen–helium mixed-model mass determinations
agree better with the mean mass for non-DAs, similar to the conclu-
sion by Serenelli et al. (2019). Since white dwarfs that undergo spec-
tral evolution should present some residual hydrogen on their atmo-
spheres, these results agree with the spectral evolution hypothesis.

So far several works have used population synthesis approaches to
study properties from several white dwarf populations (e.g. Wood &
Oswalt 1998; Garcı́a-Berro et al. 1999; Torres et al. 2001, 2002;

Garcı́a-Berro et al. 2004; Chen & Hansen 2012; Torres et al. 2013;
Campos et al. 2016; Garcı́a-Berro & Oswalt 2016; Tremblay et al.
2016). In our work, we perform Monte Carlo population synthesis
using as input the white dwarf evolutionary sequences, the SFH
and the final mass function (FMF). The FMF is a function that
describes the number of white dwarfs that should be formed in each
mass interval. The stellar density in the colour–magnitude diagram
obtained for the synthetic stars is compared to the colour–magnitude
diagram from the Gaia white dwarf photometric candidates. The
novelty of our population synthesis computation is the inclusion
of spectral evolution, assuming a fast transition turning a fraction
of the DAs into non-DAs. To include spectral evolution we define
the spectral evolution probability, i.e. a function that describes the
fraction of white dwarfs that undergo spectral evolution. We study
the dependence of the spectral evolution probability on the white
dwarf mass and effective temperature. Our main objective in this
work is to investigate the origin of the Gaia gap.

This work is organized as follows. In Section 2 we describe the
data sample used in this work. In Section 3 we present the simulation
details and its input parameters. In Section 4 we show the results of
our simulations and in Section 5 we discuss our results and present
our conclusions.

2 DATA SA MPLE

In this work we use the white dwarf candidate catalogue from
Gaia data release 2 presented in Gentile Fusillo et al. (2019). This
catalogue contains 486 642 objects.

To remove low-quality objects with low probability of being
white dwarfs and to limit all objects to the same magnitude limits,
the following cuts are applied by us:

PHOT G MEAN FLUX OVER ERROR > 10 (1)

PHOT BP MEAN FLUX OVER ERROR > 10 (2)

PHOT RP MEAN FLUX OVER ERROR > 10 (3)

PARALLAX OVER ERROR > 10 (4)

PHOT G MEAN MAG < 20.8 (5)

PHOT BP MEAN MAG < 20.8 (6)

PHOT RP MEAN MAG < 20.8 (7)

TEST PWD > 0.75. (8)

TEST PWD is the probability of a given object being a white dwarf.
Gentile Fusillo et al. (2019) proposed that the high-confidence white
dwarf candidates should have TEST PWD > 0.75. Furthermore, to
avoid binary white dwarfs with non-white dwarf companions, we
discard objects that satisfy any of these two conditions (Kepler et al.
2019):

If (GBP − GRP) >= 0.5:

Gabs > 11.25 + 2.5 × (GBP − GRP) (9)

If (GBP − GRP) < 0.5:

Gabs > 10 + 5 × (GBP − GRP). (10)

Our final sample is composed of 91 685 white dwarf candidates.
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Figure 1. Hess diagram (left-hand panel) from absolute magnitude Gabs

and colour GBP − GRP and the luminosity function (right-hand panel) from
the absolute magnitude Gabs. In the left-hand panel, the region limited by
equations (9) and (10) is marked by a white dashed lines. The region above
the white dashed line is dominated by binaries.

Due to the size of our sample, the stellar density in the colour–
magnitude diagram (Hess diagram) analysis becomes a more
convenient and precise tool for the analysis, as compared to the
scattered stellar colour–magnitude diagram. In Fig. 1 we present
the Hess diagram and the luminosity function of our sample. We
have also marked in the Hess diagram the limits described by
equations (9) and (10) (dashed white line).

3 SIMULATION

The main structure of our simulations is based on five components:
evolutionary sequences, final mass function, star formation history,
spatial distribution and spectral evolution. We describe each com-
ponent below;

3.1 Evolutionary sequences

In this work we have used the hydrogen-envelope white dwarf
cooling sequences with solar metallicity presented by Romero
et al. (2012, 2013). From these sequences, we obtain the stellar
mass, log (g), radius and effective temperature as a function of total
age. We consider the evolutionary sequences with thick hydrogen
envelopes, those with the largest amount of hydrogen as predicted
by stellar evolution (Romero et al. 2019). The cooling sequences
for non-DA white dwarfs are computed by removing the hydrogen
layer from a hydrogen-atmosphere model at the pre-white dwarf
phase, and evolving those models in the cooling curve.

Using a synthetic colour grid (Koester 2010; Kepler et al. 2019;
Koester & Kepler 2019) we propagate our models to the colour–
magnitude space, using the values of effective temperature and
log (g).

3.2 Final mass function

To perform population synthesis of white dwarfs it is necessary to
use a combination of the IMF (e.g. Salpeter 1955; Kroupa 2001;
Chabrier 2003) and the IFMR (e.g. Ferrario et al. 2005; Kalirai et al.

2008; Romero, Campos & Kepler 2015; El-Badry et al. 2018) to
describe the number of white dwarfs present in each mass interval.
We define the function that describes the number of white dwarfs
generated in a mass interval as the final mass function (FMF). Since
it would not be possible to directly separate the effect of the IMF and
the IFMR (Isern 2019), we followed a more convenient approach,
that is, to define the FMF for our simulations and, from that, extract
information on the IMF and the IFMR.

3.3 Star formation history

The star formation history (SFH) describes the number of white
dwarf progenitors that are generated in a time interval.

The main-sequence plus giant-branch lifetime of the white dwarf
progenitors is strongly dependent on the white dwarf mass. For
instance, a white dwarf with a stellar mass of 0.85 M� and effective
temperature of 30 000 K has a total age of ∼0.2 Gyr, while for a stel-
lar mass of 0.50 M�, the total age at the same effective temperature
is ∼13.0 Gyr for the same metallicity (Romero et al. 2015).

3.4 Spatial distribution

The spatial distribution describes the density of stars that are gen-
erated according to their position relative to the Sun. Equation (11)
describes the assumed spatial distribution, ρ(r, θ , φ), where r is the
distance, θ is the Galactic latitude b and φ is the Galactic longitude l:

ρ(r, θ, φ) = e− r sin θ
zv . (11)

For convenience we define z ≡ r|sin θ |. The zv parameter represents
the combination of the Galactic disc height scale, z0, and the spatial
completeness of our sample.

3.5 Spectral evolution

Several processes could change the composition of the outer layers
of a white dwarf during its evolution (see Fontaine & Wesemael
1987 for more details on these processes). In this work, we
only consider processes that turn DAs into non-DAs during a
simple evolution without external contributions. During the cool-
ing, hydrogen-envelope white dwarfs reach effective temperatures
where the hydrogen layer becomes convective. Depending on the
hydrogen layer thickness, it could mix with the underlying helium
layer (Koester 1976; Vauclair & Reisse 1977; Dantona & Mazzitelli
1979; Bergeron, Ruiz & Leggett 1997; Bergeron, Leggett & Ruiz
2001; Chen & Hansen 2012), turning a DA into a non-DA. This
process is known as convective mixing. Castanheira & Kepler (2008,
2009), Romero et al. (2012) estimated that the distribution of the
hydrogen layer mass contains a fraction between 10−4 MH/M∗,
which is the maximum hydrogen layer mass as predicted by simple
stellar evolution for a 0.6 M� white dwarf, and 10−10 MH/M∗. This
wide hydrogen layer mass distribution indicates that some white
dwarfs have layers thin enough to undergo spectral evolution by
convective mixing at low temperatures. Diffusion is also a source
of spectral evolution, but its effects are mainly important above
Teff � 23 000 K, i.e. above the observed Gaia gap, and therefore it
will not be included in our simulation.

Rolland et al. (2018) stated that convective mixing should
occur for effective temperatures below 13 000 K. Paczyński (1971),
Renedo et al. (2010) and Romero et al. (2012) reported, based on an
evolutionary model calculation, that massive white dwarfs present
thinner hydrogen layers when compared to low-mass white dwarfs,
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which makes mixing more probable (Rolland et al. 2018; Ourique
et al. 2019). Finally, Tremblay & Bergeron (2008) and Tremblay
et al. (2010) estimated the presence of ∼85 per cent thick hydrogen
layer white dwarfs.

The existence of DBAs and DABs, i.e. white dwarfs with helium
and hydrogen lines on their spectra, is evidence that mixing is not
necessarily instantaneous (Bergeron et al. 1997; Chen & Hansen
2011; Rolland et al. 2018; Ourique et al. 2019). However, since we
do not know the duration of these events, our approximation is that
the mixing duration is much smaller than the evolutionary time-
scale. In our simulations we assume that the mixing is very fast in
comparison to the evolutionary time-scales, changing the evolution
path of the hydrogen-envelope white dwarf into a helium-envelope
white dwarf.

To include the spectral evolution in our simulations, we define
a spectral evolution probability (SEP). The SEP determines the
probability of a hydrogen-envelope white dwarf turning into a
helium-envelope white dwarf as a function of the white dwarf mass.

3.6 Population synthesis

The synthetic population is generated by generating 1000 000
synthetic white dwarfs with hydrogen or helium envelopes with
random masses, which follow the given FMF, and random ages,
which follow the given SFH. A fraction of the hydrogen-envelope
synthetic white dwarfs undergo spectral evolution according to their
white dwarf mass and the SEP. The spectral evolution proposed
in this simulation assumes that when the synthetic hydrogen-
envelope white dwarf reaches a given effective temperature, it start
to follows a helium-envelope cooling sequence of the same white
dwarf mass. In our models, this transition is instantaneous and the
only modification that is applied to the helium-envelope cooling
sequence is in the white dwarf total lifetime. The lifetime of the
star undergoing spectral evolution, in the helium-envelope cooling

sequence at the effective temperature where the spectral evolution
occurs, is defined as the same as that of the hydrogen-envelope
cooling sequence at that effective temperature. The lifetime only
changes from then on. For each mass, we have a model with a
hydrogen envelope and other with a helium envelope in Fig. 2
(solid lines). Also, we include one representative model that starts
as a hydrogen envelope and then undergoes convective mixing
at 10 000 K (dashed lines). The left-hand panel represents the
evolutionary path along the colour–magnitude diagram and the
right-hand panel represents the effective temperature as a function
of the white dwarf total age.

For each generated synthetic white dwarf, a random uncertainty
is added to the magnitudes following a normal distribution similar
to the uncertainty in the Gaia data.

3.7 Synthetic white dwarf contribution

Since brighter white dwarfs have a larger observable volume than
fainter ones, it is necessary to weight each synthetic white dwarf
with its observable volume. Equation (12) describes the weight
associated with the observable volume and spatial distribution,
wG(Gabs):

wG(Gabs) =
∫ 2π

0

∫ π/2

−π/2

∫ dmax

dmin

ρ(r, θ, φ)r2 cos (θ ) drdθdφ (12)

where ρ(r, θ , φ) is the density described by equation (11). The radial
integral limits, dmin and dmax, are the minimal and maximal distances
at which the object can be observed within magnitudes Gmin and
Gmax, respectively. The parameters dmin and dmax are described by
equations (13) and (14), respectively:

dmin = 10
[

1+ (Gmin−Gabs)
5

]
(13)

dmax = 10
[

1+ (Gmax−Gabs)
5

]
. (14)

Figure 2. Evolutionary white dwarf cooling sequences. The blue and red solid lines indicate the evolutionary path for a hydrogen-envelope model with masses
0.6 M� and 0.7 M�, respectively. The orange and lilac solid lines indicate the evolutionary path for a helium-envelope model with masses 0.6 M� and 0.7 M�,
respectively. The green and brown dashed lines indicate the path of a hydrogen-envelope model that turns into a helium-envelope model at 10 000 K due to
assumed instantaneous mixing . The left-hand panel represents the evolutionary path in the colour–magnitude diagram using the absolute magnitude Gabs and
the colour GBP − GRP. The right-hand panel indicates the evolution of the effective temperature as a function of the white dwarf total age.
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The contribution of each synthetic white dwarf to the Hess
diagram and the luminosity function is given by wG(Gabs).

3.8 Uncertainty

To ensure trustworthy data analysis, we resampled the magnitudes
and parallaxes over the photometric and astrometric uncertainties
from the Gaia mission data, 1000 times, assuming a normal
distribution of the astrometric and photometric data, and calculated
the Hess diagram and the luminosity function. For each bin in the
Hess diagram and in the luminosity function, we have 1000 density
determinations. From the median of these 1000 determinations
we define our expected density and from the difference in the
16 per cent and 84 per cent with the median, the lower and upper
density uncertainties.

Since our main focus in this work is to explain the existence of the
Gaia gap, we limit our analysis to hydrogen-envelope white dwarf
models of masses between 0.50 M� and 0.85 M�, comprising the
entire Gaia gap structure and avoiding the binary evolution region.

In the left-hand panel of Fig. 3 we show the Hess diagram of
the resampled data, and in the right-hand panel, the luminosity
function of the Gaia white dwarf candidates described in Section 2.
The white dashed line on the higher luminosity diagonal of the
diagram represents a hydrogen-envelope white dwarf model of
0.50 M�, while the white dashed line on the lower luminosity
diagonal represents the model of 0.85 M�.

In Fig. 3 we can see the Gaia gap is centred around GBP −
GRP�0.2 and Gabs�12.5 and that there is a double peak in the
luminosity function. We also notice that the density tends to zero
for blue high-luminosity white dwarfs (Gabs < 11.5).

To highlight the region of the Gaia gap, we plot in Fig. 4 – similar
to Fig. 3 – the hydrogen-envelope models of 0.61 M� (orange line)
and of 0.73 M� (green line), and the line of effective temperature
11 000 K (red line) and 7 000 K (cyan line).

Figure 3. The Hess diagram (left-hand panel) and luminosity function
(right-hand panel) of the Gaia white dwarf candidates resampled over their
photometric and astrometric uncertainties. The width of the colour bins in
the Hess diagram is 0.01 mag. The width of the magnitude bins in the Hess
diagram and in the luminosity function is 0.03 mag. The white dashed lines
represent our hydrogen white dwarf models of masses 0.50 M� (brighter)
and 0.85 M� (fainter).

4 R ESULTS

For our population synthesis input parameters, we started with
a flat FMF and SFH. We varied these functions in order to
minimize the quadratic difference between the Hess diagram from
the Gaia data (Fig. 3) and the Hess diagram from the population
synthesis. The same technique was used to estimate the best value
for the zv parameter, which resulted in a value around 110 pc
due to our restrictions of 10σ on the parallax and photometric
uncertainties.

The estimated FMF, presented in Fig. 5, shows a single
peak structure around 0.55 M� with an extended tail for higher
masses.

The SFH, presented in Fig. 6, shows an abrupt decrease in the
formation rate for stars younger than 1.4 Gyr. The formation rate
for ages between 1.4 Gyr and 3.5 Gyr shows a �50 per cent increase
over the mean SFH. The flat structure of the SFH for objects older
than 6 Gyr is a consequence of the observed 10σ Gaia data not
sampling these cool and faint white dwarfs.

Fig. 7 shows the Hess diagram and the luminosity function of the
best synthetic model, with the FMF and SFH presented in Figs 5 and
6, respectively, with zv = 110 pc and without spectral evolution.
In this population synthesis, we have two populations – one of
hydrogen-envelope white dwarfs, which correspond to 78 per cent
of the simulated stars, and the remaining 22 per cent as helium-
envelope white dwarfs. These fractions were chosen to agree with
the fraction of DAs and non-DAs from the SDSS spectroscopic
determinations up to data release 14 presented by Kepler et al.
(2019). Our tests show that the Hess diagram and the luminosity
function are very weakly sensitive to the fraction of primordial
helium-envelope white dwarfs.

Fig. 8 shows the result of a very similar simulation to the one
presented in Fig. 7. In this case, we changed the initial fractions of
hydrogen- and helium-envelope white dwarfs to 88 and 12 per cent
respectively. We included spectral evolution in this simulation
with 15 per cent of DAs turning into non-DA white dwarfs at
an effective temperature of 11 000 K. The non-DAs coming from
spectral evolution represent 12 per cent of the total observable white

Figure 4. Same data as Fig. 3. The orange and green lines represent our
hydrogen white dwarf models with 0.61 M� and 0.73 M�, delimiting the
Gaia gap in luminosity. The red and cyan lines represent the effective
temperatures of 11 000 K and 7 000 K, delimiting the Gaia gap in colour.
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Figure 5. The estimated normalized FMF that minimizes the quadratic
difference of the Hess diagram of the Gaia mission data and the Hess
diagram of our population synthesis. The FMF presents a peak around
0.55 M�, a very low density for masses below the peak and an extended tail
for higher masses.

Figure 6. The estimated normalized SFH that minimizes the quadratic
difference in the Hess diagram of the Gaia mission data and the Hess
diagram of the population synthesis. The formation rate between 1.4 Gyr
and 3.5 Gyr ago is � 50 per cent higher than the mean SFH. Also, the SFH
presents a very small formation rate for very young stars and a flat formation
rate for objects older than 6 Gyr.

dwarfs. These fractions were chosen to keep the final number of DAs
and non-DAs similar to the values of the observed sample (Kepler
et al. 2019).

The SEP used to generate the population presented in Fig. 8
defines that 68 per cent of the white dwarfs that undergo spectral
evolution have masses between 0.67 M� and 0.74 M�, and the
spectral evolution occurs when the white dwarfs reach 11 000 K.

Figure 7. Hess diagram and luminosity function of the synthetic white
dwarfs, generated with the FMF from Fig. 5, SFH from Fig. 6, zv = 110 pc
and without spectral evolution. 78 per cent of the population is composed of
hydrogen-envelope white dwarfs and the remaining 22 per cent is composed
of helium-envelope white dwarfs. The higher-luminosity region of the
Hess diagram presents a very low density of massive objects, which is a
consequence of the small recent star formation rate. The double peak in
the luminosity function can be seen in the simulation. The Gaia gap is not
reproduced in this simulation, which does not include spectral evolution.
The orange and green lines represent our hydrogen white dwarf models
with 0.61 M� and 0.73 M�. The red and cyan lines represent the effective
temperatures of 11 000 K and 7 000 K. The Hess diagram and the luminosity
function are normalized to their maximum value.

Figure 8. Hess diagram and luminosity function of the synthetic white
dwarfs generated with the final mass function (FMF) shown in Fig. 5,
star formation rate (SFH) shown in Fig. 6 and completeness modulated
scale height zv = 110 pc. 88 per cent of the population is composed of
hydrogen-envelope white dwarfs and the remaining 12 per cent is composed
of helium-envelope white dwarfs. In this simulation, around 15 per cent of
hydrogen-envelope white dwarfs undergo spectral evolution, turning into
helium-envelope white dwarfs. The features in this figure are very similar
to Fig. 7, and, in this case, the Gaia gap is reproduced. The orange and
green lines represent our hydrogen white dwarf models with 0.61 M� and
0.73 M�. The red and cyan lines represent the effective temperatures of
11 000 K and 7 000 K. The Hess diagram and the luminosity function are
normalized to their maximum value.
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White dwarf spectral evolution from Gaia 5009

Figure 9. Density distribution of the magnitude Gabs for Gaia mission
objects (black solid steps), with no spectral evolution (blue dashed steps) and
for spectral evolution (red dashed steps), with colour GBP − GRP between
0.20 and 0.21. The Gaia gap occurs between Gabs = 12.35 and 12.8, with
a minimum around 12.7. We estimate that the Gaia gap corresponds to
around 30 per cent of the density of white dwarfs. The density presented
in this figure is normalized by the maximum density observed in the Hess
diagram. The spectral evolution synthesis can reproduce the profile of the
Gaia mission distribution, but cannot reproduce the densities accurately.
Each distribution in this figure is normalized to its maximum.

In Fig. 9 we present the density distribution for the objects in our
sample (black steps) and for our simulation, with (red steps) and
without (blue steps) considering spectral evolution, for GBP − GRP

between 0.20 and 0.21. This figure indicates that the density of
white dwarfs decreases by around 30 per cent in the Gaia gap in
comparison to a linear decrease between the two peaks.

While our spectral evolution synthesis shows a similar profile
– with the density decrease around Gabs � 12.75, the synthesis
without spectral evolution does not show any increase after this
magnitude. As our synthesis is a simplified modelling of several
existing parameters, not including, for example, the effect of
metallicity and the non-instantaneous spectral evolution, we can
reproduce the general features of the Gaia data, but we do not
match accurately all regions. We have determined that the squared
differences between the Hess diagram for the Gaia mission data
and the spectral evolution synthesis are 35 per cent smaller than the
synthesis with no spectral evolution.

5 D ISCUSSION AND CONCLUSION

The Hess diagram for the Gaia mission data presented in Fig. 3
shows a gap starting around GBP − GRP > 0. The position of the
centre of the Gaia gap corresponds to the evolutionary path of our
hydrogen-envelope white dwarf sequence of mass around 0.7 M�.
However, since a low white dwarf formation rate with masses
around 0.7 M� would be seen in the entire Hess diagram, this
cannot be the explanation for the Gaia gap, which is only seen for
GBP − GRP > 0.

We found that, in the Hess diagram of the colour–magnitude
diagram, the density tends to zero for blue high-luminosity white

dwarfs (Gabs < 11.5), a region that corresponds to massive young
white dwarfs. In our simulation with no spectral evolution, presented
in Fig. 7, we found that this behaviour is a consequence of a star
formation rate that tends to zero in the last billion years (see Fig. 6),
removing the presence of young massive white dwarfs in the local
neighbourhood. Also, we found that the formation rate for ages be-
tween 1.4 Gyr and 3.4 Gyr is 50 per cent higher than the mean SFH.

Our best-fitting model has a completeness-corrected scale height
of zv = 110 pc. This value is much smaller than z0 = 300 pc,
estimated by Kepler et al. (2017). This is expected since the zv

parameter represents a combination of the Galactic disc scale height
where the white dwarfs are immersed and the completeness of the
10σ sample from Gaia data release 2. The mean distance of our
sample is only 190 pc.

Using the final mass function (FMF) that we obtained from our fit,
we estimated the initial mass function (IMF). Using the Cummings
et al. (2018) IFMR, the resulting IMF is a Salpeter-like function
with a slope α = 1.07 ± 0.02, while using the IFMR of Romero
et al. (2015) with solar metallicity we found that the slope has
α = 1.38 ± 0.01. Both results indicate a top-heavy IMF.

Our simulations indicate that the small peak in the luminosity
function for magnitudes Gabs∼14 is a consequence of the total
time that the star takes to turn into a white dwarf and reach this
magnitude. For magnitudes Gabs∼13 the age decreases towards
higher masses, due to the smaller main-sequence lifetime for
higher mass progenitors. However, for magnitudes Gabs>13 the
age goes through an inflexion. Higher-mass white dwarfs have
shorter cooling rates, leading to a longer age to reach fainter
magnitudes than less-massive white dwarfs. In numbers, the ages
of white dwarfs of 0.6 M�, 0.7 M� and 0.8 M� at Gabs∼14 are
around 3.8 Gyr, 3.4 Gyr and 3.7 Gyr, respectively. The effect of this
inflexion in the luminosity function is a pile-up of white dwarfs
around Gabs>13.

Fig. 8 shows a population synthesis that includes spectral evo-
lution in the simulation. In this case, we recovered the features
from the population synthesis without spectral evolution – and
the Gaia gap is reproduced. The SEP necessary to reproduce the
Gaia gap implies that � 15 per cent of hydrogen-envelope white
dwarfs undergo spectral evolution, turning into non-DAs when
their effective temperature reaches � 11 000 K. Around 68 per cent
of the white dwarfs that undergo spectral evolution have masses
between 0.67 M� and 0.74 M�. The fraction of white dwarfs that
undergo spectral evolution corresponds to around 12 per cent of all
the observable sample.

Since our simulations assume instantaneous spectral evolution,
they do not reproduce accurately the density in the Hess diagram
for the region that corresponds to effective temperature between
14 000 K and 11 000 K. This is an indication that spectral evolution
should start around 14 000 K, partially mixing the hydrogen and he-
lium envelopes, and reaching complete envelope transition around
11 000 K. This effective temperature range is the range where the H
convection zone stars, and it is also where most DBAs are located,
supporting this conclusion (Kepler et al. 2015, 2016; Eisenstein
et al. 2006; Kleinman et al. 2004).

The dependence of the spectral evolution on the effective temper-
ature is expected since it is directly related to convection episodes
during the white dwarf evolution. Kepler et al. (2019) showed that
the mass distribution for DBs has a mean of 0.618±0.004 M�,
assuming pure-helium atmospheres, with a very small number
of DBs at higher masses, in agreement with Genest-Beaulieu &
Bergeron (2019) and Ourique et al. (2019). This is an indication
that the process that results in extremely thin – or non-existent –
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hydrogen layer white dwarfs (probably late thermal pulse, very late
thermal pulse, or merger) is not effective for the progenitors of white
dwarfs with masses higher than 0.75 M�.

Our simulations indicate that no more than around 16 per cent of
the hydrogen-envelope white dwarfs that undergo spectral evolution
have masses above 0.74 M�.

Our results also indicate that more than 80 per cent of all observed
helium-envelope white dwarfs, i.e. coming from spectral evolution
or by primordial hydrogen deficiency, are below 12 000 K, where
they do not show helium lines because of the low temperature, in
agreement with the results of Ourique et al. (2019).

The significant difference in the squared difference between
the Hess diagram from the Gaia data and the spectral evolution
synthesis Hess diagram of 35 per cent, compared to that with no
spectral evolution, leads us to conclude that the Gaia gap seen in
the white dwarf distribution is a consequence of spectral evolution.

Our simulations are in agreement with the results of El-Badry
et al. (2018) and Kilic et al. (2018), which show that the white
dwarfs that are found at luminosities below the Gaia gap in the
colour–magnitude diagram present a higher fraction between non-
DAs and DAs.
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