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Table 3. Proposed spectrophotometric standards and expected fractional errors in their
fluxes.

Name g σλ=3500 σλ=4500 σλ=5500 σλ=6500

SDSS J082346.15+245345.7 15.552 0.016 0.011 0.013 0.018
SDSS J094203.19+544630.2 16.934 0.015 0.010 0.010 0.010
SDSS J095230.44+114202.3 16.472 0.028 0.026 0.026 0.027
SDSS J132434.39+072525.3 16.581 0.016 0.015 0.015 0.016
SDSS J143315.92+252853.1 16.772 0.020 0.015 0.016 0.020
SDSS J145415.84+551152.3 15.813 0.014 0.011 0.011 0.011
SDSS J145600.81+574150.8 16.191 0.012 0.010 0.010 0.010
SDSS J151421.26+004752.8 15.687 0.013 0.010 0.012 0.014
SDSS J212412.14+110415.7 16.792 0.020 0.014 0.016 0.020

Table 4. Atmospheric parameters for the three HST standards.

Name Teff log g E(B − V )
(K) (dex) (mag)

G 191 B2B 61980 (514) 7.555 (0.042) 0.000 (0.001)
GD 153 40401 (142) 7.812 (0.018) 0.008 (0.001)
GD 71 33492 (41) 7.841 (0.017) 0.004 (0.001)

u band are lower than those presented here by about 1 per cent. The
most likely explanation for this feature is the fact that the effective
temperatures adopted in the HST calibration for these stars are lower
by 2–4 per cent.

7 C O N C L U S I O N S

In this paper, we consider the possibility of building an extended
network of spectrophotometric standard stars by identifying well-
behaved pure-hydrogen white dwarfs, spectroscopically determin-
ing their atmospheric parameters and reddening, and assigning them
absolute fluxes based on model atmosphere calculations scaled with
broad-band photometric observations. This procedure was success-

fully used for defining the three primary flux standards for the HST
(Finley et al. 1990; Bohlin et al. 1995; Bohlin 2000), and could be
now applied more extensively to many other DA stars that are being
identified in ongoing and planned spectroscopic surveys.

We put this idea to work using publicly available spectra from the
SDSS. We identify 59 spectra of 57 stars that are nicely reproduced
by NLTE DA models, and measured their atmospheric parameters.
By comparing the effective temperatures derived from spectra that
have been continuum rectified and those which preserve the over-
all spectral shape, we see the effects of reddening, in particular in
the hotter (and therefore more distant) stars. By including redden-
ing in the analysis, the two sets of temperatures are brought into
agreement.

Our exercise identifies a set of nine new standard candidates
with estimated flux uncertainties less than 3 per cent between 4500
and 7000 Å. We present these stars as potentially useful standard
sources. Their observed spectral energy distributions are nicely
matched with DA white dwarf models across the visible, and al-
though we have not verified that their fluxes are stable all the sources
are significantly warmer than the ZZ Ceti window (∼11 000 K),
and therefore it is unlikely that they show measurable pulsations.

Figure 7. Model fittings to the three HST primary standards. The fluxes are in f λ units, normalized to have a median value of 1 in the range 3850–5400 Å in
the top and lower-left panels. The lower-right panel illustrates the model fittings for GD 71 in the case when the continuum shape is rectified. Note that the
parameters here do not match those in Table 4, as the table gives the average results for two types of analyses: those using spectra that preserve continuum
information such as those illustrated in the top and the lower-left panels and those using continuum-corrected spectra such as the example for GD 71 in the
lower-right panel. The use of pure-H models for G 191-B2B is inappropriate as a number of heavy metals have been detected in the UV spectrum of this star.
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resolution over a wavelength range of 3900–68008. The spectra
were reduced with standard IRAF packages and fluxed using the
spectrophotometric standard stars G191-B2B and Feige 66. Ex-
posure times ranged between 20 and 45 minutes per star.

In addition to our five targets, we observed the well-studied,
hot, pulsating DBV star GD 358 with the intent of testing our
modeling. We find, however, that this star is sufficiently close

to the peak strengths of the He i lines (near 25,000 K) that its tem-
perature fits are unstable in a manner that is not expected to extend
to higher temperatures. When we fit GD 358 with autofit over the
full spectral range, we obtain a temperature of 27,700 K, but when
we restrict to blueward of 5400 8 (where most but not all of the
strong lines are), the derived temperature is 23,900 K. Making a
similar restriction on our primary stars typically changes our fits by

Fig. 1.—Spectra from theMMToverlaid with the best-fit model. The model has been refluxed with six polynomials to match the observed spectrum. The spikes are a
few surviving cosmic rays. [See the electronic edition of the Journal for a color version of this figure.]
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trum, unfortunately available only for a few objects, see
Wolff et al. 2002; Friedrich et al. 1999; Koester & Wolff
2000, reveal traces of a few more elements, with the
strongest transitions being due to C, Mg, Si and Fe).
In a few rare cases, however, lines from a handful of

elements can be observed in the optical. GD 362 and
GD 40 (see Figure 1) are two of the most heavily pol-
luted helium-rich white dwarfs currently known. Both
of these stars also possess infrared emitting debris disks
(Kilic et al. 2005; Jura et al. 2007a,b) which are believed
to be the remains of a single tidally disrupted minor
body (Jura 2006, 2008). Pioneering analyses of these
two stars, based on Keck high resolution observations,
have led to the determination of the relative abundances
of 16 and 9 elements respectively (Zuckerman et al. 2007;
Klein et al. 2010). The abundance patterns for these two
objects are remarkably consistent with the idea that the
source of the material is asteroids with a composition
similar to that of Bulk Earth (Zuckerman et al. 2007;
Klein et al. 2010). Studies of heavily polluted white
dwarfs can thus offer a unique opportunity to learn about
the chemistry of rocky extrasolar planet, asteroid belts,
and their subsequent dynamical evolution following the
red giant phases. As such, it is of utmost importance to
increase the sample of white dwarfs with a comprehensive
set of measured element abundances.

Fig. 1.— Medium resolution spectra of J0738+1835, GD 40, and
GD 362. The two spectra of J0738+1835 and that of GD 40 are
from SDSS, while the spectrum of GD 362 is taken from Gianninas
et al. (2004).

In what follows, we present a detailed analysis of SDSS
J073842.56+183509.6 (hereafter J0738+1835), the most
metal-rich white dwarf discovered so far. In § 2, we de-
scribe the observations. Our detailed analysis follows in
§ 3, and the results are discussed and summarized in § 4.

2. TARGET SELECTION AND OBSERVATIONS

Recently, thanks to the Sloan Digital Sky Survey
(SDSS), the number of spectroscopically identified white
dwarfs has increased spectacularly (more than tenfold,
and still counting, Kleinman et al. 2010, in prepara-
tion, see also Eisenstein et al. 2006), thus providing a
large sample of potential candidates amenable to de-

tailed chemical analysis. In order to find such candidates,
we selected from the SDSS 7th data release all spectro-
scopic objects with g < 19.5 mag that fall within the
color space for white dwarf stars. These spectra were
then visually inspected and classified into the various
known white dwarf spectral types. It is while complet-
ing this exercise that the remarkable spectrum of SDSS
J073842.56+183509.6 came to our attention (see Figure
1). J0738+1835 is a DBZ white dwarf that shows not
only the usual Ca II H and K lines, but also several ex-
ceptionally strong lines of O, Fe, Mg and Si. Remarkably,
note that the Mg II λ4481 line is deeper than He I λ4471,
a unique feature among known polluted white dwarfs.
The severity of the metallic pollution of J0738+1835 is
particularly striking when its spectrum is compared to
those of GD 362 and GD 40, two objects already known
to be among the most polluted helium-rich white dwarfs
currently identified (see Figure 1). Hence, J0738+1835
is a white dwarf star that offers great potential for a pre-
cise measurement of circumstellar material composition,
and it is only the third helium-rich white dwarf (after
GD 362 and GD 40) for which such a detailed analysis is
possible from optical spectroscopy.
The SDSS photometric magnitudes, in the ugriz sys-

tem, are u = 17.527 ± 0.014, g = 17.577 ± 0.009, r =
17.822 ± 0.009, i = 18.077 ± 0.010 and z = 18.321 ±
0.025, suggesting an effective temperature in the 13,000-
15,000 K range, depending on the amount of reddenning
that is assumed. Two spectra of this object, covering the
3800-9200 Å region at a resolution of ∼ 3Å FWHM are
available from the SDSS archive. The SDSS-Modified
Julian Date, plate and fiber ID number for these two
spectra are respectively 53431-2054-346 and 54495-2890-
354. These two original SDSS spectra of J0738+1835
presented in Figure 1 are too noisy for a precise determi-
nation of the atmospheric parameters (effective temper-
ature, surface gravity, and abundances of the various el-
ements). We thus, as a first step, secured a new medium
resolution high S/N spectrum on UT 2009, November 19,
using the 6.5 m MMT telescope on Mount Hopkins, Ari-
zona, equipped with the Blue Channel Spectrograph. We
used a 1′′ slit and the 500 line mm−1 grating in first or-
der to obtain spectra with a wavelength coverage of 3500
− 6630 Å and a dispersion of 1.2 Å per pixel. All spec-
tra were obtained at the parallactic angle. We used He-
Ne-Ar comparison lamp exposures and blue spectropho-
tometric standards (Massey et al. 1988) for wavelength
and flux calibration, respectively.
In order to verify if an emitting debris disk is present

(see below), infrared observations are needed. We ob-
tained JHK photometry of J0738+1835 using the Near
Infra-Red Imager and Spectrometer (NIRI) on Gemini-
North. These observations were performed on 2010, Jan-
uary 03 as part of the Director’s discretionary time pro-
gram GN-2009B-DD-8. We used a 13 position dither
pattern with 21-30 s exposures. We do not detect any
sources above the background within 10” of the target.
We used the Gemini/NIRI package in IRAF to reduce
the data and the UKIRT faint standards (Leggett et al.
2006) to calibrate the photometry. The derived magni-
tudes, in the Mauna Kea photometric system, are J =
17.965 ± 0.031, H = 17.758 ± 0.033 and K = 17.327 ±
0.034 (or 0.1034 ± 0.0031 mJy, 0.0791 ± 0.0026 mJy and

WD SDSS spectra (Dufour et al. 2010)

First White Dwarf with atmospheric pollution (Van Maanen 1917).  

White Dwarf Pollution
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Cooling Time (Schreiber & Gänsicke, 2003)

Polluted cool white 
dwarfs should accrete 

material from the exterior. 

4 M. C. Wyatt et al.

Figure 1. Sinking timescales due to gravitational settling at the
base of the convection zone (or at an optical depth of τR = 5 if
this is deeper) of different metals (shown with different line-styles
as indicated in the legend) as a function of the star’s cooling
age (from tables 4-6 of Koester 2009) both for DA white dwarfs
(i.e., those with H-dominated atmospheres, shown in red) and for
non-DA white dwarfs (i.e., those with He-dominated atmospheres,
shown in blue). We adopt the parameters for more efficient mixing
in DAs cooler than 13,000K.

by a transition to longer sinking times once temperatures
are cool enough for a significant convection zone to develop.

2.3 DA and non-DA samples

We consider two samples, one of DAs and the other of non-
DAs. The DA sample is comprised of 534 DA white dwarfs of
which 38 have detections of Ca, while the remaining 496 have
upper limits on the presence of Ca. These data comprise two
surveys: a Keck survey that specifically searched about 100
cool DA white dwarfs for Ca absorption (Zuckerman et al.
2003), and the SPY survey which took VLT UVES spectra
of > 500 nearby white dwarfs to search for radial velocity
variations from double white dwarfs (SN Ia progenitors);
these data are also sensitive to atmospheric Ca (Koester et
al. 2005). The more accurate data were chosen in the case of
duplication. These stars are randomly chosen based on being
nearby and bright, and not biased in terms of the presence
or absence of metals.

The non-DA sample is a small, but uniformly-sampled,
set of DB stars searched for metal lines with Keck HIRES
(see Table 1 of Zuckerman et al. 2010). Stars in this sample
are predominantly young, with 50 − 500 Myr cooling ages,
but are otherwise unbiased with respect to the likelihood to
detect metal lines. Although additional accretion rate mea-
surements exist in the literature for DB stars, these would
only be suitable for inclusion in this study if the sample was
unbiased with regard to the presence of a disc, and if non-
detections were reported with upper limits on the accretion
rates.

2.4 Distribution of inferred accretion rates

The left panels of Fig. 2 show the inferred accretion rate data
for the two samples, plotted both against age (Fig. 2a) and

against sinking time (Fig. 2c). The sense of the detection
bias is evident from the lower envelope of the detections in
Fig. 2a; e.g., there are far fewer detections in the younger
age bins due to the higher temperature of these stars which
makes Ca lines harder to detect for a given sensitivity in
equivalent width (see Fig. 1 of Koester & Wilken 2006).

The right panels use the information in the left pan-
els to determine the distribution of inferred accretion rates
f(> Ṁobs) for different sub-samples as outlined in the cap-
tions. For example, Fig. 2b keeps the split between DA and
non-DA and further sub-divides these samples according to
stellar age, using age bins of 100-500 Myr (here-on the young
bin) and 500-5000 Myr (here-on the old bin). Fig. 2d com-
bines the DA and non-DA samples, but then makes sub-
samples according to sinking time bins of 0.01-100 yr (here-
on the short bin), 100 yr-0.1 Myr (here-on the medium bin)
and 0.1-1 Myr (here-on the long bin), though overlap be-
tween the DA and non-DA samples is confined to a small
fraction (4.4%) of non-DAs in the medium bin.

Identifying the most accurate way to determine the un-
derlying distribution of f(> Ṁobs) for the different sub-
samples (i.e., that which would be measured with infinite
sensitivity and sample size) is complicated by the fact that
the observations only result in upper limits for many stars,
and the sample size is finite, a problem encountered many
times in astrophysics though without a definitive solution
(e.g., Feigelson & Nelson 1985; Mohanty et al. 2013). Two
bounds on the underlying distribution can be obtained by
considering that the most pessimistic assumption for the
stars that have upper limits is that they are not accreting
(i.e., that with infinitely deep observations Ṁobs = 0), while
the most optimistic assumption is that those stars are ac-
creting at a level that is at the upper limit inferred from the
observations. These bounds are plotted on Figs 2b and 2d for
the different sub-samples with dotted lines, and one might
expect the underlying distributions to fall between these two
bounds. However, while instructive, these bounds encounter
two problems. First, the optimistic limit requires the im-
probable occurrence of many detections at the 3σ limit. This
problem is particularly acute when a significant fraction of
the sample only has upper limits, such as the short sinking
time sub-sample on Fig. 2d, because not only is it statis-
tically unlikely that the observer recorded an upper limit
for each star when the true accretion level was as high as
assumed in the optimistic case, but also the small number
of actual detections already suggests that only a small frac-
tion of stars should have detections at such a high level.
In other words, the optimistic limit is unrealistically opti-
mistic. The second problem is that this does not account for
small number statistics, which affects in particular the dis-
tribution at high accretion rates, where the optimistic and
pessimistic lines converge, but where the rates have been
estimated from very few detections.

Here we adopt an alternative method for estimating
f(> Ṁobs) that circumvents these two problems. The idea
is that if we want to know the fraction of stars in a sub-
sample of size Ns that have accretion levels above say
Ṁobs = 107 g s−1, then we should only consider the sub-
set of Nss stars within that sub-sample for which accretion
could have been detected at that level. The fraction of stars
with accretion above that level is then the number of detec-
tions in that subset Nssdet (noting that this may be lower

c⃝ 0000 RAS, MNRAS 000, 000–000

Wyatt, 2014



Mechanism of external pollution
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Kilic & Redfield, 2007

Fig. 2. A model of the white dwarf in SDSS 1228+1040. The optical SDSS spectrum of

SDSS 1228+1040 is plotted in black. In addition to the Ca II emission lines seen in Fig. 1,

also Fe II 517 nm (and 502 nm, not visible at the plotted scale) is detected. The signal-to-

noise ratio of the iron lines is too low to assess the shape of their profiles. The insets display

blow-ups of the Hβ 486 nm, Hγ 434 nm, and Hδ 410 nm Balmer lines and the Mg II 448 nm

absorption line. The observed spectrum has been modelled with synthetic white dwarf spectra

(25), resulting in an effective temperature of TWD = 22 020 ± 120K, a surface gravity of

log g = 8.24±0.04, an abundance of Mg II of 0.8±0.15with respect to solar abundances, and a

limit of v sin i ≤ 20 km/s on the rotation rate of the white dwarf. The best-fit white dwarf model

is plotted in gray. The ultraviolet fluxes detected by GALEX (http://galex.stsci.edu/GR2/) are

indicated as black error bars, the filter transmission curves of GALEX are shown by dashed

lines. The best-fit white dwarf model is consistent with the far-ultraviolet GALEX flux, but a

flux excess is observed in the near-ultraviolet. A host of Fe II transitions lies within the near-

ultraviolet bandpass (6), and could be in emission in SDSS 1228+1040, explaining the observed

flux excess.

8

SDSS 1228+1040 spectrum  (Gänsicke et al. 2006)

Fig. 3. A dynamical debris disk model. Wemodelled the observed Ca II emission line profiles

(points) by assuming that the orbits in the disk took the form of a series of co-aligned elliptical

orbits of constant eccentricity (see SOM Sect. 1). We find an outer radius of 1.2 solar radii for

an edge-on disk and an ellipticity of 0.021. The measured outer radius of the disk is relatively

invulnerable to the detailed assumptions of the model as it is primarily fixed by the velocities of

the emission line peaks. The value given has to be interpreted as an upper limit since the radius

scales as sin2 i for disks inclined by angle i to the line of sight. The deep central dips of the

profiles imply optically thick emission (4) and suggest that the orbital inclination must be quite

high, > 70◦, and therefore the 1.2 solar radii upper limit should be close to the true value.

9



7

evolving giant. A challenge for this model is placing the planetesimals
in close concentric orbits so near the star without being totally dis-
rupted. Current models suggest that planetesimals can be scattered
inwards on highly eccentric orbits, tidally disrupted into elliptical dust
disks, and circularized by Poynting–Robertson drag27. However,
bodies that could release enough dust to cause the transits of WD
11451017 that we have detected are too large to be circularized in this
way. Recent theoretical work28 on smaller bodies has shown that out-
gassing material can quickly circularize orbits, but it is unclear how this
process scales to the massive bodies inferred here.

Our interpretation of this system is still uncertain. In particular, it is
difficult to explain the phase shifts observed between the transits
detected by ground-based photometry and those detected by K2; fur-
ther ground-based observations are necessary to understand this
effect. Another possible model is that small rings27 or debris clouds
of disrupted planetary material in a disk occasionally cross in front of
the star and block its light. Although this could explain the large phase
shifts that we see between the FLWO and MEarth transits, it is difficult
to explain the highly stable periods (DP/P , 1024) seen in the K2 data

without massive orbiting bodies (Supplementary Fig. 8). Fortunately,
the large transit depths make follow-up observations that could dis-
tinguish among these scenarios feasible both from the ground and
from space. It might be possible to detect periodic infrared emission29

from the orbiting planetesimals with the James Webb Space Telescope.
Additional follow-up observations such as transit spectroscopy could
constrain both scenarios by detecting the presence of molecules in the
dust tails or the wavelength dependence of the dust scattering30.

The evidence presented here—in particular, for the heavy-element
pollution of the white dwarf WD 11451017, for a warm dusty debris
disk around this star, and for transits of disintegrating planetesimals—
is consistent with a scenario, suggested over the past decade, in which
the orbits of rocky bodies are occasionally perturbed and pass close
enough to white dwarfs to become tidally disrupted, leading to the
infall of debris onto the star’s surface. Observations have shown that
this scenario could be quite common among white dwarfs, with
between 25% and 50% of white dwarfs showing evidence of heavy-
element pollution. Our observations indicate that disintegrating
planetesimals may be common as well (Supplementary Fig. 9). The
transits of WD 11451017 provide evidence of rocky, disintegrating
bodies around a white dwarf, and support the planetesimal accretion
model for the pollution of white dwarfs.

Received 11 June; accepted 26 August 2015.
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Figure 2 | Evolution of the K2 transit light curve over 80 days of
observations. We show the K2 light curve broken into segments eight days in
length and folded on the most notable, 4.5-h period. The individual data points
(sampled with a 30-min integration time) are shown as dots, with different
colours representing different time segments. The averaged light curve for each
bin is shown as a solid black line. Each segment is vertically offset for clarity. We
show the typical measurement uncertainty (standard deviation) with a red
error bar on one data point in the upper left.
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Figure 3 | Transit light curves measured from two ground-based facilities.
a, Two events observed at FLWO with a separation equal to the 4.5-h period
labelled A in Fig. 1, detected by K2. The first event is blue, and the second is
orange. b, Two events observed by MEarth–South separated by the 4.5-h
A-period. The first event is blue, and the second is green. The typical MEarth–
South measurement uncertainty (standard deviation) is shown as a red
error bar on one data point. The FLWO error bars are smaller than the size
of the symbols.
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✤ Planetesimal transits around WD1145+017 
(Vanderburg et al. 2015).
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Proposed Mechanisms for 
planetesimals accretion

Unstable Planetary Systems
 (Debes & Sigurdsson, 2002)

Two/Three widely 
separated planets

(Veras & Mustill, 2013, 
Mustill, Veras & Villaver 2014)

Remnant Exo-Oort Cloud Comets
(Veras, Shannon & Gänsicke, 2014;

 Caiazzo & Heyl, 2017).
Wide Binary Companion

(Bonsor & Veras, 2015)

Asteroid belt and interaction with 
Planet 

(Bonsor, Mustill & Wyatt, 2011; Debes, Walsh 
& Stark, 2012; Frewen & Hansen, 2014)

CfA/Mark A. Garlik



Our method:
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To compare the properties (mass, 
kinematics, …) of the polluted white 
dwarf sample with respect to non-

polluted sample to find the mechanism(s) 
causing pollution.
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Polluted sample

Revisited literature for white dwarfs with calculated accretion 
rates and stellar parameters as distance, mass, cooling time, etc.

104 polluted white dwarfs with accretion

Stellar parameters found in Farihi et al. (2009), Holberg et al. 
(2016),  Girven  et  al.  (2011),  Koester  &  Willen  (2006), 
Zuckerman et al. (2010), Xu & Jura (2014) among others. 

NASA/ESA
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Non-Polluted sample

Gianninas et al. (2011), Girven et al. (2011), Hu et al. (2007), 
Kawka & Vennes (2012), Liebert et al.  (2005), Limoges & 
Bergeron  (2010),  Limoges  et  al.  (2013,  2015),  Bergeron 
(2011) and Holberg et al. (2016).

Spectroscopic  identification  from  different  surveys  and 
catalogs:  SDSS,  PG  Survey,  SUPERBLINK  survey,  Villanova 
WD Catalog, etc.

The comparison sample was  randomly selected from  the 
non-polluted sample of 4540 objects.



Spatial distribution
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Red: accretion sample Blue: comparison sample *: Polluted WD IR excesses

Selected sample in Galactic Coordinates 
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Mass distribution up to 25 pc from the Sun

Polluted sample
Mean Mass: 0.64
Median Mass: 0.62

Non-polluted sample
Mean Mass: 0.65
Median Mass: 0.61

M�
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Mass distribution up to 200 pc from the Sun

Polluted sample
Mean Mass: 0.66
Median Mass: 0.65

Non-polluted sample
Mean Mass: 0.64
Median Mass: 0.59

M�

M�
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M�



of interest. Prior to this work, the low-mass end of the relationwas
completely devoid of any observations of individual white dwarfs
with direct mass measurements. The high-mass end continues
to be sparsely populated, the degree to which depends on the
maximum mass of a star that will form a white dwarf (the cur-
rent highest mass point observed is atMinitial ¼ 6:5 M"; Ferrario
et al. 2005).

Weidemann (2000) calculates a semiempirical initial-finalmass
relation based on the available data at the time. At the low-mass
end, his relation is constrained by an anchor point at Minitial ¼
1 M", MBnal ¼ 0:55 M", which is in good agreement with the
mass of the core at the first thermal pulse. The general shape of
the relation and possible slope changes are discussed in detail.
Interestingly, at the low-mass end the data indicate that the rela-
tion flattens off as the initial-mass scale continues down to 0.8M",
similar to the core-radius relation shown in Figure 10. The NGC
6819 data point at Minitial ¼ 1:61 M", MBnal ¼ 0:54 M" is al-
ready within a few hundredths of a solar mass of the core mass
(#0.5M" depending on Z; see core mass relation in Fig. 10; see
also Pietrinferni et al. 2004). The final mass of the carbon-oxygen
core white dwarf in NGC 6791 is slightly lower than this, and
equal to the expected mass of white dwarfs in globular clusters
(MBnal ¼ 0:53 M"; Renzini & Fusi Pecci 1988; Renzini et al.
1996; Moehler et al. 2004) with present-day turnoffs of Minitial ¼
0:8 M". This flattening of the relation suggests an exponential-
like behavior at low masses. Unfortunately, such a parameter-
ization would not fit the high-mass end of the relation very well,
since those data also appear to show a flattening off. As noted
by Weidemann (2000) the higher mass stars may in fact form
white dwarfs that are structurally different, in that they have neon/
oxygen cores instead of carbon-oxygen cores. Reproducing the
relation for stars with masses greater than #4.5 M" can be ac-
complished with a log function; however, this would grossly mis-
match the masses of the white dwarfs at the low-mass end.

Lacking a satisfactory functional form of the type discussed
above over the entire mass range in Figure 10, we resort to a sim-
ple linear fit as performed in the synthesis given by Ferrario et al.
(2005). These authors took advantage of several recent studies
(see earlier references) that have now more than doubled the
amount of data as compared to the Weidemann (2000) study (all
for Minitial > 2:75 M"). However, unlike that study, we will use
no anchor point to fix the relation at the low-mass end, which is
otherwise needed to avoid a meaningless slope given the large
scatter at intermediate masses (Ferrario et al. introduced a point
at Minitial ¼ 1:1 M", MBnal ¼ 0:55 M"). We also follow the ap-
proach introduced by Williams (2007) and bin the relation so
that each star cluster is represented as a single point (including
Sirius B). This has a few advantages. First, our fit will not be
overinfluenced by the region of the relation with the most data
points. Second, the standard deviation in the distribution of masses
of white dwarfs within a given cluster is a random error on the
relation when comparing different clusters (Williams 2007). When
plotting individual data points, an error in the age of a cluster will
lead to a systematic offset of all points on the relation for that
cluster. Third, our results will be less sensitive to any possible
peculiar white dwarfs whose initial and final masses are measured
accurately. The obvious disadvantage of the binned approach is
that a given cluster is expected to have white dwarfs with a range
of initial and final masses, and therefore we are throwing away
this information.

The initial-final mass relation based on this binned method
is shown in Figure 12. We note that the 2 ! outlier at Minitial ¼
5:06 M" is Sirius B (Liebert et al. 2005b). The uncertainties in this
plot are the standard deviations in the mean initial and final mass.

The solid line represents our weighted linear least-squares best
fit,

MBnal ¼ (0:109$ 0:007)Minitial þ 0:394$ 0:025 M":

Although an ‘‘S’’-shaped relation with curvature would provide
a better fit at both the lower and upper ends, we note that the
reduced "2 per degree of freedom is "2 ¼ 1:2 in the linear fit,
and therefore the data are well fit by this simple relation. If we
also include a data point atMinitial ¼ 0:80$ 0:02 M" andMBnal ¼
0:53$ 0:02 M" to represent the best current globular cluster
constraints (Renzini et al. 1996; Moehler et al. 2004), the rela-
tion flattens slightly toMBnal ¼ (0:106$ 0:007)Minitial þ 0:409$
0:022 M". In this case, the "2 of the fit is 1.3.

9. DISCUSSION AND CONCLUSIONS

Amapping of the initial mass of a hydrogen-burning star to its
final remnant mass represents an extremely important relation in
astrophysics. Over 99% of all stars will end their lives as white
dwarfs and expel most of their mass into the interstellar medium.
The initial-final mass relation allows us to directly integrate this
mass loss in a stellar population assuming an initial mass function.
Among the many uses of parameterizing this relation is a robust
estimate for the ages of the Galactic disk and halo. For example,
the shape of the white dwarf mass function in the Galactic disk
is sharply peaked at#0.6M" (Liebert et al. 2005a; Kepler et al.
2007). The initial-final mass relation allows us to reconstruct the
distribution of masses of the progenitor hydrogen-burning stars
that formed this peak. This therefore provides an estimate of the
age of the Galactic disk, which has now been measured to be
#7Y9 Gyr (Winget et al. 1987; Wood 1992; Oswalt et al. 1996;
Leggett et al. 1998; Hansen et al. 2002). For a Salpeter initial
mass function, and an age of 8 Gyr for the Galactic disk, the shape
of the predicted white dwarf mass distribution based on our initial-
final mass relation is in excellent agreement with the observed

Fig. 12.—Initial-final mass relation, constructed by showing all of the stars
from each cluster as a single data point, as labeled. The best-fit linear least-squares
relation (solid curve) is indicated in the panel, and is found to provide an adequate
fit to the data (reduced "2 per degree of freedom is "2 ¼ 1:2). The dashed curve
shows the initial-final mass relation calculated by Hansen et al. (2007) to fit the
white dwarf cooling sequence of the globular cluster NGC 6397 (see x 9).

INITIAL-FINAL MASS RELATION 607No. 1, 2008
Initial-final mass relation 

(Kalirai et al. 2008)
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Polluted sample
Mean Mass: 0.66
Median Mass: 0.65

Non-polluted sample
Mean Mass: 0.65
Median Mass: 0.59

Mean initial mass: 2.43
Median initial mass: 2.39

Mean initial mass: 2.30
Median initial mass: 1.84

M�

M�

M�

M�

M�

M�

M�

M�

Progenitor mass of the WD samples 

M�

Koester et al. 2014 found a mean mass for progenitors of DA 
stars of ~2       which corresponds to A type stars in main 
sequence.
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Exo-cometary activity in A stars (Rebollido et al. in prep. )

Detection rates of debris disk for A stars:
✤ 33% at 70 µm (Su et al. 2006)
✤ 25% at 100 µm (Thureau et al. 2013)  

Is circumstellar material of white dwarfs a remnant of the 
main sequence phase? 

Connection to debris disks in the 
main sequence phase

+



We are still analyzing: <z>, accretion 
rates, kinematics, ISM conditions…to 

guide our theoretical efforts.

  Work in progress…

Thank you
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