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ABSTRACT

Context. Among the spectroscopically identified white dwarfs, a fraction smaller than 2% have spectra dominated by carbon lines,
mainly molecular C2, but also a smaller group dominated by C I and C II lines. These are together called DQ white dwarfs.
Aims. We want to derive atmospheric parameters Teff , log g, and carbon abundances for a large sample of these stars and discuss
implications for their spectral evolution.
Methods. Sloan Digital Sky Survey spectra and ugriz photometry were used, together with Gaia Data Release 2 parallaxes and G band
photometry. These were fitted to synthetic spectra and theoretical photometry derived from model atmospheres.
Results. We found that the DQ hotter than Teff ~10 000 K have masses ~0.4 M� larger than the classical DQ, which have masses typical
for the majority of white dwarfs (~0.6 M�). We found some evidence that the peculiar DQ below 10 000 K also have significantly larger
masses and may thus be the descendants of the hot and warm DQ above 10 000 K. A significant fraction of the hotter objects with
Teff > 14 500 K have atmospheres dominated by carbon.
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1. Introduction

White dwarfs of spectral type DQ are a subclass of hydrogen-
poor objects, meaning that hydrogen is not the dominant element
as in the vast majority of white dwarfs. Historically the first
objects known (henceforth simply called DQ) are characterized
by Swan bands of the C2 molecule in the optical region. Later
objects with strong C I resonance lines in the UV were added to
this class (Sion et al. 1983), even if they do not show any features
in the optical range. Systematic analyses of larger samples are
carried out in Dufour et al. (2005) and Koester & Knist (2006).
Contrary to the numerous metal-polluted hydrogen- and helium-
rich white dwarfs, where the metals are believed to be accreted
from the debris of disintegrating members of a former planetary
system, the carbon in the DQ (at least those DQ below 10 000 K)
is a result of dredge-up by an extending convection zone in the
upper helium layer (Koester et al. 1982; Pelletier et al. 1986).

With the discovery of thousands of new white dwarfs thanks
to the Sloan Digital Sky Survey (SDSS, York et al. 2000;
Abolfathi et al. 2018) a number of hotter objects with carbon
features were found (Liebert et al. 2003; Dufour et al. 2008).
The latter analysis surprisingly concluded that the group of hot
objects showing mostly C II in the range of effective tempera-
tures from 18 000 to 24 000 K was in fact dominated by carbon
in their atmospheres, with only occasional traces of hydrogen,
helium, or oxygen. Several members of this group show mag-
netic fields, light variations, and unusually high masses. In spite
of many suggestions, the evolutionary status of these objects is
not fully understood (Fortier & Dufour 2015).

Between the classical DQ and the new “hot DQ” (hDQ here)
class several objects with spectra dominated by C I lines in the
? Full Tables 1 and 2 are only available at the CDS via anonymous ftp

to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/qcat?J/A+A/628/A102

optical range are now termed “warm DQ” (wDQ here) (Dufour
et al. 2013; Fortier & Dufour 2015). These objects are believed
to be helium dominated, but with large carbon contributions of
log(N(C)/N(He)) (abbreviated as [C/He] henceforth) about −3
to −2.

Several authors have found that the carbon abundances, when
shown as a function of Teff , have a clear tendency from higher to
lower values with decreasing temperature, and that a separate
second sequence exist with higher abundances (see, e.g., Kepler
et al. 2016). The upper sequence was also suggested to have
higher masses, although the data were very limited.

The surface gravities and masses are very difficult to
determine spectroscopically and only a few were known until
recently. The situation was much improved when the Gaia Data
Release 2 (DR2) parallaxes for many of these objects were
published (Gaia Collaboration 2018). Atmospheric parameters
for a large sample of white dwarfs with Gaia parallaxes and
SDSS spectra, which also included many DQ white dwarfs, were
studied by Gentile Fusillo et al. (2019). The first application
of such a sample, which additionally obtained abundances,
was Coutu et al. (2018), who very clearly show two separate
sequences in the mass distribution as well as the abundance
versus Teff distribution. All objects up to the highest Teff of
~15 000 K in their results have helium-dominated atmospheres
with [C/He]<−1.5. The hottest object is SDSSJ1448+0519 (we
use this shorthand notation, the complete official SDSS name
can be found in Table 1, if necessary via the p-m-f designation
of the spectra), identified with the parameters Teff = 15 473 K,
log g= 8.94, [C/He] =−1.70. This object is also in our sample
(described in Sect. 2). We calculated a model with these param-
eters. The model (Fig. 1) shows strong He lines at 4472, 5877,
and 6679 Å (all these regions are not included in the figure in
Coutu et al. 2018), which are completely absent in the observed
spectrum. With our analysis we find instead that this object
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Table 1. Observed data for the DQ + carbon star sample.

SDSS J p-m-f π (msec) g G S/N Type

000011.66−085008.3 7167-56 604-0752 4.825 19.111 19.056 17.8 DQ
000705.02+282104.2 2824-54 452-0602 5.420 19.702 19.590 13.6 DQ
001523.91+030909.0 4298-55 511-0906 5.020 20.028 19.933 8.5 DQ
001908.63+184706.0 7592-56 947-0123 6.594 19.123 19.160 9.7 wDQ
002531.50−110800.9 0653-52 145-0086 9.255 17.999 17.949 20.5 DQ
003328.58+041834.6 4303-55 508-0562 7.497 18.720 18.648 26.2 DQ

.....

Notes. P-m-f is the Plate-Epoch (MJD)-Fiber identification of the SDSS spectra and S/N is the signal-to-noise ratio. The Gaia parallax is π and G
is the Gaia magnitude. The SDSS g magnitude is g. The complete table is available at the CDS.
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Fig. 1. SDSSJ1448+0519 (gray, continuous) compared with our mod-
els using the Coutu et al. (2018) parameters (Teff , log g,[C/He] = 15776,
8.851,−1.70, red dotted) and our own best fit (15966,8.943,0.300, blue
dashed). Full SDSS names are given in Table 1.

has a carbon-dominated atmosphere with an upper limit on the
helium abundance of [He/C] <−0.30. This raises the question of
the nature of the transition between hot and normal DQ, roughly
in the temperature range 10 000–18 000 K. Since the helium
lines become invisible below 12 000 K, or even higher in low
signal-to-noise ratio (S/N) spectra, this is a difficult question,
which is the major topic of this study. In addition we will present
some results for a fairly large sample of classical cool DQ and a
few hot DQ, which generally agree with previous findings.

2. Observations and choice of sample

The original sample in our study (572 stars) included all stars
classified as DQ from the 34 973 white dwarfs in Kleinman et al.
(2013); Kepler et al. (2015, 2016, 2019), even if the classification
was uncertain. Therefore the DQ represent at most 1.6% of the
classified white dwarfs from SDSS, and 9% of the objects not
dominated by hydrogen (non-DA).

From these we selected the spectra with highest S/N obtained
by SDSS up to DR14 for stars that have Gaia DR2 parallaxes,
necessary to estimate the Teff , log g, and mass. We further elim-
inated some wrong or uncertain identifications, and objects with
low S/N or very weak features. We did not aim at complete sam-
ples, but for a sample with accurate parameter determinations.
Most spectra have S/N > 10, but we included some with lower

values if the features were strong and easily recognized. Also
eliminated were objects with Gaia parallax uncertainties larger
than 25%. We were then left with 304 stars, all showing clear car-
bon features of Swan bands of the C2 molecules, or lines from
C I and/or C II. These stars are listed in Table 1, together with
some of the observed data.

When we started the analysis, 29 objects indicated very low
surface gravities, at the lowest gravities of our model grids, but
still without a reasonable fit. Visual inspection revealed very nar-
row bands and lines, in particular Hα. These objects are very
similar to those described in Whitehouse et al. (2018), and we
classify them as dwarf carbon stars (dC); they will not be dis-
cussed further in this study. Another 21 objects show Swan
bands, but of a peculiar, rounded shape and usually blue shifted.
This shift is not really understood yet, but the discussions cen-
ter on pressure shifts of the Swan bands in high density helium
(Hall & Maxwell 2008; Kowalski 2010). Since our models do
not include this effect, we cannot determine accurate parameters
for these peculiar DQ (DQpec), but will discuss their relevance
for the spectral evolution of the DQ in Sect. 6. This leaves 254
objects for the analysis. Figure 2 shows examples for all types
discussed here: DQ, warm DQ, hot DQ, peculiar DQ, and dwarf
carbon stars dC.

3. Theoretical models

We calculated theoretical atmosphere models using basically
the methods described in Koester (2010). However, the code
was completely rewritten, using the more modern FORTRAN95
language, which supports a much stronger modularization of
the programs. We updated the equation of state (EOS) to use
many more molecules, and include non-ideal effects for neutral
and charged interactions consistently in the EOS, and sec-
ondary quantities as adiabatic derivatives, heat capacity, and
the adiabatic gradient. The absorption coefficients include more
negative ions than in previous versions of the code, and many
photoionization cross sections.

For the current DQ models 12 molecular species of H and
C were included, with 300 C2 bands, 211 cross sections from
C I to C IV, and 713 spectral lines. We calculated two grids, the
cool one with 5000 K≤Teff ≤ 15 000 K, step 250 K, 7.0≤ log g≤
9.5 dex, step 0.25, −9.5≤ [C/He]≤−2.0, step 0.5, altogether
7216 models. The second, hot grid had 9000 K≤Teff ≤ 20 000 K,
step 250 K, and 20 000 K≤Teff ≤ 30 000 K, step 1000 K, 7.0≤
log g≤ 9.5 dex, step 0.25, −4.0≤ [C/He]≤+4.0, step 0.5, result-
ing in 10 285 models. The total model grids thus comprise
17 501 models.
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Fig. 2. Examples for the different carbon star types. From top to
bottom: (i) a hot DQ, hDQ (SDSSJ1104+2035), (ii) a warm DQ,
wDQ (SDSSJ1728+5558), (iii) a classical DQ (SDSSJ1356−0009),
(iv) a DQpec (SDSSJ2232−0744), and (v) a dwarf carbon star, dC
(SDSSJ1127−0212). We note the extremely sharp band heads and
Balmer lines.

From the synthetic spectra we calculated theoretical photom-
etry for the SDSS ugriz filters and the Gaia G filter by con-
volving with the filter bandpasses and applying appropriate zero-
points. We also converted these theoretical magnitudes to abso-
lute magnitudes by using the Montreal mass-radius-relation1,

1 http://www.astro.umontreal.ca/~bergeron/
CoolingModels

except for log g> 9.00 where we used the zero-temperature rela-
tion for carbon from Hamada & Salpeter (1961). Since all objects
in our sample have Gaia parallaxes, we can transform the dis-
tance into a distance modulus m − M = 5 log(distance pc−1) − 5.
The advantage is that the distance is expressed on a magnitude
scale and can be used in the fitting in the same way as the other
six magnitudes (ugrizG).

4. Analysis of photometric and spectroscopic data

The new parallaxes provide a very strong constraint on the
radius, or in our fitting method on the distance modulus m − M.
With observed magnitude m and M from our theoretical grid,
this is an equally strong constraint of the surface gravity log g.
As this depends only on the average level of the observed pho-
tometry and not on the shape of the energy distribution, this is
a much more robust determination than the usual spectroscopic
method using spectral line profiles.

Our tests indicated that the most successful procedure is an
iteration between spectroscopic and photometric fitting. For the
cool and warm DQ (Teff < 18 000 K) we used the photometry
with fixed [C/He] to obtain Teff and log g; the spectroscopic fit-
ting is used with fixed Teff and log g and determines a new value
for [C/He]. The iteration stops when the latter value does not
change within the uncertainty. As a final consistency check we
carried out a last spectroscopy fitting with log g and [C/He] fixed,
but Teff freely variable. If this spectroscopic Teff agreed with the
photometric one, the procedure was stopped.

For the hot DQ (hDQ) we used the photometry only for
log g and spectroscopy for Teff and [C/He]. This worked bet-
ter in the hotter temperature range, since the dependence of the
photometry on temperature gets smaller in the optical Raleigh-
Jeans range. The absence of He lines in the hot DQ indicates
a [C/He] > 1. Since the spectra do not change significantly with
even higher ratios, we use a fixed [C/He] = 2 to obtain Teff from
spectroscopy and log g from photometry.

When using photometry for more distant objects, the inter-
stellar reddening is always a concern. Fortunately for our objects
the maximum reddening through the galactic disk, obtained
from the SDSS database, is always small, mostly in the range
0.04≤E(B–V)≤ 0.05, because the SDSS observations are by
design mostly in a direction perpendicular to the plane of the
Galaxy. We have taken a fraction of this value depending on
the estimated distance, calculated as in Gentile Fusillo et al.
(2019).

5. Results

The objects showing Swan bands were fitted with the low
temperature grid, the others with the hot grid.

5.1. Classical DQ

Table 2 presents the results for the atmospheric parameters of
the 221 DQ white dwarfs in the final sample. The range of
temperatures and abundances agrees with previous studies of
large samples like Dufour et al. (2005) and Koester & Knist
(2006). With the exception of a figure in Coutu et al. (2018),
however, this is the first time that large numbers of surface
gravities (or masses) are presented for these objects. There is
one cool DQ identified in Coutu et al. (2018), which is also in
our sample: SDSSJ1355+3636, with Teff = 8040 K, log g= 7.91,
[C/He] =−5.04. While the atmospheric parameters agree quite
well with our solution in Table 2, the [C/He] ratio we obtain is
~0.7 dex higher.
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Table 2. Fit results for the classical DQ with Swan bands.

SDSS J p-m-f Teff(K) log g (cgs) [C/He] M/M�
0000−0850 7167-56604-0752 7944 (117) 7.453 (0.164) −5.172 (1.369) 0.311 (0.060)
0007+2821 2824-54452-0602 7529 (92) 7.931 (0.142) −5.427 (0.584) 0.536 (0.082)
0015+0309 4298-55511-0906 7256 (132) 8.004 (0.181) −5.678 (2.117) 0.578 (0.109)
0025−1108 0653-52145-0086 8402 (82) 7.866 (0.041) −4.754 (0.291) 0.502 (0.023)
0033+0418 4303-55508-0562 7700 (108) 7.847 (0.073) −5.792 (0.601) 0.489 (0.040)

.....

Notes. The numbers in parentheses for Teff , log g, [C/He], and M/M� are the internal uncertainties. The complete table is available at the CDS.

Table 3. Comparison of average surface gravities for different types of helium-rich, cool white dwarfs.

DQ DZ DB/DC
Teff 〈log g〉 slg N 〈log g〉 slg N 〈log g〉 slg N

15 000–12 000 0 8.132 0.168 4 8.016 0.204 15
12 000–11 000 0 8.015 0.113 13 8.007 0.186 39
11 000–10 000 0 8.038 0.116 20 7.979 0.190 129

10 000–9000 7.938 0.084 9 8.026 0.106 30 8.027 0.169 153
9000-8000 7.921 0.124 85 8.049 0.127 44 8.040 0.179 128
8000–7000 7.941 0.208 81 8.022 0.126 17 8.085 0.183 234
7000–6000 7.961 0.210 38 7.915 0.151 26 8.039 0.185 249
6000–5000 7.886 0.326 8 7.717 0.153 12 0

Total: 7.935 0.184 221 7.995 0.158 166 8.039 0.185 947

Notes. Numbers 〈log g〉 are averages in the Teff interval, and slg is the 1σ width of the distribution, not the uncertainties of the average.

The gravities of the cool DQ are comparable to those of
other cool, helium-dominated objects, as is demonstrated in
Table 3. The cool white dwarfs with traces of metals (DZ), the
hotter ones dominated by helium lines (DB), and those show-
ing no features at all (DC) were drawn from the samples in
Kleinman et al. (2013), and Kepler et al. (2015, 2016, 2019),
but the parameters were redetermined for this study. A signif-
icant fraction of DB white dwarfs is known to contain traces
of hydrogen (spectral type DBA), and Bergeron et al. (2019)
have argued that using pure helium atmospheres for cool DC
can lead to artificially higher masses. We have used differ-
ent grids with [H/He] between −3.0 and −6.0 for the fitting.
The results in the table were obtained with −4.0, which we
have preferred because the resulting average masses are almost
constant from 15 000 K down to 6000 K. The DZ were fitted
with [H/He] =−4.5, but in this case the effect of the hydro-
gen is not important, since the free electrons come from the
metals.

The average surface gravities between the three types of
helium-rich objects are slightly different, with the DQ having
the smallest values and DZ and DC about 0.06 and 0.10 dex
larger, respectively. Considering the extreme physical condi-
tions in cool, helium-rich atmospheres, the uncertainties on the
amount of hydrogen present, and the uncertain reddening, we
will not speculate on possible reasons for this difference but refer
further discussion to future work.

5.2. Warm DQ (wDQ)

These objects are characterized by C I lines and occasionally at
the cool end with weak C2 bands. Unfortunately there appear
to be severe problems with the atomic data of these lines. Our
main source was the Vienna Atomic Line Database (VALD,

Kupka et al. 1999, 2000; Piskunov et al. 1995)2. Spectral fits
with theoretical models agree reasonably in the red part of the
spectrum, λ> 4600 Å. In the blue part, however, many lines are
predicted to be much stronger than they appear in the observed
spectrum. In the National Institute for Standards and Technol-
ogy (NIST, Kramida et al. 2018) database3 are only two lines
in this range with log g f values published, none with class A
quality. The sources are Haris & Kramida (2017) and Luo &
Pradhan (1989). In a literature search we found only very lit-
tle data, but some indication that the VALD data could be quite
wrong. Victor & Escalante (1988) give log g f values of −2.143
for the 4270.221 Å line, whereas the VALD value is −1.637, and
NIST has −1.5. For the 4892.019 Å line the same source has
−3.602, compared to −1.541 in VALD. We have replaced those
and a few other lines from the same source, and arbitrarily scaled
the values for several strong lines in the blue region to be com-
patible with the fit to the red part. This can be considered as an
empirical g f determination; the argument for this procedure is to
make the theoretical photometry more reliable. For the spectral
fitting we used only the red part of the spectrum between 4600
and 8000 Å.

As we determine Teff and log g through the photometry, the
results do not depend much on the [C/He] ratio. On the other
hand, if we keep Teff and log g fixed when analyzing the spectra,
the only remaining variable is the abundance ratio. The carbon
is diluted in the helium, weakening the lines and leading to the
abundance determination. As long as [C/He]≤−1.0, this works
well. However, at higher ratios the influence of helium weak-
ens and the errors get much larger, up to 0.73 dex. In two cases

2 http://vald.astro.univie.ac.at/~vald3/php/vald.php
3 https://www.nist.gov/pml/atomic-spectra-database
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Fig. 3. Analysis results for the complete DQ sample. Top panel: log g
as a function of Teff for DQ (black crosses), wDQ (red xses), and hDQ
(blue squares). The large red circle is the average result for peculiar DQ
as explained in Sect. 6. Bottom panel: [C/He] abundance ratios, with the
same symbols as in the top panel, except for the two red asterisks, which
are warm DQ with individually determined lower limit on [C/He]. The
[C/He] for the hot DQ were held fixed and are typical lower limits.

(SDSSJ1448+0519, SDSSJ1728+5558) this led to best fit mod-
els, which predicted strong He lines, that are not observed. We
have determined individual lower limits of [C/He] and contin-
ued the iteration for Teff and log g with these limits fixed. These
objects are indicated with asterisks in Fig. 3

The results of this analysis are shown in Table 4 and
Fig. 3. Apart from SDSSJ1448+0519 shown in Fig. 1, there
is one other warm DQ in our sample also identified in Coutu
et al. (2018), SDSSJ1215+4700 with Teff = 12349 K, log g= 8.80,
[C/He] =−2.27. Our temperature is 1600 K higher, the other
parameters agree reasonably well.

Many of the wDQ show Balmer lines of hydrogen. We there-
fore calculated the grid with trace hydrogen of [H/He] =−4.5,
a typical value for DBs. Some objects, however, show much
stronger Hα than in the best fitting model, one of the strongest
being SDSSJ1622+3004. We determined the H abundance as
[H/He ] =−2.00 and verified that this did not change the model
spectrum except close to the Balmer lines. The fit results for the
wDQ are therefore not affected. In a subsequent paper we will

study the extent of the convection zones beyond the bottom of
the atmospheres (all models in our grids are convective down to
the bottom of the model) with envelope models. We will then
also determine accurate hydrogen abundances to determine the
total masses of H and He in the convection zone. This could help
to understand the origin and evolution of DQ stars.

5.3. Hot DQ (hDQ)

We have arbitrarily identified the objects with Teff >18 000 K as
hot DQ, since there is a continuous transition in the strength
of C II lines (e.g., 4621, 5146, 5891, 5893, 6153, 6463, 6579,
6584 Å) compared to C I lines. The complete absence of He lines
in all hDQ translates to lower limits of [C/He] = 1.0–2.0, depend-
ing on the S/N of the spectrum. Since the fit results do not change
with further increase of this ratio, we have used a fixed value of
[C/He] = 2.0 for the fit. The results of the analysis are collected
in Table 5.

6. Discussion and conclusions

Detailed results of the analysis are presented in Tables 2, 4,
and 5, but the main result is seen in Fig. 3. In the bottom
panel, showing the abundances as a function of temperature,
the classical DQ form a very well-defined dominant sequence
from 9000 K, [C/He] =−4.5 down to 5000 K, [C/He] =−7.0.
This agrees with previous findings in the literature (e.g., Pelletier
et al. 1986; Dufour et al. 2005; Koester & Knist 2006). A number
of objects are located in a range about 1.0–1.5 dex in abundance
above this sequence, and there may be another sequence at the
upper limit of this range, although the evidence is not too strong.
Going to higher Teff , the upper sequence continues with the
warm DQ up to 17 000 K, [C/He] around 0.0. This is surprising
since the warm DQ have been considered as helium dominated,
like the classical DQ (e.g., Coutu et al. 2018). Amongst the
hottest group is SDSSJ1448+0519 mentioned in the Introduc-
tion and shown in Fig. 1, which clearly cannot have as much
helium as found in Coutu et al. (2018). This group seems to
be a transition to the hot DQ, which are clearly carbon domi-
nated, although the helium content cannot be determined from
the available spectra; the squares in the figure are approximate
lower limits for carbon.

Taking this bottom panel at face value, this would argue for a
continuous transition of very carbon-rich spectra to ever lower C
abundances with decreasing temperature. It is tempting to iden-
tify this with some convection zones changing in depth with
changes of Teff but there are contradictions to our current under-
standing of He layer convection, which shows a maximum depth
around 10 000 K (Fontaine & Brassard 2005).

Even more puzzling is the top panel of Fig. 3. While the cool
DQ seem to have normal surface gravities around 8.0 and thus
normal masses, this is clearly not true for warm and hot DQ. The
current assumption was that the warm DQ have about the same
masses as the cool ones, but we find instead a sequence increas-
ing from log g ≥ 8.5–9.1 with Teff from 10 000 to 18 000 K,
whereas the hot DQ have only log g ~8.5–8.7. The high log g val-
ues for the range 13 000–17 000 K are the most puzzling result of
our study. Considering the problems with the atomic data for C I
discussed above, one might question the validity of our analy-
sis. As a test we have used the spectra also for the temperature
determination and the photometry only for the surface gravity,
as in the hot DQ. There are small differences in the parame-
ters obtained, but the general picture with the high log g around
15 000 K remains.
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Table 4. Fit results for the warm DQ (wDQ).

SDSS J p-m-f Teff(K) log g (cgs) [C/He] M/M�
0019+1847 7592-56947-0123 10 280 (134) 8.546 (0.075) −2.840 (0.025) 0.932 (0.046)
0236+2503 2399-53764-0059 14 611 (308) 8.777 (0.086) −1.823 (0.057) 1.067 (0.047)
0807+1949 4481-55630-0323 14 593 (265) 8.847 (0.071) 1.044 (0.119) 1.105 (0.038)
0856+4513 7327-56715-0052 9353 (203) 8.509 (0.159) −3.025 (0.360) 0.909 (0.099)
0859+3257 1272-52989-0309 9798 (59) 8.516 (0.011) −2.958 (0.002) 0.914 (0.007)
0919+0236 3822-55544-0966 12 447 (200) 8.829 (0.069) −1.977 (0.044) 1.095 (0.038)
0936+0607 4871-55928-0024 12 166 (292) 8.816 (0.088) −2.210 (0.046) 1.088 (0.048)
0958+5853 5719-56014-0114 15 444 (420) 8.951 (0.054) −0.500 (0.055) 1.161 (0.029)
1049+1659 5352-56269-0732 13 590 (305) 8.995 (0.091) −0.757 (0.203) 1.186 (0.044)
1058+2846 2870-54534-0429 9742 (147) 8.574 (0.074) −3.025 (0.451) 0.949 (0.044)
1100+1758 2485-54176-0119 12 631 (244) 8.756 (0.080) −1.913 (0.064) 1.055 (0.045)
1140+0735 5377-55957-0240 11 407 (180) 8.738 (0.000) −2.175 (0.038) 1.044 (0.040)
1140+1824 5891-56034-0946 9931 (87) 8.431 (0.027) −3.000 (0.014) 0.860 (0.017)
1148−0126 0329-52056-0578 9847 (86) 8.503 (0.019) −3.032 (0.010) 0.906 (0.012)
1203+6450 6975-56720-0446 12 977 (133) 8.786 (0.016) −1.909 (0.023) 1.071 (0.009)
1215+4700 6640-56385-0532 13 940 (302) 8.957 (0.056) −2.014 (0.044) 1.165 (0.027)
1331+3727 3984-55333-0118 16 741 (334) 9.028 (0.030) 0.408 (0.152) 1.165 (0.054)
1332+2355 5995-56093-0918 15 131 (356) 8.779 (0.099) −0.750 (0.218) 1.068 (0.054)
1339+5036 6744-56399-0664 11 680 (192) 8.621 (0.063) −2.200 (0.053) 0.978 (0.037)
1341+0346 4786-55651-0184 13 978 (422) 8.834 (0.177) −2.151 (0.049) 1.098 (0.096)
1434+2258 6016-56073-0466 15 750 (405) 8.828 (0.084) 0.725 (0.727) 1.094 (0.046)
1435+5318 1327-52781-0413 15 658 (355) 8.900 (0.063) −0.747 (0.273) 1.133 (0.034)
1448+0519 4858-55686-0082 15 966 (388) 8.943 (0.039) 0.300 (0.105) 1.157 (0.022)
1622+1849 4060-55359-0346 16 693 (479) 9.129 (0.073) −0.079 (0.164) 1.157 (0.012)
1622+3004 4953-55749-0483 16 131 (267) 8.934 (0.022) −0.105 (0.063) 1.152 (0.012)
1728+5558 0358-51818-0296 14 772 (193) 8.869 (0.015) 0.300 (0.239) 1.117 (0.008)

Notes. The second number in the columns for Teff , log g, [C/He], and M/M� are the internal uncertainties.

Table 5. Fit results for the hot DQ (hDQ) with Teff > 18 000 K.

SDSS J p-m-f Teff(K) log g (cgs) M/M�
0106+1513 5131-55835-0736 23 610 (107) 8.572 (0.125) 0.957 (0.073)
0818+0102 2077-53846-0575 24 483 (97) 8.326 (0.055) 0.807 (0.035)
1104+2035 6428-56279-0282 25 503 (60) 8.661 (0.036) 1.009 (0.020)
1200+2252 2643-54208-0469 21 880 (172) 8.505 (0.243) 0.915 (0.146)
1426+5752 6803-56402-0916 18 809 (161) 8.722 (0.120) 1.039 (0.066)
2200−0741 0717-52468-0462 23 097 (88) 8.694 (0.057) 1.026 (0.031)
2348−0942 7166-56602-0536 22 596 (119) 8.652 (0.160) 1.002 (0.091)

Notes. The second number in the columns for Teff , log g, and M/M� are the internal uncertainties. [C/He] = 2 was assumed for these fits (see text).

We note that the log g determination via photometry and
parallax is very robust: assuming that the correct temperature
for a 15 000 K determination were 13 000 K, that is, an error of
2000 K, the surface gravity would only go down from 9.0 to
8.83, still significantly higher than at higher and lower Teff . One
might argue that the mass-radius relation used – for He atmo-
sphere white dwarfs – is not appropriate, when [C/He] ~0.0.
However, at 15 000 K, log g= 9.0, the radius changes very little
between helium atmosphere (0.00571 R�), hydrogen atmosphere
(0.00573 R�), or even the zero-temperature Hamada–Salpeter
radius (0.00570 R� for carbon, Hamada & Salpeter (1961)).

The problems with the C I atomic data, some differences
between our results and Coutu et al. (2018), and the unexpected
surface gravities for the warm DQ indicate that improvements to
the model calculations may still be necessary. In spite of these
remaining uncertainties it is clear that there are two separate

groups of carbon white dwarfs. The classical DQ can be under-
stood as dredge-up of the helium convection zone from the
tail of the C/He transition layer (Koester et al. 1982; Pelletier
et al. 1986); the decrease of the carbon abundance with decreas-
ing temperature is a result of the depth of the convection zone
decreasing again below the maximum near 10 000 K, as pre-
dicted by model calculations (Fontaine & Brassard 2005). If
the high masses of warm and hot DQ (which together may
form the second group) are confirmed, they cannot be the pro-
genitors of the cool DQ. There are only two cool DQ with
log g> 8.50. This number seems too small because of the slow-
ing down of the evolution at low temperatures; a final conclu-
sion, however, would need a population synthesis taking into
account the accurate evolution, including crystallization and
Debye cooling, as well as the observational detection biases in
the SDSS.
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Because our models do not adequately describe the spectra
of the peculiar DQ, we cannot determine reliable temperatures
for them. The presence of strong Swan bands indicates a range
from 10 000–5000 K. We have therefore used a fixed temperature
of 7500 K, [C/He] =−5.00, and used the photometry to estimate
the surface gravities. If the real Teff is higher, the real log g will
be higher than our result, and vice versa for lower real Teff . This
indicates that the average result could be a reasonable indica-
tor of the typical gravities of the DQpec. This average for the
21 DQpec in the sample is 8.625, with a distribution width of
0.298. This value is shown as a large circle in Fig. 3, confirm-
ing the possible identification of the DQpec as descendants of
the hot and warm classes. The position close to the two cool
DQ with higher gravity suggests that the two objects may in fact
belong to the DQpec class.

The high gravity also supports the idea that the unusual shape
and shift of the molecular Swan bands is indeed due to the high
He densities in these massive white dwarfs (Kowalski 2010). We
do not yet know the C/He ratio for these stars, but a comparison
of band strengths with those in normal DQ indicates helium-
dominated atmospheres with slightly larger [C/He] values as in
the DQ.

Another open question is how the hot DBs with small traces
of carbon visible only in the ultraviolet (Fontaine & Brassard
2005; Koester et al. 2014a) are related to the two groups. Except
for one object in the latter study, accretion as the origin of the car-
bon is considered highly unlikely, either because no other metals
are observed, or because the inferred C/Si ratio in the accreted
matter is extremely large. This is quite different from what is
observed in accreting DAZ and DBZ in the same temperature
range (Koester et al. 2014b), leaving dredge-up of the carbon as
a plausible explanation. Since they do not share very high masses
with the hot DQ, they could be related to the classical cool DQ.

In a subsequent paper we will study the evolution of the con-
vection zones in mixed H/He/C envelopes and the total amount
of hydrogen and helium present in them. Hopefully that can shed
some light on the origin and evolution of these puzzling stars.
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