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ABSTRACT

Context. A large number of magnetic white dwarfs discovered in the SDSS have so far only been analyzed by visual comparison of
the observations with relatively simple models of the radiation transport in a magnetised stellar atmosphere.

Aims. We model the structure of the surface magnetic fields of the hydrogen-rich white dwarfs in the SDSS.

Methods. We calculated a grid of state-of-the-art theoretical optical spectra of hydrogen-rich magnetic white dwarfs (WDs) with
magnetic field strengths of between 1 MG and 1200 MG for different angles between the magnetic field vector and the line of sight,
and for effective temperatures between 7000 K and 50 000 K. We used a least squares minimization scheme with an evolutionary
algorithm to find the best-fit magnetic field geometry of the observed data. We used centered dipoles or dipoles that had been shifted
along the dipole axis to model the coadded SDSS fiber spectrum of each object.

Results. We analyzed the spectra of all known magnetic hydrogen-rich (DA) WDs from the SDSS (97 previously published, plus
44 newly discovered) and also investigated the statistical properties of the magnetic field geometries of this sample.

Conclusions. The total number of known magnetic white dwarfs has already been more than tripled by the SDSS and more objects are
expected after more systematic searches. The magnetic fields have strengths of between ~1 and 900 MG. Our results further support
the claims that Ap/Bp population is insufficient in generating the numbers and field strength distributions of the observed MWDs, and
that of either another source of progenitor types or binary evolution is needed. Clear indications of non-centered dipoles exist in about

~50%, of the objects which is consistent with the magnetic field distribution observed in Ap/Bp stars.

Key words. stars: white dwarfs — stars: magnetic fields — stars: atmospheres

1. Introduction

White dwarfs with magnetic field strengths of between 10* and
10° G are understood to represent more than 10% of the to-
tal population of white dwarfs (Liebert et al. 2003). The Sloan
Digital Sky Survey (SDSS), the largest spectroscopic survey car-
ried out to date, has discovered thousands of new white dwarfs,
among them 102 with magnetic fields (MWDs) (Génsicke et al.
2002; Schmidt et al. 2003; Vanlandingham et al. 2005). After
the analysis of data release 3 (DR3), the number of known mag-
netic white dwarfs had increased from 65 (Wickramasinghe &
Ferrario 2000; Jordan 2001) to 167 (Kawka et al. 2007). The first
seven magnetic DAs (DAHs) uncovered from SDSS were visu-
ally identified in the area of the initial early data release (EDR
Ginsicke et al. 2002). Schmidt et al. (2003) added 46 objects in
the DR1, 38 of them DAH, plus three new magnetic helium rich
WDs (DBH), and five new MWDs with metallic and molecular
lines. Vanlandingham et al. (2005) reported on 49 additional new
MWDs from the DR2 and DR3, specifically 46 new DAH, two
new DQAs and one DQ with molecular bands.

Schmidt et al. (2003) and Vanlandingham et al. (2005) de-
termined the field strengths and the inclinations of the magnetic

* Appendix A and Table 3 are only available in electronic form at
http://www.aanda.org

dipoles by visually comparing the observed spectra with model
spectra. They used an extension of the modeling method of
Latter et al. (1987) accounted for the effect of the change of
magnetic field strength on line depths and the variation in the
field strength over the stellar surface for only the unpolarized
radiation flux, namely Stokes parameter /. Their analyzes with
this simplified method of radiation transport resulted in dipo-
lar field strengths for the SDSS MWDs of between 1.5 MG and
~1000 MG. Including the pre-SDSS, formerly known as MWDs,
their sample consisted of 111 MWDs, 97 being classified as
DAHSs.

In this work, we present the reanalysis of data of SDSS
DAHs detected by Génsicke et al. (2002), Schmidt et al. (2003),
and Vanlandingham et al. (2005), plus the analysis of data for
44 new detection from all SDSS data until DR7 (DR4 until DR7
were not scanned systematically for MWDs).

2. SDSS data

SDSS investigates five-band photometry of the northern Galactic
polar cap using the 2.5 m telescope at Apache Point, New
Mexico, with its special purpose instruments (Fukugita et al.
1996). Follow-up spectroscopy of many stars is also per-
formed with the twin dual-beam spectrographs (3900—-6200 and
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5800-9200 A, A/AA ~ 1800), in particular of blue objects such
as white dwarfs and hot subdwarfs (Harris et al. 2003; Kleinman
et al. 2004). Since the energy distribution of strongly magnetic
white dwarfs can differ from nonmagnetic ones, MWDs are
found not only in the SDSS color categories for white dwarfs or
blue horizontal-branch stars, but may also fall into the color cate-
gories for quasars (QSOs), “serendipitous blue objects”, and hot
subdwarfs. Based on their colors, objects are assigned to fibers
for follow-up spectroscopic investigations (for spectroscopic tar-
get selection, see Stoughton et al. 2002).

To identify magnetic white dwarfs from these samples, dif-
ferent techniques were used. For white dwarfs selected by color
cuts in the u-g versus g-r color—color diagram, Génsicke et al.
(2002) and Schmidt et al. (2003) used visual inspection. In
the work by Vanlandingham et al. (2005), visual identification
was complemented with the autofit process (Kleinman et al.
2004), which fits spectra and photometry of hydrogen and he-
lium white dwarfs to theoretical models. We note that white
dwarfs with magnetic fields above 3 MG are flagged because of
the poor y? fits in the autofit process and MWDs with weaker
magnetic fields might therefore be overlooked (Vanlandingham
et al. 2005).

In addition to the data from the former SDSS MWD pa-
pers (DR1-DR3), we analyzed new data of nineteen addi-
tional objects from the HYPERMUCHFUSS (HYPER velocity
or Massive Unseen Companions of Hot Faint Under-luminous
Stars Survey; see Tillich et al. 2009). This survey aims to de-
tect high velocity underluminous B stars and white dwarfs. The
candidates were chosen by the selection criterion (u—g) < 0.4 and
(g—r) <0.1, and spectral fits were performed to determine the ra-
dial velocity. Some objects showed formally very high negative
radial velocities (<—100km s™") but turned out toward be DAHs.
The reason for this is that the higher-order Balmer lines of mag-
netic white dwarfs are shifted systematically to the blue, even
for relatively small magnetic fields (<20 MG), because of the
quadratic Zeeman effect, which mimicks a high radial velocity.
Additionally, 34 DAHs were serendipitously found in the course
of a visual inspection of blue stellar objects from DR7. The to-
tal number of DAHs from SDSS is likely to increase yet further
once a systematic search of all DR7 spectra has been carried out.

The one-dimensional spectra used in this work were gener-
ated by SDSS’s spectroscopic pipeline spectro2d and down-
loaded from the Data Archive Server.

3. Analysis

Our model spectra are calculated with a radiative transfer code
for magnetized white dwarf atmospheres that, for a given tem-
perature and pressure structure of a model atmosphere (T,
log g) and a given magnetic field vector with respect to the line
of sight and the normal on the surface of the star, calculates both
theoretical flux and polarization spectra (see Jordan 1992; Jordan
& Schmidt 2003).

To increase efficiency, we pre-computed a three-dimensional
grid of Stokes 7 and V (V spectra were not used due to a lack of
polarization measurements) model spectra with effective temper-
ature 7000 K < T < 50000 K 14 steps, magnetic field strength
I MG < B < 1.2GG in 1200 steps, and 17 different directions
of y relative to the line of sight, as the independent variables
(9 entries, equally spaced in cos ). All spectra were calculated
for a surface gravity of log g = 8. Since no polarization informa-
tion is available from the SDSS, our analysis is limited to the
flux spectra (Stokes parameter /). Limb darkening is accounted
for by a simple linear scaling law (see Euchner et al. 2002).
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The magnetic field geometry of the DAHs was determined
with a modified version of the code developed by Euchner et al.
(2002). This code calculates the total flux (and circular polariza-
tion) spectra for an arbitrary magnetic field topology by adding
up appropriately weighted model spectra for a large number
of surface elements and then evaluating the goodness of fit.
Magnetic field geometries are accounted for by multipole ex-
pansions of the scalar magnetic potential. The individual multi-
pole components may be independently oriented with respect to
the rotation axis of the white dwarf and offset with respect to its
center, allowing in principle the modeling of rather complex sur-
face field topologies. Additional free parameters are the white
dwarf effective temperature and the inclination of the rotation
axis with respect to the line of sight. Observed spectra can be
fitted using an evolutionary algorithm (Rechenberg 1994) with a
least squares quality function.

In addition to the Zeeman effect, Stark broadening must be
considered. When the electric and magnetic fields are parallel,
Friedrich et al. (1994) estimated the effect on stationary line
components, which are transitions that vary slowly in wave-
length for large intervals of magnetic field strengths. Stationary
lines are more pronounced than non-stationary lines, since they
are not smeared out extensively by the variation in the magnetic
field strength over the stellar surface.

However, no atomic data for hydrogen in the presence of
both a magnetic and electric field are available for arbitrary
strengths and arbitrary angles between two fields. Therefore,
only a crude approximation (see Jordan 1992) is used in our
model and systematic uncertainties are unavoidable, particularly
in the low-field regime (<5 MG), where the Stark effect domi-
nates. Consequently, effective temperatures and surface gravities
derived by fitting the Balmer lines alone are less reliable than in
the case of non-magnetic white dwarfs. This may also produce
disagreements with temperature estimates derived from the con-
tinuum slope.

Time-resolved analysis for rotating single magnetic white
dwarfs was instrumental in determining rather complex field
structures (e.g., VLT observations by Euchner et al. 2002, 2005,
2006). However, this usually relies on the preliminary knowl-
edge of period, which is usually derived separately by photom-
etry. Although the individual SDSS fiber spectra exists with
15 min exposure time, because of a lack of information about
spin period, we constrained ourselves to the coadded spectra,
which includes 3 or more individual spectra with total exposure
times of at least 45 min. With the possible exception of a few
bright objects, the signal-to-noise ratio of the individual spectra
would not be sufficient to find indications of rotational changes.
Therefore, we had to restrict ourself to simple models for the
magnetic field geometry, namely centered magnetic dipoles with
only two free parameters or to dipoles offset along the magnetic
axis with three free parameters. These parameters are the mag-
netic dipole field strength B, and the inclination of the dipole
axis i for the centered dipole. For the offset dipole, there is an
additional offset parameter along the magnetic axis zog in terms
of the stellar radius. For the 97 DAHs analyzed, we used the lit-
erature values for T.g, which were determined by comparison to
the theoretical non-magnetic DA colors in the u-g vs. g-r plane
(Schmidt et al. 2003; Vanlandingham et al. 2005). The tempera-
ture of the new DAHs presented in Table 1 were estimated with
synthetic SDSS color—color diagrams by Holberg & Bergeron
(2006)!, assuming that the influence of the magnetic field on the

' http://www.astro.umontreal.ca/~bergeron/
CoolingModels/
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Table 1. Photometric properties of the new confirmed DAHs and their temperatures.

' HE 0330-0002.

MWD (SDSS+) Plate-MJD-FiberID  u/mag g¢g/mag r/mag i/mag z/mag T/K
J023420.63+264801.7 2399-53764-559 18,70 1838 1859 18.76 19.03 13500
J031824.19+422651.0 2417-53766-568 18.59 18.23 1832 1843 18.67 10500
J032628.17+052136.3 2339-53729-515 18.69 1893 1930 19.60 19.61 25000
J033320.36+000720.6 0415-51879-485 17.07 1652 1639 1635 16.44 7000'?
J074924.91+171355.4 2729-54419-282 18.78 1878 19.13 1944 19.64 20000
J075234.96+172525.0 1920-53314-106 18.78 18.44 1844 1850 18.64 9000
J080359.93+122943.9 2265-53674-033 1724  17.23 1753 17.83 18.08 9000
J081716.39+200834.8 2082-53358-444 18.91 1834 18.15 18.12 18.23 7000
J083448.63+821059.1 2549-54523-135 18.07 18.32 1874 19.06 19.49 27000
J083945.56+200015.7 2277-53705-484 18.11 17.83 18.11 1836 18.66 150003
J085106.12+120157.8 2430-53815-229 1735 1696 17.14 17.30 17.56 11000
J085523.87+164059.0 2431-53818-522 18.78 1855 18.80 19.05 19.32 15500
J085550.67+824905.3 2549-54523-066 1840 18.60 1891 19.23 1946 25000
J091005.44+081512.2 1300-52973-639 17.38 1754 1796 1828 18.65 25000
J091833.32+205536.9 2288-53699-547 1873 1841 18.66 18.92 19.22 14000
J093409.90+392759.3 1215-52725-241 18.72 1835 1840 1850 18.55 10000
J094235.02+205208.3 2292-53713-019 18.41 1842 18.80 19.05 19.26 20000
J100657.51+303338.1 1953-53358-415 19.22 1883 1890 19.04 19.18 10000
J100759.80+162349.6 2585-54097-030 18.01 17.70  17.80 17.96 18.19 11000
J101428.09+365724.3 52993-1426-021 19.26  18.87 1897 19.09 1943 10500
J102220.69+272539.8 2350-53765-543 20.47  20.05 20.16 20.38 20.69 11000
J102239.06+194904.3 2374-53765-544 19.43 19.01 19.01 19.11 19.13 9000
J103532.53+212603.5 2376-53770-534 17.98 17.40 1723 17.19 17.21 70007
J105709.81+041130.3 0580-52368-274 18.09 17.67 1758 17.60 17.70 8000
J112030.34-115051.1 2874-54561-512 18.65 18.73 19.05 1934 19.75 20000
J112257.10+322327.8 1979-53431-512 19.60 19.37 1950 19.68 19.92 12500
J112328.49+095619.3 1222-52763-625 18.15 1770 17.74 17.87 18.02 9500
J113215.38+280934.3 2219-53816-329 17.50 1699 16.88 16.87 16.92  7000*
J124836.31+294231.2 2457-54180-112 18.44 17.80 17.59 1754 17.56  7000*
J125434.65+371000.1 1989-53772-41 16.01 1597 1635 16.64 16.95 10000
J125715.54+341439.3 2006-53476-332 17.14 16.78 16.81 16.92 17.11 8500
J134820.79+381017.2 2014-53460-236 1726  17.54 18.04 1833 18.70 35000
J140716.66+495613.7 1671-53446-453 19.03  19.13 1943 19.75 1997 20000
J141906.19+254356.5 2131-53819-317 17.80 1741 1746 17.53 17.69 9000
J143019.05+281100.8 2134-53876-423 18.03 17.68 17.68 17.74 17.92 9000
J151130.17+422023.0 1291-52738-615 1820 17.98 18.01 18.20 18.48 9500
J151415.65+074446.5 1817-53851-534 19.16 18.84 18.88 18.99 18.88 10000
J152401.60+185659.2 2794-54537-410 18.39 18.15 18.34 1854 18.8 13500
J153843.10+084238.2 1725-54266-297 1824 1790 1794 1822 18.20 9500
J154305.67+343223.6 1402-52872-145 18.08 1832 1875 19.10 19.46 25000
J165249.09+333444.9 1175-52791-095 19.11 18.63 18.63 18.65 18.92 9000
J202501.10+131025.6 2257-53612-167 18.91 18.76  19.07 19.28 19.74 17000
J220435.05+001242.9 0372-52173-626 19.66 1938 1947 19.54 19.71 22000
J225726.05+075541.7 2310-53710-420 17.09 17.11 17.31  17.44 17.65 40000
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2 The temperature from fits to the color—color diagram is uncertain.
3 WD 0837+199 (LB 393, EG 61).

The columns indicate the SDSS name of the object; the plate, Modified Julian Date, and fiber ids of the observations; the SDSS photometric
magnitudes u, g, r, i, z; and finally the temperatures derived from their colors.

temperature determination is small, which is not always the case
(see Schmidt et al. 1986; Ginsicke et al. 2001, and Sect. 4.2).

All fits have reduced y? values between 0.8 and 3.0 except
for some high-field objects that obviously deviate from the as-
sumed dipole geometry (see Sect.4). We use the error calcula-
tion method of Zhang et al. (1986), which assumes that a small
change in y? could be approximated by a linear expansion of
the covariance matrix; for complex y? topologies, this approxi-
mation is inaccurate, final error in the inclination is often very
large.

Final fit parameters with errors are noted in Table3. In
Figs. 1 and 2, we show fits of 12 DAHs, as an example. All of the

fits to our remaining spectra can be found in the online version
of this article (Figs. A.3—A.23 for the other DAHs).

4. Results
4.1. Individual objects

Three objects analyzed by Schmidt et al. (2003) and
Vanlandingham et al. (2005) were omitted in this work.
SDSSJ05959.56+433521.3 (G111-49) was listed by Schmidt
et al. (2003) as a DAH, but is a carbon-rich (DC) MWD (Putney
1995). SDSSJ084716.21+148420.4 is a DAH+DB binary, in
which the helium component in the spectrum is quite strong.
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This dilution of the hydrogen features prevented an accurate
analysis of this object by our code. Finally, we were unable to
model the SDSS spectrum of J220029.08-074121.5 due to the
lack of any discernible features.

Emission lines were found in SDSSJ102220.69+272539.8
and SDSSJ102239.06+194904.3 (the latter being shown in
Fig. 1) that are very similar to those of SDSSJ121209.31-
+013627.7 which could indicate that these objects are EF Eri
like, magnetic cataclysmic variables with a brown dwarf com-
panion (Schmidt et al. 2005; Debes et al. 2006; Burleigh et al.
2006; Farihi et al. 2008).

The spectra of the high-field objects SDSSJ224741.41-
+145638.8 and SDSSJ101805.04+01123.5 (PG 10154014,
shown in Fig. 1) cannot be reproduced particularly well. At
higher field strengths (>50MG), the spectra become very
sensitive to the details of the magnetic field geometry, as
was demonstrated by Euchner et al. (2002, 2005, 2006). The
deviations of the observed spectra from our theoretical spectra
assuming (offset) dipole models, therefore imply a magnetic
field geometry that is more complex than a shifted dipole. A
more comprehensive analysis of SDSSJ101805.04+01123.5
showed that individually tilted and off-centered zonal multipole
components with field strengths in the range 50-90 MG is
needed to represent the global magnetic field (Euchner et al.
2006), which was consistent with our analysis.

The colors of MWDs with high field strengths (>50 MG) are
known to differ from non-magnetic white dwarf colors because
the absorption in their spectral features as noted in Sect. 2. This
behavior also affects temperature determinations from color—
color diagrams. The analysis of SDSSJ224741.41+145638.8 by
Euchner et al. (2006) inferred an effective temperature of Teg =
10000 + 1000K, unlike T.xg = 12000K that is derived from
color—color diagrams. We used 10000K for our models, and
this value provided better results, especially on the basis of
line depths. When color—derived effective temperatures were
used, a similar discrepancy with the slopes and line depths was
also observed in SDSSJ224741.41+145638.8. The temperature
17000 K was used in modeling by Schmidt et al. (2003), but the
colors of SDSSJ224741.41+145638.8 are outside the Holberg &
Bergeron (20006) grid of log g — Teq in u-g — g-r plane. In our pro-
cedure, we accomplished the best result with 50000 K for this
object on the basis of slope and line depths. On the other hand,
some high-field objects in our sample such as SDSSJ135141.13-
+541947 (Fig. 1) were fitted well and this discrepancy between
the temperature derived by either colors or spectral fits was not
observed.

In some of the optimal fits, the line depths of the observed
and computed spectra strongly differ. These unsatisfactory fits
are caused by two different kind of problems: either of the o*
components was shallower than expected on the basis of their
sharp 7 counterparts in observed spectra, with respect to the
models; or both o* and 7 components of the lines were too
shallow.

Sharp line cores within shallow wings in the spectra was al-
ready noted for J123414.11+124829.6 by Vanlandingham et al.
(2005). It has been suggested that this might be caused by a de-
viation from centered dipole geometry, and our fits with offset
dipole models proved to be considerably better than the cen-
tered dipole models in reduced y2. For lower magnetic strengths
(<50MG), the smearing effect of offset dipole models affects
only the o* components of the lines. The reason is that in this
field regime o* components become more separated, while the &
components are only slightly blue-shifted with increasing field
strength. Therefore smeared-out wings with sharp-line cores can

B. Kiilebi et al.: Analysis of hydrogen-rich MWDs detected in the SDSS

be synthesized by adding spectra with a wider range of mag-
netic field strength values. Dipole models with offsets can gen-
erate such extended magnetic field distributions (see Sect.4.2).
Our fit to J123414.11+124829.6 was considerably tighter but we
did not reproduce the exact profile. Another possible explanation
of this spectrum is the contribution from a non-magnetic DA,
which would dilute the o* components causing an increased
contrast between the wings and line cores. Offset dipole models
improved our fits, although further analysis is needed to differ-
entiate between the effect of geometry and the possible contri-
bution from a non-magnetic DA.

The other case, J113756.50+574022.4 (see Fig. 1), has very
shallow features with discernible magnetic wings. Neither a
complicated geometry nor a change in effective temperature
can explain its lack of line depth. Nevertheless, the magnetic
field strength could be derived from the extent of the wings.
We propose that this object is an unresolved spectroscopic bi-
nary (e.g., with DA+DC components), since in these situations
hydrogen line strengths are known to be suppressed by the
other component (Bergeron et al. 1990; Liebert et al. 1993).
The other objects with shallow features that belong to this
category are: J084716.21+484220.4, J090632.66+080716.0,
J113215.38+280934.3, J103532.53+212603.5, J112328.49+
095619.3,J124806.38+410427.2,J141906.19+254356.5.

One additional interesting outcome of our work was the
results of modeling of J033320.36+000720.6, which was for-
merly identified in the Hamburg/ESO survey for bright quasars
as HE 03330-0002 (Reimers et al. 1998). Its magnetic properties
were confirmed by Schmidt et al. (2001) by circular polarime-
try; nevertheless, the modeling of the HE 03330-0002 was pre-
viously impossible, since the transitions in its spectrum were not
understood to be caused either hydrogen or because of helium
transitions. Although J033320.36+000720.6 was discovered in
the EDR, because of this lack of knowledge about its atmosphere
Ginsicke et al. (2002) did not attempt to model its data with a
pure hydrogen atmosphere.

However, we noted that some of the lines in the spectrum
of J033320.36+000720.6 possibly coincided with hydrogen sta-
tionary lines. Therefore we decided to model the spectrum with
a 7000 K DAH atmosphere. Our initial fits with a centered dipole
inferred a dipolar field strength of ~850 MG (see Fig. 2), which
reproduced the position but not the depths of the three transi-
tions. More careful modeling with an offset dipole showed that
the mean field strength over the visible surface is far more con-
centrated than for a regular dipole field geometry. Figure 4 shows
that the mean field strengths are predominantly in the interval
390-470 MG. When we consider the apparent peak value of this
distribution, we infer line positions for three lines in the spec-
trum that are commensurate with those of Ha transitions (see
Table 2).

The pure hydrogen atmosphere was unable to produce the
red part (1 < 5500 A) of the spectrum. There appear to be addi-
tional opacity contributions from different species of elements,
to both the continuum and the features.

4.2. Magnetic field geometry

We have modeled a large sample of DAHs with dipole magnetic
fields offset from the magnetic axis. However, the visualization
of these model parameters is not straightforward. The effect of
the dipole offset on the model spectrum depends on both inclina-
tion and the polar field strength. However, the polar field strength
is not representative of the global magnetic field on the visible
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Fig. 1. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted by z,¢
stellar radii along the dipole axis (right). Representative fits and objects mentioned throughout the article are chosen. The color version of this
figure (Fig. A.1) and the remaining 128 fits can be found in the online version of this paper.
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Table 2. The hydrogen transitions of SDSSJ033320.36+000720.6 and
their wavelengths at 446.5 MG.

Line nlm—n'l'm’ AA)
He  2s0-3po 6113.05
He  2s0-3p_; 7710.91
He 2p.-3d,  6647.76

surface if the offsets are large. The most direct way to investi-
gate a model geometry is to construct a diagram of the angle be-
tween the line-of-sight and the local magnetic field vector versus
the magnetic field strength plot i.e., equivalent to the ZEeman
BRoadening Analysis (ZEBRA) plots of (Donati et al. 1994). In
our case, since we did not have polarization data, we only con-
sidered the magnetic field strength distribution histograms for
simplicity.

In general, the effect of the offset dipole models is to either
extend or reduce the range of magnetic field strengths across, the
visible surface of the MWD, which is a fixed factor of two for
centered dipole models (see Fig. 3). For offset dipoles, the range
depends on both the values of B, and the inclination i. To quan-
tify the difference between the centered and off-centered dipole
models, we determined the average and the standard deviation o
of the distribution of the magnetic fields for the parameters of
our best-fit solution. The relative change in the standard devia-
tions Ccentered ANd Toffier IS given by oy = Follt—Cutied,

The value o = O indicates that the widths of the centered
and offset dipole models are the same, oy < O indicates that
more concentrated than a dipole field, and for o; > O the distri-
bution of field strengths is more extended.

To present the magnetic field geometry of our sample, we
plotted the histogram of o values for all known SDSS DAHSs,
except those discussed in Sect. 4.1 as possible binaries (Fig.5).
The average o for this sample was found to be 2.18. This im-
plies that even for SDSS spectra of quite low signal-to-noise ra-
tio, there is an overall tendency towards non-dipolarity for our
sample of white dwarfs.

4.3. General discussion

Overall, our results are consistent with previous analyzes of
DAHs (see Fig. 6), which shows that simple atmosphere models
with pre-assumed dipole magnetic values are good approxima-
tions for these objects. In all cases, offset dipole models resulted
in significantly tighter fits than models with centered dipoles.
We noted in Sect. 4.1 that for some DAHs with high fields, com-
pletely satisfactory fits cannot be achieved with offset dipole
models. This is indicative of a magnetic field geometry that is
more complex than a shifted dipole.

The dipole magnetic field Ohmic decay timescale is 10'* yr.
Even higher multipoles can live for such a long period of time
(Muslimov et al. 1995). Therefore, no significant correlation be-
tween temperature and magnetic field strength is expected if
temperature is assumed to be an indicator of age (Fig. 8). This
lack of correlation supports the fossil ancestry of these fields in-
herited from earlier stages of stellar evolution.

5. Conclusion

In this paper, we have analyzed 141 DAHs, 97 of which had been
previously analyzed and 44 of which were being new. Génsicke
et al. (2002) conservatively estimated that the total number of
MWDs would be tripled by the complete SDSS coverage. Before
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synthetic spectra shown on Fig. 1. Dotted lines represent the centered
dipole models, solid lines indicate dipole models with offsets.

the end of the systematic search of the latest data releases, this
expectation has already been surpassed. In addition, our consis-
tent modeling over the data releases show that within the SDSS
DAH population, there is a tendency to deviate from simple cen-
tered dipoles. There are clear indications of deviations from cen-
tered dipole models for at least 50% of the SDSS DAHs (see
Fig.5).

The distribution of the magnetic field strengths of the MWDs
in the Schmidt et al. (2003) sample is concentrated in the
~5-30 MG interval. We have revised the magnetic field strengths
of all known DAHs and created a histogram (Fig. 7). The values
were taken from Jordan (2009), which is an extended and cor-
rected version of Kawka et al. (2007). The same overabundance
in the range ~5-30 MG discussed in Schmidt et al. (2003) is ap-
parent in Fig. 7, but overall, SDSS has nearly tripled the number
of known DAHs and hence the completeness of the total MWD
population is significantly affected by SDSS biases because of
this high impact of SDSS.
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High field MWDs are understood to be the remnants of mag-
netic Ap and Bp stars. If flux conservation is assumed, the distri-
bution of the polar field strengths of high field MWDs should be
most significant in the interval 50-500 MG. In our sample, ob-
jects with magnetic field strengths lower than 50 MG are more
numerous than objects with higher magnetic field strengths (see
Fig. 7). Part of this effect is caused by our biases (see Sect. 2).
Nevertheless, it is consistent with previous results and supports
the hypothesis that fossil magnetic fields from Ap/Bp stars alone
are insufficient to produce high field MWDs (Wickramasinghe
& Ferrario 2005). Auriere et al. (2007) argued that dipole mag-
netic field strengths of magnetic Ap/Bp stars have a “magnetic
threshold” due to large-scale stability conditions, and this results
in a steep decrease in the number of magnetic Ap/Bp stars below
polar magnetic fields of 300 G.

A possible progenitor population of MWDs with dipolar
field strengths below 50 MG, is a currently unobserved popula-
tion of A and B stars with magnetic field strengths of 10-100G.
Wickramasinghe & Ferrario (2005) suggested that if ~40% of
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A/B stars have magnetism, this would be sufficient to explain
the observed distribution of MWDs. However, the existence of
this population seems to be highly unlikely, since the the investi-
gations of Shorlin et al. (2002) and Bagnulo et al. (2006) of mag-
netism in this population yielded null results, for median errors
of 15-50 G and 80 G, respectively. Another candidate progenitor
of these MWDs with lower field strengths is the yet undetected
magnetic F stars (Schmidt et al. 2003). However, this conclusion
is strongly affected by SDSS MWD discovery biases.

In our work, we have quantified the deviation from centered
dipoles in our sample. To test the fossil field hypothesis, one can
consider the statistical properties of the fields of Ap/Bp stars.
One such statistical analysis was completed by Bagnulo et al.
(2002). In their work, they used the mean longitudinal field, the
crossover, the mean quadratic field and the mean field modulus
to invert the magnetic field structure modeled by a dipole plus
quadrupole geometry (the modeling procedure is explained in
depth in Bagnulo et al. 1996; Landolfi et al. 1998). The aim of
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this analysis was to characterize the sample rather than find the
best-fit solution for each object. Using the aforementioned ob-
servables, they analyzed 31 objects and derived 147 “good fit”
models. These models corresponded to the minima of the y? hy-
persurfaces in their inversion procedure. Later model parameters
were weighted by these reduced y? values when assessing their
statistical properties.

Bagnulo et al. (2002) investigated the relative importance of
quadrupole and dipole in the magnetic field models by plotting
weighted histograms of By/Bg, where By is the amplitude of
dipole field strength (B, in this work), and By, is the amplitude of
the quadrupole field strength. The main differences between our
analysis and that of Bagnulo et al. (2002) was the usage of vi-
sual magnetic field distributions rather than the global magnetic
field inferred from the time-resolved observations. The relation-
ship between B4/ B, and to our relative variance parameter is not
straightforward, since the structure of the total field depends on
the angle between the dipole and quadrupole components. If we
consider Bq/Bq = 1 as the point where the quadrupole compo-
nent begins to dominate, 63% of the models can be considered
predominantly quadrupolar (see Fig. 3 of Bagnulo et al. 2002).
Hence, our conservative assessment that at least 50% of DAHs
have non-dipolar fields, seems to be consistent with this result.

However one needs to be careful in considering the corre-
spondence between the geometry between MWDs and their pro-
genitors since theoretical models expect the field on the surface
to evolve under certain conditions. Braithwaite & Spruit (2004)
investigated the stable configurations of magnetic fields in stars
with their magnetohydrodynamics code. Their work found that
initial random fields decay within a few Alfvén timescales
to a poloidal plus toroidal stable configuration. During the
star’s evolution, its toroidal field may diffuse outwards since
the Ohmic diffusion timescale is within the order of the lifes-
pan of an Ap/Bp star (Braithwaite & Nordlund 2006). On the
Ohmic timescale, the expected initial offset-dipole configura-
tion of the surface magnetic field evolves to a simple centered
dipole. Hence, Braithwaite & Nordlund (2006) hypothesized
that Ap stars with centered dipole fields are likely to be older
than Ap stars with non-dipolar geometries. It is important to
mention that the concentration of the field inside the star is also
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Fig. 8. Scatter plot of dipole magnetic field value vs temperature. While
black dots represent all known SDSS DAHs, grey dots indicate the
DAHs from literature that were not analyzed in this work. The random
distribution of field strengths with respect to age indicator temperature
is consistent with long decay timescale of DAHs with respect to their
cooling age.

an important parameter, which contributes to the structure of the
surface magnetic field. A highly concentrated field results in a
surface field structure with higher order multiples after the in-
ternal toroidal field formation. The relative importance of the
Ohmic diffusion (i.e., the age) and concentration of the initial
field on the surface magnetic field structure has yet to be fur-
ther investigated. Nevertheless, if the Ohmic diffusion timescale
affects the lifetime of an Ap star, then it would be more rele-
vant to compare the field configurations of an older population
of Ap stars with the magnetic field distribution of MWDs. This
kind of work has not yet been undertaken for Ap stars.

If we neglect the possibility that older Ap stars may behave
differently from the whole sample of this group and the field
structure of MWDs do not evolve as Muslimov et al. (1995) sug-
gested (see Sect.4.3), then the global analysis of Bagnulo et al.
(2002) imply that the distribution of field structures of chemi-
cally peculiar stars and DAHs are comparable, hence supporting
the fossil field hypothesis.

In addition to the isolated evolution scenario, a binary star
origin was proposed by Tout et al. (2008) for generating mag-
netic fields in WDs. In this picture, during the evolution to the
cataclysmic variables (CVs) the cores of giants experience a
common envelope (CE) phase. During this phase, the orbital an-
gular momentum is transferred to the envelope as the two cores
spiral in toward each other. This process causes both differential
rotation and convection within the CE, which are the key ingre-
dients of magnetic field generation (see Tout et al. 2008, and
references therein).

A consistent account of the origins of magnetic fields in WDs
awaits the finalization of the complete sample of SDSS MWDs.
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Appendix A: Figures of all fits not shown
in the printed version
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Fig. A.1. Color version of Fig. 1.
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Fig. A.2. Color version of Fig. 2.
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Fig. A.3. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted by
Zofr Stellar radii along the dipole axis (right).
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Fig. A.4. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted by
Zofr Stellar radii along the dipole axis (right).
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Fig. A.5. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted by

Zofr Stellar radii along the dipole axis (right).
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Fig. A.6. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted by
Zofr Stellar radii along the dipole axis (right).
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Fig. A.7. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted by
Zofr Stellar radii along the dipole axis (right).
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Fig. A.8. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted by
Zofr Stellar radii along the dipole axis (right).
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Fig. A.9. FFits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.10. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.11. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).



http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912570&pdf_id=17

B. Kiilebi et al.: Analysis of hydrogen-rich MWDs detected in the SDSS, Online Material p 17

I I I I

sof- J111010.50+600141.4 T
20k B, = 6.37 MG +

I I I I

J111010.50+600141.4 7
B, = 6.71 MG .

30 4 Zofr = 0.39 ]
20 + 3
10F + .
0 1— # # # #
20F J111812.67+095241.3 %% J111812.67+095241.3 A
B, = 3.38 MG 1 B, = 2.67 MG
15 + -
0.40
1of + .

o —1

ergcm 2s 1A
N
7

! ! ! ! [ N ! ! ! !
op— T T T LI T T T T

J112030.34-115051.1 T
B, = 8.90 MG

J112030.34-115051.1
B, = 7.73 MG .
0.36

10F + E
D~
T8 ]
O 0 I | |

™ 1aF 1 1 1 1 LI 1 1 1 ]
\i: 19 J112257.10+322327.8 1 J112257.10+322327.8 ]
S~ ok B, = 11.38 MG 4 B, = 7.46 MG §
sk 1 0.37 3
67 0 -
al + .
27 P . —

op— i i i —— # # i #
a0k J112328.49+095619.3 + J112328.49+095619.3

B, = 1.22 MG B, = 1.50 MG

3o 1 0.40 E
20F + 4
10k + .

0 # # : —— # # # #
6f J112852.88-010540.8 %% J112852.88-010540.8 7
SF B, = 2.00 MG T B, = 2.30 MG E
4f T Zotf = 0.20 ]
3k ‘J JM IJ‘[L,“ I u )M b N

T I N
2F l / ' Il ”'“.u |y | -+ ‘ ‘ ”,Lh. I ]
il |

s . ' I\m.l“mlw”. o Hal 1 | ' | ‘ th “'h'“"wlh by ol ” g

M T il
0 4600 5500 6600 7000 800 4600 5600 6600 7600 800

AJA A /A

Fig. A.12. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.13. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.14. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.15. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.16. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.17. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.18. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted

by zof stellar radii along the dipole axis (right).
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Fig. A.19. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.20. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.21. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted

by zof stellar radii along the dipole axis (right).
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Fig. A.22. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912570&pdf_id=28

B. Kiilebi et al.: Analysis of hydrogen-rich MWDs detected in the SDSS, Online Material p 28

I I I I I 1 I I I I

40F J215148.31+125525.5 + J215148.31+125525.5 4
B, = 20.76 MG : B, = 21.80 MG

3o T Zogf = 0.12 E
20F + b
10 T ]
ok— ! ! ! [ N ! ! ! !

1aF T T T T T T T T T T ]
19k J220435.05+001242.9 1 J220435.05+001242.9 ]
1ok B, = 1.02 MG 4 | B, = 2.50 MG g
sk X1 A Zoff = 0.36 ]

—_ [
4 + :

1 1 L
- ol )| b [ {d) | ]

o —

ergcm 2s 1A
S
i

! [ N ! ! ! !
T T T T T T T T

J221828.59-000012.2 é; J221828.59-000012.2
Bp = 257.54 MG Bp = 212.19 MG —
Zotf = 0.06 ]

10—17

! ! ! ! [ N ! ! ! !
op— T T T LI T T T T

~~ 120F

~ J225726.05+075541.7 ]
S, 100F

B, = 16.17 MG

J225726.05+075541.7
, = 17.39 MG
0.15

S|
1
!

ok— ! ! ! [ N ! ! ! !
T T T T LI T T T T
J231951.73+010909.3

B, = 6.06 MG
0.40

J231951.73+010909.3 ]
B, = 9.35 MG

! ! ! ! [ N ! ! ! !
op— T T T LI T T T T

20f- J232248.22+003900.9 J232248.22+003900.9
B, = 21.65 MG

Zogg = 0.29

B, = 21.40 MG

15[

] ] ] ] [ N ] ] ]
4000 5000 6000 7000 8000 4000 5000 6000 7000

A /A A /A

Fig. A.23. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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Fig. A.24. Fits of observed spectra of DAHs from the SDSS to centered magnetic dipoles with a polar field strength B, (left) and dipoles shifted
by zof stellar radii along the dipole axis (right).
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