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Abstract. We report high-resolution spectroscopic observanass loss towards the white dwarf stage from initial-final mass
tions of the NLTEH « core in 28 DA white dwarfs. From arelations derived for white dwarfs in open clusters (Weidemann
comparison with theoretically broadened NLTE models prend Koester 1983; Koester and Reimers 1996). However, the
jected rotation velocities can be determined. The majority nfechanisms and time scales for angular momentum transport
objects are found to be compatible with zero or very small rotitom the cores to the envelopes remained unclear. Consider-
tion with typical upper limits for v sini of 15 km/s, corresponding especially the Hyades case, Weidemann (1977) had already
ing to periods of hours or longer. The implications for the logncluded that outward angular momentum transport had to be
of angular momentum during the evolution of the progenitorsvgry effective early in the evolution towards the giant stage in
discussed. Three new magnetic white dwarfs are detected vather to explain the low observed rotational velocities of white
very small tangential fields in the range of 30 to 50 kG. In twdwarfs. In the meantime the situation has been sharpened by
more magnetic objects known before we found field strengthsther reduction of observational limits on projected rotation
significantly larger than the mean longitudinal fields determineglocities derived from line cores (typically around 10 km/s).
from the circular polarization. Very puzzling is the result foDbservations of magnetic white dwarfs and asteroseismologi-
three ZZ Ceti stars in the sample, which all seem to have paal measurements give even longer periods with typical values
jected rotational velocities between 30 and 45 km/s, in confliatound one day, corresponding to velocities of less than 1 km/s.
with asteroseismological results. These very low rotation velocities can only be achieved if solid
rotation prevails through all of the pre-white dwarf evolutionary
Key words: stars: white dwarfs — stars: rotation — stars: magtages (Villata 1992; Spruit 1998). Whereas original magnetic
netic fields fields can fairly easily enforce solid rotation from the beginning,
this is much more difficult to achieve by hydrodynamical phe-
nomena like convection, circulation, turbulence etc. in view of
the molecular weight barriers created during stellar evolution.
The low observed rotation velocities of white dwarfs thus im-
When Greenstein and Peterson (1973) detected the existeplts, as was first pointed out by Hardorp (1974), Weidemann
of sharp NLTE cores o« in white dwarfs of spectral type (1977), and Greenstein et al. (1977) that the molecular weight
DA, which are characterized by otherwise strongly broadengigcontinuities are not very effective barriers to angular momen-
Balmer lines, this opened the possibility to determine projectédm transport out of the cores of evolving stars, and that solid
rotational velocities for these stars. This method has been &pfation is enforced early after the main sequence, before the
plied through the years by several groups (Greenstein etal. 199720t stages with their compact cores and very extended thin
Pilachowski and Milkey 1984, 1987; Koester and Herrero 1988velopes makes coupling much more difficult.
and mostrecently by Heber etal. (1997), who evaluated the Keck The theory of stellar evolution with angular momentum

spectra obtained by Reid (1996) for the determination of 9ra¥ansport was developed and applied first by Endal and Sofia
itational redshifts. It turned out that the rotational velocities Qfl.976, 1978, 1979). They calculated — under the assumption
white dwarfs are much smaller than one expects if angular M@-igidly rotating convection zones — the redistribution of an-
mentum in the progenitor cores were conserved during stelgfiar momentum and chemical composition due to circulation
evolution. o currents in radiative layers by a diffusion technique. This has
That much of the initial angular momentum of a star coulgeen taken over and developed in most recent studies, espe-

be lost became clear as one learned about the existence of SR, by the Yale group (Pinsonneault et al. 1989, 1990; Krish-
namurthi et al. 1997).

1. Introduction

Send offprint requests t®. Koester _ o o
* Based on observations collected at the European Southern Obser-Although their sophisticated approach, which includes pre-
vatory, La Silla, Chile (55.D-0459, 57.D-0631) main sequence evolution and rotational braking by magnetic
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Table 1.Observed white dwarfs and atmospheric parameters. The abn only be understood as a consequence of mass loss on the
breviations for the references are: first giant branch, which uncovers the faster rotating deeper lay-
BR95: Bragaglia et al. (1995); B89: Bergeron et al. (1989); V97: Vaigrs. They rule out rigid rotation enforced on a short time scale
clair et.al. (1997); SS94: Schmidt & Smith (1994); KV97: Koester &nd thus oppose the assumption of strong coupling by a mag-
E/ist;;;?uréiggg);BBngz; Betrgfraggga;’ (lglgl?’g)\fi FKKB?7: ':tlnte{l%tgzliem field (see however Spruit, 1998). The Yale group did not
; : Bergeron et al. a); : Kepler et al. . - : :

B95: Bergeron et al. (1995b); KA93: Koester & Allard (1993); K97 ?]gt'h”(;’riezt:riglagrtgiE‘g)rllgtlﬁBzrt}r’]g‘?r'g‘éfé:ﬂ!; :‘;wgrzth:rﬁgi
Koester etal. (1997); UBV: determined from UBV colors for this papez?’. . . p_ yi
direct, and point out the importance of better observations of
rotational velocities for giants and white dwarfs. Rotational ve-

WD name T 1 Ref o S . -
*oed locities for luminosity class Il giants and subgiants of class IV
0047-524 L219-48 18750 7.83 BR95 have been listed and evaluated by Schrijver and Pols (1993) un-
0135-052 G271-115 7470  7.80 B89 der assumptions about magnetic braking (with dynamo-action

6920  7.89  binary tied to convection). They conclude that subgiants (typically 1.5

0310-688 LB3303 15700  8.16 V97 M) have lost most of their angular momentum prior to reach-
1350-090 LP907-037 9500 8.79 SS9 . . .
ing the RGB, while giants of class Il (about 2/6) have
1422+095 GD165 11950 7.87 KV97 | b 0% d th h h f |
1425-811 119-2 12200 7.99 KV97 ost about 5_ 6, and that the exchange of angular momentum
1531-022 GD185 18850 8.39 BSL92 between radiative interior and convective envelope occurs on a
1544-377 L481-60 11250 8.09 V97 time scale short com_parfad to the angular_ momentum loss 'Fime
1615-154 G153-41 29600 7.95 FKB97 scale by the magnetic wind. In the meantime better determina-
1620-391  CD-3810980 24250 8.05 V97 tions for giants and subgiants have been obtained by CORAVEL
1743-132 G154-B5B 13950 7.71 BLF95 measurements (De Medeiros et al. 1996a,b, 1997) which have
1827-106 G155-19 13800 7.61 KEP95 not yet been evaluated.
1840-111 G155-34 10230  8.18  KEP95 Even in the case of the sun it is not yet known if the sun has
1919+145 GD219 14600 ~ 8.09 B9 a faster rotating core, as predicted by theoretical investigations
1943+163 G142-50 19400 7.80 BSL92 g core, as p y stigatic
1953-011 G92-40 7950 841 BRY5 (Endal and Sofia 1981, Pinsonneault et al. 1989), or is rotating
2007-219 L710-30 10000 8.18 BR95 rigidly. The results from seismological studies are still rather
2007-303 LTT7987 15150 7.86 BRO95 uncertain (e.g. Toutain & Kosovichev 1994), but seem to favor
2014-575 L210-114 26850 7.80 FKB97 rigid rotation. Loudagh et al. (1993) give an upper limit of 6
2032+248 W1346 19900 7.87 V97 times the average surface angular velocity, whereas Toutain &
2039-202 L711-10 19350 7.95 V97 Kosovichev (1994) and very recently Charbonneau et al. (1998)
2039-682 L116-79 16050 8.44 BR95 find better agreement with the observations for rigid (slow) ro-
2105-820 L24-52 10760 8.25 KA93 tation of the core. Thus the question of the existence and the
3113'506201 Lééé'ig 13%2% %-gz '\3/'335 survival of differential rotation in stellar cores and thereby the
+ - .. . . . . .

' rediction of white dwarf rotational velocities is still n Ived.
Euidonty frther obsenations are necessary n order (0 con-
2329-291 GD1669 24000 8.00 UBV: y y

2359-434 1362-81 8850 857 KA93 §train the theoretical models. To do this in the white dwarf case
is the purpose of the present study.

stellar winds, succeeds fairly well in reproducing the observ%ql
data on the evolution of rotational velocities and lithium abun-
dances of young stars in open clusters (as a function of ma$g observations for 28 southern DA white dwarfs were ob-
and age), they conclude that differential rotation survives in th&ined in two runs from July 10 - 13, 1995, and July 26 - 29,
cores of main sequence stars. The measured white dwarf rqi@96 at the La Silla observatory of the European Southern Ob-
tional velocities of Pilachowski and Milkey (1987) of 20 km/sservatory. The instrument used was CASPEC (Cassegrain ESO
for 6 out of 20 observed white dwarfs are taken as argumentdehelle Spectrograph) at the 3.6 m telescope used in long-slit
favor of their result, since a solid-body rotating model of theode with an interference filter, giving a useful spectral range
sun would predict a surface rotation velocity of 5 km/s if angwf about 40A centered onH . The spectral resolution was
lar momentum is conserved locally and of only 1 km/s if solid.26 A as determined from the widths of Thorium lines in
rotation would be required through all of the pre-white dwathe comparison spectra. The detector was a TEK 1024x1024
AGB evolution. CCD (ESO#37). Standard reduction techniques for flat-fielding,
An even stronger argument for differentially rotating cordsias correction, extraction and wavelength calibration of one-
after the main sequence is brought forward in the subsequdimensional spectra were applied using the procedures within
study of halo stars: Pinsonneault et al. (1991) demonstrate tHRAF. The final correction for the blaze function of the echelle
the comparatively rapid rotation of horizontal branch stars, afas achieved very efficiently using a smoothed flatfield expo-
the order of 15 km/s, as observed by Peterson (1983, 1985ash)e.

Observations
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' ' ' ' ' pressure stratification of the atmosphere. With this stratification
kept fixed the line formation is then calculated in NLTE, solving
the rate equations for the occupation numbers at each depth. We
follow here essentially the same procedure, because the Werner
& Dreizler NLTE code used (Werner & Dreizler 1998) does
not include convection, which becomes important at lower tem-
peratures. It is mostly for this reason that Heber et al. (1997),
who use the same NLTE code foonsistentNLTE calcula-
tions, were confined to the analysis of DA hotter than 14000 K.
These authors have also shown that the differences between both
methods are negligible fdf.g < 25000 K, which is confirmed

by our own test calculations. The version of the mixing length
theory used for the LTE model calculations was M2/ 0.6,
which gives an intermediate efficiency for the convective energy
transport as found appropriate for white dwarfs by Koester et
al. (1994) and Bergeron et al. (1995b).

On the other hand, itis very important to treat the line blan-
keting effects in the LTE models very carefully. In the tempera-
ture range considered here the strongest blanketing effect is due
to the strong Lyman lines. However, because the cores of these
lines originate in the very uppermost layers of the atmosphere,
their effect is largest atg,s, < 10~8. The core ofH « in the

0.80

0.60

0.80

0.60

1 1 1 1 1 . B ) > )
65610 65620 65630 6564.0 6565.0 line formation calculation is strongly influenced by the temper-

ature gradient in the range:,ss = 1075 — 10~%, which in turn

is determined by the blanketing effect Hf« itself and espe-
Fig. 1. Effect of T.g (upper panel) and log g (lower panel) on thecially its core. We have therefore treated the blanketing by the
depth of the NLTE core. All profiles have been normalized at 6552 afalver Balmer lines very carefully, using 10 or more wavelength
6572A, similar to the procedure used for the comparison with obsqjoints even to resolve the Doppler core of the Stark profile.
vations. Temperatures in the upper panel are 14000, 13000, 12000 K4~ gpsorption is the dominant absorption mechanism in
(deepest core), with ipg = 8.Continuous lines are the NLTE models,c00| DA, but usually not included in NLTE codes. We have

the dotted lines show the corresponding LTE spectra. The lower pa; : “ » :
shows models at 13000 K, withdeg = 7.5 (deepest core), 8.0, 8.5..f?1%luded this process as a “background” absorption, calculated

S C . _ in LTE approximation.
The dotted line is the LTE profile at 13000 Kglg =8 . .
P dgo Our model grid ranges frorfi.g = 7000 to 25000 K in

steps of 1000 K, with additional models at 30000 K, and log g

The targets were the brightest DA white dwarfs chosen from7.5. 8.0, 8.5. Since Heber et al. (1997) have discussed the
the catalogue of McCook & Sion (1987). Exposure times wetependence of the NLTE core on temperature and surface grav-
usually 60 min, except for the very brightest objects. In mariy with many figures for their range of higher temperatures, we
cases more than one spectrum (up to 4) were obtained to corsriw here only one figure for low&tg spectra around 13000 K
for cosmic ray hits and to improve the signal-to-noise rati¢Fig.[d). The main purpose is to demonstrate the small change
Multiple exposures were especially taken, if fiie: core looked with a change of the parameters, which allowed e.g. Pilachowski
broader than expected in a non-rotating DA. & Milkey (1984) to use only 2 different temperature models for

Table[1 lists the objects observed, together with literatutlee whole range. A step of 1000 K or 0.5 in log g results in dif-
references for the effective temperature and surface gravfgrences in the core, which are hardly noticeable on the figure.
Since all these stars are rather bright, many of them have sevéyaical errors in the parameters (see Table 1) are about 20% of
determinations in the literature. We have usually taken the misis (~ 200 K, 0.1). Such small errors can be neglected in the
recent reference, with some occasional bias towards our odatermination of rotation velocities.
work.

Lambda[A]

4. Comparison with observations and determination of
3. Theoretical atmosphere models and synthetic spectra vsini

The origin of the sharp core dif« in cool DA white dwarfs A possible rotation of the white dwarf would influence only the
as a NLTE effect has been discussed already by Greensteim&ermost deep and narrow core of the bréadline. In the the-
Peterson (1973), Pilachowski & Milkey (1984, 1987), Milkeyretical models this is simulated by convolving the theoretical
& Pilachowski (1985), Koester & Herrero (1988), and Hebepectrum with the rotational broadening function (8lasl 955;

et al. (1997). With the exception of the last work, all previoulkoester and Herrero 1988). We have determined the limb dark-
authors have used LTE models to determine the temperatwering coefficients necessary for this convolution from angle-
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dependent intensity calculations with the LTE code and foumal different numbers of fit-parameters in arbitrary functions. In
the linear coefficient in a 28 interval aroundH o to vary in a first step we interpolate in our model grid for the corfBgt

the range 0.05 to 0.20, depending on temperature and distaaiee log g. Then we use 3 free parameters to find the best fit
from line center. Since a value below 0.5 has no influence ofthis model with zero rotation velocity to the spectral range
the resulting profile, we have continued to use 0.15 in all casé852 to 6572, Free parameters are a scaling constant for the
as all authors have done before. After this convolution anothirxes and a linear term to adjust the continuum slope, as well
convolution with a Gaussian of 0.26 FWHM takes into accouas a wavelength shift to adjust for a line-of-sight velocity or
the wavelength resolution of the observed spectra. inaccurate wavelength calibration.

The determination of the best fit is done witlyAmethod, In a second step the theoretical profile is rotationally broad-
using the amoebaroutine (Press etal. 1992) to find the minimwened and the best fitia 5 - 104 wide region around the core is
We have for this work preferred this method over the Levenbemetermined, with the projected rotational velocity vsini as free
Marquardt method, which we normally use for spectral fittingparameter. When the minimum is found, we artificially increase
because it does not need derivatives and is very easily adaptetrotational velocity with all other parameters kept fixed, until
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1.00 [r<mds 1.00
0.80 0.80
0.60 0.60
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Lambda[A] '
Fig. 3. Similar as Fig[, but for 3 ZZ Ceti stars in the sample viith ~ 0.80
between 12200 and 11600 K. Thick lines are theoretical profiles with
zero rotation (deeper core) and with the best-fit rotational velocity. (.60 |- WD2359-434 |
the x2 value increases over the minimum value by an amourﬂ'40 [ 1 ' ' [—

corresponding to the & error (see Press et al. 1992, p. 660ff). 6555.0 6560.0 6565.0 6570.0

This determines our error estimate for v sin i, which therefore is Lambda[A]

a statistical error due to the noise in the data and does notinclude

any systematic effects or uncertainties of the stellar paramet@ig. 4. Four DA with T.¢ below the ZZ Ceti range (11250 - 8850 K).

5. Resuits In 7 out of 12 cases the best-fitting rotational velocity is

With this paper we almost double the available number of sp@@mpatible with 0 within the b error. For the remaining ob-
troscopic determinations of projected rotation velocities, bj@icts the resultis only slightly larger (10 - 16 km/s). Considering
the major result of the previous work does still hold up: whitgossible systematic errors not included in our estimate (see pre-
dwarfs are in general extremely slow rotators. Our results afi@us section), we conclude that this whole sample of 12 objects
summarized in Tab[d 2 and will be discussed in several groujssconsistent with a population of non-rotating white dwarfs.
Since most of these spectra are consistent with unbroadened
model spectra, we can also exclude any significant Zeeman split-
ting due to amagnetic field. essuming very conservatively thata
Fig.[2 shows the fit for 12 DA (WD0047-524, WD0310-688broadening of the core by 04 corresponding to almost 50%,
WD1615-154, WD1620-391, WD1743-132, WD1919+145yould be easily recognized, we derive an upper limit for the
WD1943+163, WD2007-303, WD2014-575, WD2032+248ield of 10 kG for the high S/N spectra, and about 20 kG for the
WD2039-202, WD2149+021), where the profiles are consistestectra with larger noise.
with zero, or very small rotational velocities, obtained from a Finally we note that all these objects are hotter than
very good fit between models and observations. 14000 K.

5.1. DA consistent with models with zero or very low vsini
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Lambda[A] 0.75

1000.0

. . . WD1953-011
Fig. 5. Three spectra of the well studied binary WD0135-052 = L870-

2, obtained on Jul 26, 27, 28 of 1996 (from top). The vertical scale is”
correct for the top spectrum. The others have been shifted downward I I I I

for clarity.
Y 1.25 Y

1.00

2.00 0.75

w WD1953-011
l ‘ 0.50 -

150 I | ! ! !
6555.0 6560.0 6565.0 6570.0

Lambda [A]

1.00
Fig. 7. Two independent spectra and the sum of both of the magnetic

star WD1953-011. The lower panel with the sum spectrum also shows
a model with zero rotation and one with vsini = 173 km/s.

0.50 WD1350-090

ever, all evidence from the size of the splitting points to rotation

6550.0 6560.0 6570.0 6580.0 periods of the order of one day as in other variable white dwarfs,

Lambda [A] corresponding to rotational velocities below 1 km/s.
Non-radial oscillations in these objects should be associated
Fig.6. Three spectra of the magnetic DA WD1350-090. The maxkith horizontal motion at the surface, which could in principle
indicates the size of the Zeeman splitting expected from a 85 kG figéhd to line broadening similar to the rotation effect. Linear sta-
as found by Schmidt & Smith (1994) bility analysis cannot predict the amplitude of this oscillation.
Assuming very crudely a shift of order 1% of the radius in one
period, we find average velocities of less than 1 km/s. Similarly
convection, at least according to the mixing length approxima-
Fig.[d shows a comparison similar to Figy. 2, but for the 3 ZZ Cdibn used in our models, leads to velocity fields of the same order
stars in our sample (WD1428-811 = L19-2, WD1422+095 ef magnitude, but does not even reach up in the atmosphere into
GD165, WD2326+049 = G29-38) withi.; from about 12200 K the region, where th& « core is formed. Hydrodynamical sim-
t0 11600 K. In contrastto the hotter DA, in all of these objects thdations of the Kiel group (Ludwig et al. 1994; Freytag 1998)
formal best fit is obtained with a significant rotational velocitghow that the velocity fields reach up much higher in the at-
of 30 to 45 km/s. mosphere than predicted by the mixing length approximation.
All objects have been studied extensively with asteroseiBhe vertical rms velocities at optical depth-fOncrease along

mology, including observing campaigns with the Whole Earthe cooling track from below 1 km/s dts= 13500 K to about
Telescope (Kleinman et al. 1998; Sullivan 1995; O'DonoghuEkm/s at 11500 K. But even these values are much too small to
and Warner 1987; Bergeron et al. 1993). Multiplet splitting ¢fxplain the observed profiles.
frequencies is observed in all three, but the interpretation is dif- A close inspection of the fits with rotationally broadened
ficult since the splitting is not always exactly equidistant. Howprofiles shows that the non-zero rotation is forced mostly by the

5.2. Line cores in ZZ Ceti stars
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Table 2.Results of model fitting: rotation and magnetic fields. See teghows a similar discrepancy between observation and theoreti-
for a description of the derivation and of individual objects. cal profile. Even more than in the ZZ Ceti case it is clear here,
that the theoretical profile is too broad and rotational broaden-
ing would not improve the fit. For the next two objects around

WD | vsini[km/s] | B[kG] | remarks

10000 K the fit with unbroadened profiles becomes satisfactory

0047-524 1+11 <10 . . . . .
0135-052 binary wd again, with the observation being only marginally broader than
0310-688 0+4 <10 the model. We conclude that for these three objects our models
1350-090 1000: | 3 noisy spectra do not fit perfectly, but that we can be confident that any rotation
log g =8.79 has to be very small.
1422+095 29+ 7 ZZ Ceti Finally, in WD2359-434 (L362-81) al.¢ = 8850 K the
1425-811 38+ 3 ZZ Ceti observed core is much smaller — narrower and flatter — than
1531-022 50+6 log g =8.39 our zero-rotation model predicts. We have no explanation in
35+ 16 | alternative this case and can only speculate, that perhaps we see only the
igi‘gjg‘ 0 flg narrow core unshifted component of a Zeeman triplet, with the other com-
1620-391 0L8 <10 ponents shifted outside the observed spectral range or smeared
1743-132 13+ 8 out due to the inhomogeneity of the field. One argument in favor
1827-106 <20 <20 | very noisy of this speculation could be the unusually high surface gravity
1840-111 ~0 narrow core of this object (see below).
1919+145 0+6 <10
igggfolff 17136551% 9312? log g = 8.41 5.4. Individual peculiar objects
2007-219 ~0 narrow core WD0135-052: This object (= G271-115 = L870-2) was found to
2007-303 0+7 <10 be a binary DA with a period of 1.56 days by Saffer et al. (1988).
;8;3;527::3 (1)1iilg i ig An analy_sis using all available constraints (Bergeron e_t al. 1989)
2039-202 1045 <10 resulted in the.parameter_s for the two components givenin Ta-
2039-682 781 6 log g = 8.44 bleld. We optam a better fit for our 3 spectra with effective tem-
~50 | alternative peratures higher by about 500 K; since we can use only the core
2105-820 65+ 5 | 43410 | log g = 8.25 of Ha our result cannot be compared to the much more careful
2115-560 <35 noisy spectrum analysis of Bergeron et al. (1989), but may indicate differences
2149+021 16+5 <10 between the two atmosphere codes at the low-temperature end
2326+049 45+ 5 ZZ Ceti of the grid. We include the three spectra obtained in[Big. 5 as a
2329-291 26+4 | 31+10 | logg="7? demonstration that binaries with parameters similar to this pair
2359-434 ~0 very small core could easily be detected by our technique.

WD1350-090: This DA was found to be magnetic by
. Schmidt & Smith (1994), who determined a disk-averaged lon-
relatively flat cores. Outside the cores £ 1 A) the profiles are gitudinal field of 85+ 9 kG from the circular polarization in
wider than the observed cores. This seems to indicate that &t and H 3. Fig.[d shows the three spectra we have obtained.
theoretical (zero-rotation) profiles are slightly too broad, amlthough the quality is low, we do not see a splitting of the order
also makes improbable an explanation with magnetic fields, the triple mark (corresponding to a field of 85 kG), but in-
consistent with the findings of Schmidt and Smith (1995) fatead a broad depression abouf2ide. If this is caused by an
two of the objects. inhomogeneous field, smearing out the core features, it would
There are major differences in the DA atmosphere§fgr demand Bx 1 MG. Although the Zeeman splitting is sensitive
above and below about 14000 K: in the lowgg range the mod- to the average of the tangential component of the magnetic field
els become convective and Hbecomes the dominant sourcénstead of the longitudinal field in the case of polarimetry, such
of opacity. We have carefully checked all aspects of the calaularge difference would be surprising. Moreover, from their
lations, but were not able to find any reason, why our modétav-resolution (unpolarized) flux spectrum Schmidt and Smith
should fail in this temperature range. We conclude that —({£994) estimate an upper limit of 300 kG from the absence of
the low rotation of these objects is finally confirmed by astedetectable Zeeman splitting. Clearly this object deserves further
oseismology — there must be an unidentified physical effestudy to confirm the magnetic field strength or any variability
broadening the stellar spectra or leading to too broad and deapsed perhaps by rotation.
theoretical profiles. WD1953-011: Schmidt & Smith (1995) detected the lowest
magnetic field so far (154 6.6 kG) in this object. Fid.]7 shows
indeed a clear Zeeman triplet in two independent spectra and in
the sum. The splitting, however, corresponds to a mean tangen-
Fig.[4 shows 4 DA witHl.; below the ZZ Ceti range. WD1544-tial field of 93+ 5 kG, again much larger than the longitudinal
377 is withT,s = 11250 K still close to the instability strip andfield found by Schmidt & Smith (1995). As shown in the figure,

5.3. The temperature range from 11500 to 8500 K
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Fig. 8. Three independgnt spectra and the sum for WD2105-820. Tﬁ% 9.Four individual spectra and the sum for WD2329-291. The bot-
fourth panel from top with the sum spectrum also shows a model Wihy, panel with the sum spectrum also shows a model with vsini = 26

zero rotation and one with vsini = 63 km/s, but the more plausibign /s, which does not fit at all. The plausible explanation is a magnetic
explanation is a magnetic field of 43 kG as discussed in the text. Thaq of 31 kG.

lower panel is a simulation with realistic counts and noise sources.

WD2105-820: This DA was not known to be magnetic be-
fore, but the three independent spectra in[Hig. 8 clearly show the
arotationally broadened spectrum with v sini= 173 km/s woutgipical structure with flat bottom and individual components of
also give a reasonable fit. In this case, however, the clear triathagnetic star, although the triplet structure is not as clear as
structure and the circular polarization provide clear evidenceiofthe previous object. The best fit resulting formally from ro-
a magnetic field. tational broadening is for vsini = 63 km/s (4. panel from top).
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Because of the shape of the core we favor a magnetic field of 35
+ 16 kG as explanation for WD1531-022. Schmidt and Smith
(1995) find an uper limi 10 kG from polarimetry, which may
not be a contradiction regarding our result for WD1953-011. In
the case of WD2039-682 an alternative explanation could be a
magnetic field ok 50 kG, but a distinction is not possible.
WD2115-560 and WD1827-106: the spectra for these ob-
jects have very low S/N. The sharp cores are clearly visible, but
the upper limits derived (35 and 20 km/s) are not very stringent.

1.00 I

0.80

0.60

WD1531-022
6. Discussion
| | | |
6555.0 6560.0 6565.0 6570.0 Table2 gives the final results for all objects discussed in the pre-
Lambda[A] vious sections. The majority of results are compatible with zero

rotation velocities, with typical upper limits of 10 - 20 km/s,

Fig. 10. Spectrum, v sin= 0 and 50 km/s models for WD1531-022. corresponding to periods of the order of hours or longer. Of the
exceptions, two were known before from polarization measure-
' ' ' ' ments to be magnetic (WD1350-090, WD1953-011). In both
cases we find evidence for much larger fields than found by
Schmidt & Smith (1994, 1995); one should, however, remem-
ber that the polarization measures the mean longitudinal field,
whereas the Zeeman splitting indicates the average transversal
field component over the stellar surface.

Three other objects are very likely new magnetic white
dwarfs (WD2105-820, WD1531-022, WD2329-291) with mag-
| | | | netic fields between 30 and 50 kG. If these are confirmed, e.g. by

1.00 vy

0.80

0.60

65550 65600 65650 6570.0 measurements of circular polarization, it would indicate that the
' ) ' ' fraction of magnetic white dwarfs is significantly higher than
Lambda[A] the 4% estimated by Schmidt & Smith (1995). The observation

of Zeeman splittings at high resolution requires a large tele-
scope, but seems to be very efficient for the detection of small
magnetic fields.
The fit is, however, unsatisfactory and a magnetic origin much We note that of the five magnetic DA in this sample four
more likely. We derive a field strength of 4310 kG. have a surface gravity log g 8.3, and for the fifth object it is
Since the S/N in these spectra is only about 20 or lowéot known. If our speculation on WD2359-434 is correct (see
and the flux is reduced in the line centers, we were concerrabve), this would add another high-gravity object to the mag-
that such a flat bottom spectrum might be an artefact of a noisgtic class. We thus confirm the growing evidence for a correla-
spectrum. We have therefore simulated the observation as a¢mnr between white dwarf mass and magnetic field (Greenstein
rately as possible, starting from a model with correct paramet&©ke 1982; Liebert 1988; Sion et al. 1988; Schmidt etal. 1992;
and adding noise due to all sources of noise known in the ré&ahmidt & Smith 1994, 1995).
observation and scaling to the correct level of the exposure. The Only one single rotating object (WD2039-682, vsini =
result is shown in the bottom panel and demonstrates that 8ekm/s) is remaining in the high&t.g range, where our the-
SIN in these observations is high enough to show the deep anetical models have been proven to give very good fits to the
narrow core if it were present. observations. However, even in this case a magnetic field origin
WD2329-291: Almost nothing is known about this whitef the broadening cannot be excluded without circular polariza-
dwarf and we had to determine the effective temperature ta@dn measurements.
24000 K from the UBV colors and a comparison with our the- A mystery remains the result for the ZZ Cetiin our sample. If
oretical grid,assumingog g = 8. Thecore in four individual taken at face value, the results indicate significant rotation with
spectra (Fig[ ) clearly shows the broad, flat-bottom structusgical projected velocities of 30 - 40 km/s. It is hard to un-
with several peaks, which we are by now convinced is indicaterstand, how white dwarfs could acquire angular momentum,
ing the Zeeman splitting in a magnetic field. The formal rotatiomhen entering the instability strip, and the result also seemsto be
solution with vsini = 26t 4 km/s is a totally unsatisfactory fit; in conflict with asteroseismological results. If this is confirmed,
we derive a magnetic field of 3% 10 kG. we will will have to search for other broadening mechanisms
WD1531-022 and WD2039-682: both objects also showim these objects, or for physical effects, which have been ne-
broadened core, which, however, can be fit with rotationalgfected in our theoretical models. For the time being we have
broadened profiles of 50 and 80 km/s (Higl 10 and Eig. 1do explanation; hopefully new observations of other members

Fig. 11. Spectrum, v sin= 0 and 80 km/s models for WD2039-682.
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Table 3. Spectroscopic determinations of rotation” Aneans that the rotation velocity is obtained formally, but that the more likely reason for
the broadening is a magnetic field. See text and Tdble 2 for further explanétioWdD0205+250 was found to have a weak magnetic field by
Schmidt & Smith (1994b). Codes for references are: PM84 Pilachowski & Milkey 1984; PM87 Pilachowski & Milkey 1987; MP85 Milkey &
Pilachowski 1985; KH88 Koester & Herrero 1988; HNR97 Heber, Napiwotzki & Reid 1997

WD | vsini[km/s] | reference || WD | vsini[km/s] | reference

0047-524 1+ 11 | this paper|| 1422+095 2947 | this paper
0205+250 50+ 20"* | PM87 1425-811 38+ 3 | this paper
0310-688 0+ 4 | this paper|| 1531-022 50+ 6* | this paper
0326-278 <40 | KH88 1544-377 ~ 0 | this paper
0352+096 <21 | HNR97 30+ 20 | KH88
0401+250 30+ 10 | PM87 1615-154 0+ 13 | this paper
0406+169 < 28 | HNR97 1620-391 0+ 8 | this paper
0413-077 < 20 | KH88 < 20 | KH88
< 8 | HNR97 1659-531 <20 | KH88
<19+ 5 | MP85 1716+020 <30 | KH88
10+ 10 | PM87 1743-132 13+ 8 | this paper
0421+162 <18 | HNR97 1827-106 < 20 | this paper
0425+168 < 26 | HNR97 1840-111 ~ 0 | this paper
10+ 20 | PM87 1911+135 <9 | HNR97
0431+125 < 35 | HNR97 1919+145 0+ 6 | this paper
0438+108 < 28 | HNR97 1943+163 16+ 8 | this paper
40+ 40 | PM87 1953-011 1734+ 10" | this paper
0644+375 10+ 10 | PM87 2007-219 ~ 0 | this paper
0726+393 <18 | HNR97 2007-303 0+ 7 | this paper
0836+197 < 43 | HNR97 2014-575 0+ 14 | this paper
0837+199 <29 | HNR97 2032+248 11+ 5 | this paper
0943+441 <32 | PM84 10+ 10 | PM87
10+ 20 | MP85 2039-202 10+ 5 | this paper
1104+602 20+ 20 | PM84 2039-682 78+ 6" | this paper
1105-048 <32 | PM84 2105-820 65+ 5° | this paper
22+ 25 | MP85 2115-560 < 35 | this paper
1134+300 60+ 10 | PM84 2124+550 40+ 40 | PM87
1137+321 <12 | HNR97 2126+734 40+ 20 | PM87
1314+293 <29 | HNR97 2149+021 16+ 5 | this paper
1327-083 <20 | KH88 10+ 10 | PM87
<44 | PM84 2326+049 45+ 5 | this paper
42+ 9 | MP85 2329-291 26+ 4* | this paper
1337+705 30+ 20 | PM84 2359-434 ~ 0 | this paper

of this class, or near this temperature range may shed more ligtitnowledgementsD.K. wants to thank Dr. L. Pasquini — then ESO

staff member in La Silla — for his extremely valuable advice for the

) observations and interesting discussions.
In Table[3 we have for the convenience of the reader col-

lected all spectroscopic determinations of rotation velociti ferences

known to us. Even considering the statistical uncertainty of the

unknown inclination, there is now overwhelming evidence fd¥ergeron P., Fontaine G., Brassard P. et al. 1993, AJ, 106, 1987
extremely slow rotation of white dwarfs. Except for wD2039Bergeron P., Liebert J., Fulbright M.S., 1995a, ApJ, 444, 810

682 and the ZZ Ceti stars mentioned above, where the re%ﬁg:;gg E"\?szgni"g'izl"a%%réi‘j 1%%?}}2%‘3941‘928288 ApJ 345, L91
is somewhat doubtful, there is only one object (WD1134+308)/yeron P., Wesemael ., Fontaine G., Liebert J. 1989, ApJ, 345, L91
left with vsini > 40 km/s, which shows no evidence for magsergeron P., Wesemael F., Lamontagne R., Fontaine G., Saffer R.,
netic field and has no conflicting second measurement. Being Allard N.F., 1995b, ApJ, 449, 258

at rather highl ¢, the core is rather flat and this object shoul8ragaglia A., Renzini A., Bergeron P. 1995, ApJ, 443, 735

probably be reobserved and re-analyzed with modern model@garbonneau P., Tomczyk S., Schou J., Thompson M.J. 1998, ApJ,
mospheres. It should be remembered that Pilachowski & Milk% 496, 1015

. . Medeiros J.R., Melo C.H.F., Mayor M. 1996a, A&A, 309. 465
(1984) had only two model spectra available. At higligg, ¢ \edeiros J.R. Da Rocha C., Mayor M. 1996b, ARA. 314, 499

where the absorption core becomes flat and finally goes o¥Rf\iedeiros J.R., Do Nascimento J.D. Jr., Mayor M. 1997, AQA, 317,
into an emission core, this may have influenced the result. 701

on this problem.
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