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Abstract. The nature of the strong absorption features in tiveere discovered by Reimers et al. (1998) in the course of t
white dwarf GD 229 has been a real mystery ever since it widamburg ESO survey.
found to be magnetic in 1974. All attempts to explain the spec- Magnetic white dwarfs with field strengtiks00 MG con-
trum by line components of hydrogen failed. With the first setaining hydrogen could be interpreted ever since the nume
of newly calculated line data for Hen a strong magnetic field cal calculations of energy level shifts and transition probabi
we could identify most of the absorption structures in the spdties for bound-bound transitions by groups iibingen and
trum with stationary line components in a range of magnet8aton Rouge (Forster et al. 1984p&her et al. 1984; Henry
fields between 300 and 700 MG. This is much lower than prednd O’Connell 1984, 1985). With the help of these data Gree
ously speculated and is comparable to the highest fields foundiain 1984 and Greenstein et al. 1985 could identify the hithe
hydrogen rich magnetic white dwarfs. The reason for the largaidentified features in Grw-70°8247 with stationary compo-
number of spectral features in GD 229 is the extreme accumutants of hydrogen in fields between about 150 and 500 MG.
tion of stationary components of transitions in He | in a narrow Since the magnetic field on the surface of a white dwarf
interval of field strengths. not homogeneous but e.g. better described by a magnetic dip¢
the variation of the field strength from the pole to the equator
Key words: stars: white dwarfs — stars: magnetic fields — star&ctor of two for a pure dipole field) smears out most of the al
individual: GD 229 sorption lines at larger magnetic field strengths. However, a fe
of the line components become stationary, i.e. their waveleng
go through maxima or minima as functions of the magnetic fie
strength. These stationary components are visible in the spe(
1. Introduction of magnetic white dwarfs despite a considerable variation of t

Magnetic fields from about 40 kG to 1 GG have been detect%liitre?gg:;' fall K hite dwarfs h | h
in about about 50 (2%) of the 2100 known white dwarfs (Mc- ou o orallknown white dwarls have hearly pure ny

Cook & Sion 1998). A list of all currently known magneticdrogen atmospheres (spectral type DA). However, since mg

white dwarfs is found in Jordan (1997). Magnetic fields in thd (€ rémaining stars have helium rich atmospheres, we wo
Iso expect a significant number of magnetic white dwarfs

low field range £20 MG) in both hydrogen and helium rich® . . :

magnetic white dwarfs can be detected by a relatively sim 8Iong to the spegtral type DB in which Hidines are ob-
line pattern. Hydrogen line components have been identifid ryed. Therefqre It qould.l:_)e expected that the few magne
in many objects, but until recently, helium was detected unaffte dwarfs with unl_dentlfled spectral features, th?‘ cann
biguously only in the magnetic white dwarf Feige 7. UsingIHebe explained by the line da_ta for hydrogen, are helium ric
line data calculated by Kemic (1974), Achilleos et al. (199 he most famous example is GD 229, where Swediund et

. . 974), Greenstein et al. (1974), Landstreet & Angel (1974
found that the spectrum could be well reproduced with a dip . j
of strength 35 MG displaced by 0.15 white dwarf radii from th lebert (1976), Greenstein & Boksenberg (1978), and Schmi

stellar center. Since the Kemic data were calculated by rega%f-al' (1996) found strong absorption features in the optics

ing the magnetic field as a small perturbation to the Coulo rared, and UV. Angel (1979) already proposed that the &

interaction and are only valid up to about 20 MG, the Kem%orptlon bands in this star are due to stationary components
lmggjrogen or helium.

tables had to be extrapolated for the Feige 7 analysis. The o The basic difficulty in calculating energy levels and os

other definite helium rich objects with fields of about 15_ZOM%iIIator strengths for arbitrary field strengths lies in the fad

that the Coulomb potential has a spherical symmetry where
the magnetic field induces a cylindrical symmetry. This pre
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vents a separation of variables and together with the nonlineammentum and the total spatiat-parity IT, (parity is a com-
character of the interactions makes even the numerical sddined symmetry of the previous ones) which will be used to label
tion a difficult problem. In particular the intermediate regimehe electronic states in the forn3S+1A7(—D"* wheren speci-
(0.01 < v = B/2.35-10°G < 1), in which the majority fies the degree of excitation within a given symmetry subspace.
of magnetic white dwarfs is found, is very complicated, sinagalculations are performed separately for each subspace with
neither the magnetic nor the Coulomb interaction dominatgien quantum numbers. Since the spin part of the eigenfunc-
and we therefore encounter a so-called nonperturbative regitio@s of the Hamiltonian (1) are the usual spin singlet and triplet
where none of the interaction terms can be treated by pertfiinctions we address in the following exclusively the method
bation theory. In the case of the two electron systeni He  of investigation for the spatial part of the wave functions.
situation is even more difficult, since the number of degrees of The key ingredient of our method for the ab initio calculation
freedom is enhanced significantly and the electron-electron gfthe electronic structure of atoms in strong magnetic fields is a
teraction introduces a third competitive force which makes$ Haéasis set of one particle functions which takes on the following
a complex system with a rich variability of the spectrum withppearance
changing field strength. The particular challenge of a compari- I 9 5 )
son of atomic data with observational ones lies in the fact that(# @ 2) = p"" 2" exp(—aip” — §;2°) exp(imid)  (2)
the energies of many excited states have to be known withvBeren,,, = |m;|+2k;, n., = 7, +20; with k;, 1; = 0,1,2, ...
high relative accuracy (usualty 10~*) and for a large number {q; 3;} are nonlinear variational parametes; is thez parity
of field strengths in order to identify the stationary transitionsf the one particle function. The basis set (2) has its precursor in
Until this year the status of electronic structure calculationsmore general one (Schmelcher & Cederbaum 1988) which has
on Hel was such (see Braun et al.1998, Jones et al. 1997, Ruglgtcessfully been applied for the investigation of the electronic
et al.1994 and references therein) that a conclusive comparig@iycture of small molecules in strong magnetic fields (Kappes
was impossible and the occurence of He the atmosphere of g Schmelcher 1996).
GD 229 had to be considered as a pure speculation as it was thepye to the parametersy;, 3;} our basis set is extremely
case with respect to hydrogen in Gar0°8247 until 1984.  flexible which represents a major advantage in the presence
Therefore, several alternative explanations have been pggan external magnetic field. This allows us to accurately de-
posed. Engelhardt & Bues (1995) have tried to explain the regi¢ribe the changes in the electronic wave functions with chang-
lar almost periodical structure of the GD 229 spectrum by quagiy field strengths. The values of the variational parameters
Landau resonances of hydrogen in a magnetic field of 2.5GG,,(B), 3;(B)} are determined by a nonlinear optimization
Ostreicher etal. (1987) speculated that two of the features cogldcedure which is performed for the spectrum of both hydrogen
be due to intersections of hydrogen components in a field #id He Il in a magnetic field. Typically 150 one particle func-
about 25-60 MG. tions of type (2) are optimized in order to describe 15 hydrogenic
Now, the calculations performed in Heidelberg (Becken &tates with a high accuracy. The optimization procedure has to
Schmelcher 1998) have closed that gap and for the first tilse accomplished for each field strength separately (see Becken
precise data for a large number of energy states have becg®chmelcher 1998 and references therein).
available. In this paper we will show that most of the absorp- The basic idea for solving the time-independent 8dinger
tion features in the optical and UV spectrum of GD 229 can kguation belonging to the Hamiltonian (1) is then to construct

identified as stationary line transitions of He out of the above optimized one particle functions a set of spatial
two electron configurationgi;} being symmetric (spin sin-
2. Helium in strong magnetic field glet) or antisymmetric (spin triplet) with respect to the inter-

change of the electronic coordinates and respecting the above-
The fixed-nucleus electronic Hamiltonian of the helium atomScussed Symmetriesl We represent the exact wave functions
in a strong magnetic field oriented along theaxis reads as ¢, by a linear combination of two electron configurations
follows U, = >, ¢jii(ry, re). By virtue of the variational principle
1 . 2 we arrive at a generalized eigenvalue problem whose eigenval-
H= 31 (5P + 5 BL:, + 5, B%(2] +47) ues and eigen?/ectors are ex?:ellent apr:)roximations to thge exact
_‘2%2' + %BSZ,-) + ﬁ (1) eigenenergies and wave functions. We remark that all matrix
) elements of the Hamiltonian (1) with respect to the basis afunc-
where the sum includes the one particle terms in the order: fielibns (2) can be evaluated analytically resulting in a complicated
free kinetic, orbital Zeeman, diamagnetic, Coulomb attractiaeries of higher transcendental functions whose numerically sta-
and spin Zeeman energies. The last term represents the replg-and efficient implementation required a number of different
sive electron-electron interaction. Effects of the finite nucletgchniques.
mass can easily be taken into account by using the correspond-The typical number of two-electron configuratidns }, i.e.
ing scaling relations (Becken & Schmelcher 1998). Accordirtge dimension of the full Hamiltonian matrix to be diagonalized,
to its symmetries the Hamiltonian (1) possesses four indep&nef the order of 2000-4000 depending on the symmetries. On
dent conserved quantities: the total spify its z—component a powerful workstation 10 - 20 h CPU are necessary to build up
S, thez—componentL, of the total spatial electronic angularand diagonalize the Hamiltonian matrix for each field strength
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and symmetry subspace. Extensive calculations have been perj 0
formed in the whole range < v = B/2.35 - 10°G < 100, for g
30 electronic states the energy could be determined to an ac-
curacy of at least0~*. For vanishing magnetic quantum num- 8
ber M = 0 many excited singlet and triplet electronic states
with positive and negative—parity have been determined. For
nonzero angular momentud = +1,—1 both singlet and

triplet states have been studied for positiveparity. This gives <

us insight into an essential part of the spectrum of the He | atom 5
with varying field strength and allows us in particular to decide
whether He | can be presentin the atmosphere of magnetic white 4
dwarfs through an extraction of the stationary components of
the transitions in the corresponding regime of field strengths.
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The strongest evidence that GD 229 does not contain hydrogen ‘
came from a HST spectrum taken by Schmidt et al. (1996): 0 /7
There is no evidence for components of Lynsamwhich do & i
not vary very much over a very large range of magnetic fiefd
strengths. Thésy — 2p_; transition has a maximum at 1341 umj -1
and should always be visible even at extremely high fieldg

3. Interpretation of the spectrum 1

significant amount of hydrogen were present. oy B 7
For the first time it is now possible to compare the spe& ~ Ll ) ) ol L
tral features of GD 229 directly with the newly calculated 2000 3000 4000 5000 6000 7000 8000

wavelength tables for the line components of IHe a strong /A

magnetic field (Becken & Schmelcher 1998). Since oscillatglr /1. The spectrum of GD 229 (Schmidt et al. 1996) is compare

strengths are ’“?t yet avall_able we could not directly comp h the positions of H& components which are stationary in the plot
the spectrum with theoretical models (see e.g. Jordan 1992} range of field strengths. The stationary wavelengths are mar
Therefore we compared the positions of stationary line comd labeled with a number corresponding to the identification in T
ponents with the observed absorption bands. In total about H#. Note that additional stationary line components which are n
line components have been calculated of which about 40 shgsttheoretically calculated may contribute
stationary behaviour at different field strengths.
If one looks at the helium line data up to= 100 (cor-

responding to235GQG) it is rather striking to see that the
majority (26) of all stationary components lies in the range

300<B/MGZT700 (see FidlL; note that the wavelengths wergre) of the210* — 31(—1)~ and 210+ — 21(—1)- tran-

determined by spline interpolation in a still relatively CrUdgitions would fit well to the position of the two strongest ab)

grid). So far only 10 grid points exist for the range of magnet : H h ing fiel hs of
field strengths plotted in Fig] 1. %rptlon. owever, the corresponding field strengths of abo

. . 50 MG would be much too low compared to the result foun
In practically all cases the minimum wavelength of the lar

98r the other features. Such a large spread of magnetic fi¢
number of features seen in the optical, IR, and UV spectr g€ sp g

YWengths is also rather improbable since the observed feat
of GD 229 can be attributed to the wavelength minima of tr}ﬁ_e rtglativ:aly sharp 'mp I v

helium components (listed in TaBle 1). This explains why the An alternative interpretation would be that hydrogen is add

spectrum of GD229 has such an extremely large numbertf?)fnally presentin the spectrum. The strong feature at Aipa
absorption features.

- the spectrum of Grw-70°8247 (which has a polar field strength
Moreover, there are no clear contradictions between the p 320 MG, e.g. Jordan 1992) caused by the hydrogen transiti

dicted pogltlons of absorptions a‘?d.the observations. The 9y 4 fo could also contribute to the strongest absorption fe
shortcoming of the current analysis is the fact that the strong in GD 229. However, in this case we would expect seve

fe;@grets datt40(30 *IQO?A ar_1tc_i a;aig?ruﬁzézgﬁjfar;l%rlly be other absorption troughs, e.g. at 588(2s, — 3po) which are
altributed 1o two finé fransition - ' — ot present in GD 229. This is also compatible with the fing

21(—1)T). Since the identification at other wavelengths is cori}—]g by Schmidt et al. (1996) that no Lymancomponents are
vincing we believe that additional stationary line componenﬁesent in the UV spectrum

are hiddenin the subspaces of bound-bound transitions that have
not been calculated yet (four subspates1)—, 3(£1)~, and
transitions with magnetic quantum numberg > 1).

In principle the wavelength maxima (also shown in the fig
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Table 1. Components of Hewhich are stationary 800 < B/MG < HE 1211-1707 (Reimers et al. 1994, Jordan 1997), and four
700 and additionally two maxima at 50 MG. Note that the wave- other newly discovered objects from the Hamburg ESO Survey
lengths (and corresponding field strenghts) of the minima and maxir(r@eimers et al. 1998).

are interpolated in a relatively crude grid. The error ranga ivas Another good candidate for such an analysis is LB 11146B
estimated from interpolations of different orders

for which a convincing analysis of the spectrum with hydro-
gen line components arrived at an approximate field strength of

No. Component Zerofield trans.  (A/A) [(BIMG) about 670 MG (Liebert etal. 1993, Glenn et al. 1994). Addition-
1 9lpt — 9210— 215, — 31 P, 4294+8|338min  ally avery strong and broad feature at about 540Mas present
2 2lot =310~ 218y — 41 Fy 3260+ 6|425min  in the spectrum which cannot be due to hydrogen. Therefore
3 2ot - 4l0- 218y — 41 Py 2943+ 10| 455min  Glenn et al. speculated that helium might be responsible. How-
4 2'0f = 50" 218y — 5 Fy 2802+ 5(477min  ever, in our current set of line data no stationary line component
5 3ot —3l0” 3'So —4'Fy 10692+ 40[379min  of Hel was found at about 670 MG.
6 30t — 40~ 318y — 4Py 7927+ 40| 406 min
7 3ot —=5l0” 31Sp —»5'Fy 6984+ 40]415min  AcknowledgementsThe Deutsche Studienstiftung and the Deutsche
8 130+ — 230— 9350 s 33 3183+ 6 535 min Forschungsgemein_schaf_t (Schm 885/5-1 & Ko 738/7-1) are_gra_tefully
304 3 3 3 . acknowledged for financial support. We thank Susanne Friedrich for
o ror =30 250 = 4" Py 2504+ 3| 658 min the careful reading of the manuscript and the referee Richard Allen for
10 130F — 430~ 2350 — 43 Fy 2295+ 3| 689 min
11 130 5%~ 298> 5B,  220045|705min  Valuable comments.
12 230+ — 330~ 3350 — 43Py 9350+ 6| 573 min
13 2301t — 430~ 335y — 43 F, 6990+ 10| 643 min References
14 230+ — 530~ 3350 — 53 Py 6184+ 10| 674 min
Achilleos N., Wickramasinghe D.T., Liebert J., Saffer R.A., Grauer
15 2ot —2l(—1)*t 2155 —»3'P_4 5285+ 3| 50 max A.D., 1992, ApJ 396, 273
15 2ot —2'(-1)*t 2'Sp —3'P_y  4812+30[258min  Angel J.R.P., 1979, in White Dwarfs and Variable Degenerate Stars,
16 2ot =3 (-1t 218y —4lF 41254+ 3| 56 max Univ. of Rochester Press, p. 313
16 20t =34 (—1)t 218y —4'F_4 34174+ 101 429 min Angel J.R.P., 1978, ARAA 16, 487
17 20t —4l(-1)* 2'Sp —4'P_y 3012+ 10[466min  Becken W., Schmelcher P., 1998, in prep.
18 2'0t =5 (-1)*t  2'So —5'Fy 2825+ 3[523min  Braun M., Schweizer W., Elster H., 1998, Phys.Rev.A 57, 3739
19 3'0*T —4'(-1)* 3'Sp —4'P_;  8449+150445min  EnpgelhardtD., Bues I., 1995, in White Dwarfs, eds. D. Koester and K.
20 3ot —5!(=1)t  3'Sp—5'F.y 7160+ 20] 499 min Werner, Lecture Notes in Physics, Springer, Berlin, p. 123
21 130+ - 23(—1)t 23S, — 33P_, 3582+ 2| 415 min Forster H., Strupat W., 8sner W., Wunner G., Ruder H., Herold H.,
22 130t = 33(—-1)t 235y — 43P, 2615+ 5| 629 min 1984, J_'Phys" Vi, 1_301
23 130% — 43(—1)* 23S, — 43F_, 2338+ 5| 689 min Glenn J., 'Llebert.]., Sc_hmldt G.D., 1994, PASP, 106, 722
24 130% = 53(—1)t 23S, — 53P_, 2208+ 3| 689 min Greenste!n J.L., Schmidt M., Searle L., 1974, ApJ, 190, L27
25 930+ 5 43(—1)t 335y — 43F_, 7413+ 40| 658 min Greenste!n J.L., Boksenberg A. 1978, MNRAS 185, 823
26 230+ — 53(—1)*  335) — 53P_, 6296+ 40| 658 min Greenstein J.L., 1984, ApJL 281, L47

4. Discussion and future prospects

For the first time we have been able to prove that GD 229
indeed a helium rich (DB) white dwarf at a rather high magnetic

Greenstein J.L., Henry R.J.W., O’'Connell R.F., 1985, ApJL 289, L25
Henry R.J.W., O'Connell R.F., 1984, ApJ, 282, L97

Henry R.J.W., O’Connell R.F., 1985, PASP, 97, 333

Jones M.D., Ortiz G., Ceperley D.M., 1997, Phys.Rev.E 55, 6202
Jgrdan S., 1992, A&A 265, 570

ordan S., 1997, in White Dwarfs, eds. J. Isern, M. Hernanz, Ei&arc
Berro, Kluwer, p. 397

field strength. From the magnetic field strengths correspondi,@gploes U., Schmelcher P., 1996, Phys.Rev.A 53, 3869
to the extrema of the wavelengths of the line components Wgmic s.B., 1974, JILA Rep. 133

conclude that the range of magnetic fields is about 300-700 MGindstreet J.D., Angel J.R.P., 1974, ApJ 190, L 25
so that it would be compatible with a dipole field with a polariebert J., 1976, PASP 88, 490
field strength between 600 and 700 MG. With our analysis vigebert J., Bergeron P., Schmidt G.D., Saffer R.A., 1993, ApJ 418, 426

could reject previous ideas that the atmosphere is hydrogen rigaCook G.P., Sion E.M., 1998, submitted to ApJ
In the near future the rest of the line data for Haill be Ostreicher R., Seifert W., Ruder H., Wunner G., 1987, A&A 173, L15

calculated. We expect that some of the missing line componeﬁ%megs Dtt jotrdi’;i-' Beckmann V., Christlieb N., Wisotzki L., 1998,
will have wavelength extrema near the strong features at abgyt SUPM!tted to
4100 and 5308, 9 9 %%sner W., Wunner G., Herold H., Ruder H., 1984, J.Phys., V 17, 29

) . L uder H., Wunner G., Herold H., Geyer F., 1994 Atoms in Strong
A detailed modelling of the spectrum and polarization 0'? Magnetic Fields, Springer Verlag

GD 229 will be possible as soon as oscillator strengths becog), melcher P.. Cederbaum L.S.. 1988 Phys.Rev.A 37, 672

available; this will enable us to determine the magnetic fiel§l,ediund J.8., Kemp J.C., Wolstencroft R.D., 1974, ApJ 193, L11
structure which is impossible by our wavelength analysis. ~ schmidt G.D., Allen R.G., Smith P.S., Liebert J., 1996, ApJ 463, 320
With the new line data for HEwe will also try to interpret

other magnetic white dwarfs with unexplained features: e.g.
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