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ABSTRACT

We report the presence of elements beyond the iron group in the atmospheres of the cool DO white dwarfs
HD 149499 B and HZ 21. Photospheric lines of germanidm=( 32 ), arsenic (33), selenium (34), tin (50),
tellurium (52), iodine (53), and perhaps bromine (35) are observed in ultraviolet spectra of HD 149499 B obtained
with the Far Ultraviolet Spectroscopic Explorer (FUSE), the Goddard High Resolution Spectrograph (GHRS),
and thelnternational Ultraviolet Explorer. Germanium, arsenic, and tellurium are also observedUg8E and
GHRS spectra of HZ 21. Light elements such as carbon, silicon, phosphorus, and sulfur are present in the
atmospheres of both stars. Nitrogen is detected in HZ 21 but not in HD 149499 B. We calculated a grid of
synthetic spectra covering the range of effective temperatures, surface gravities, and element abundances appro-
priate for a detailed line profile analysis. The measured mass fractions of elements heavier than iron reveal
overabundances ranging from about a factor of 3 to a factor of 1000 relative to the Sun. The heavy-element
enrichment in both stars could be the result of slow neutron capture nucleosynthesis, which would have occurred
during the asymptotic giant branch phase of their evolution.

Subject headings: stars: abundances — stars: individual (HD 149499 B, HZ 21) — white dwarfs

1. INTRODUCTION arsenic, and tellurium iFUSE and GHRS spectra of HZ 21.
Incidentally, germanium has also been observed in the atmo-
spheres of the hot DA white dwarfs G191-B2B, Feige 24, and
f GD 246, and tin has been detected in the atmosphere of G191-
B2B (Vennes et al. 2005). We carry out a spectroscopic analysis
in § 3, and we showni § 4 that the highheavy-element abun-
dance in HD 149499 B and HZ 21 may imply that nucleo-

nthesis by slow neutron captusegrocess) took place during

e AGB phase of their evolution.

DO white dwarf stars have helium-rich atmospheres with ef-
fective temperatures ranging frofg, = 120,000 645,000 K.
The temperatures of cool DO white dwarfs mark the hot end o
the so-called DB gap, which corresponds to aninterval in effective .
temperatures46,000 K= T, = 30,000 K) devoid of helium-
rich white dwarfs (Liebert et al. 1986). DO white dwarfs may be
the descendants of the PG 1159 stars, a class of objects that ha
lost their hydrogen envelope and acquired a He/C/O-rich surface’
due to processes involving a late helium shell instability during
the pre—white dwarf phase (Herwig et al. 1999). As DO white 2. OBSERVATIONS
dwarfs cool down, their strong gravitational field favors the down-  HD 149499 B and HZ 21 were observed BYSE, which
ward diffusion of elements heavier than helium. However, the covers the wavelength range fronw 905  to 1187  with a
detection of trace elements in the atmospheres of DO white dwarfsresolutionR = 17,000. HD 149499 B was observed repeatedly
implies that some mechanisms, such as convection, turbulencein the course of thEUSE mission as part of the M103 calibration
accretion, or radiative levitation, interfere with gravitational set- program to monitor the stability of the spectrograph flux sen-
tling (see, e.g., Fontaine & Michaud 1979; Vauclair et al. 1979; sitivity. In the present study, we have combined data obtained
Vennes et al. 1988; Dupuis et al. 1993; Chayer et al. 1995; Dreizlerusing the large square aperture (LWRSY x 30" ) from 10
1999). The observation of elements beyond the iron group in theindividual observations (M1031101, M1031102, M1031103,
atmospheres of these high-gravity stars may contribute to ourmM1031105, M1031111, M1031114, M1031117, M1031120,
understanding of the chemical evolution of white dwarfs, not only M1031401, and M1031404) leading to a total exposure time of
with the identification of the mechanisms responsible for the ob- 62,500 s. For HZ 21 we use the P2040801 and M1080201 ob-
served abundances, but also by assessing the nucleosynthesis eérvations obtained using the LWRS for an exposure time of
heavy elements in asymptotic giant branch (AGB) stars. 17,375 s. In both cases, we have co-aligned the spectra from

In this paper, we report the observation of elements beyondindividual exposures/observations by cross-correlating the spec-
the iron group, collectively referred to as heavy elements, in tra in pixel space over small regions that include narrow ab-
the atmospheres of the cool DO white dwarfs HD 149499 B sorption lines. The spectra were then combined by taking an
(Terr = 49,500 K; Napiwotzki et al. 1995) and HZ 21  exposure-weighted average of all observations. In view of its
(Terr = 53,000K; Dreizler & Werner 1996). In § 2, we discuss relat|ve|y intense far-UV flux (flux at 1056 &4 x 10
the observation of germanium, arsenic, selenium, tin, tellurium, ergs s* cm 2 A %), the combined spectrum of HD 149499 B is

iodine, and perhaps bromine kar Ultraviolet Spectroscopic of exceptionally good quality with a signal-to-noise ratio ex-
Explorer (FUSE), Goddard High Resolution Spectrograph ceeding 100 pixef in the LIF1A channel at 1056,
(GHRS), andnternational Ultraviolet Explorer (IUE) spectra Both stars were also observed with GHRS using the G160M

of HD 149499 B, as well as the observation of germanium, grating R = 20,000) and bylUE using the short-wavelength
prime (SWP) camera in the high- dispersion mode <
* Department of Physics and Astronomy, 3400 North Charles Street, The 10,00Q. Two GHRS spectral bands Coverlng the range from
Jopgflg;)rpk:;";gg/:r%tg Er?rlrln;?rgf I';AhDszlgsﬂaid Astronomy, University of A~ 122710 1264 A and from 1338 to 1375 were obtained
Victoria, PyO Box 3055, &Cmna BC vs)\//v 3P6, Canada. y. YOl for both stars, and an additional spectral band covering the
s Current address: Department of Physics and Space Sciences, Florida Infange from 1699 to 1738 was obtained for HD 149499 B.

stitute of Technology, Melbourne, FL 32901. In the case of théUE data, five spectra were obtained for HD
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149499 B with a total exposure time of 19,320 s, and only one TABLE 1
spectrum with an impressive exposure time of 68,820 s was PHoTOsPHERIC LINEs IDENTIFIED IN FUSE, GHRS, AND IUE SPECTRA OF

obtained for HZ 21. HZ 21 being much fainter, the signal-to- HD 1494998
noise ratio of this long exposure remains much lower than that N E EW
for HD 149499 B. The samHJE data were used by Holberg lon A loggf g (cm? (mA)
et al. (1998) in their anal'ysis of high-dispersion SWP spectra < = 1175.7 037 90 52419 129 3
of white dwarfs. We retrieved thHJE data from the World Crv ... 1548.1985 —0.419 2.0 0.0 90.5+ 7.6
Wide Web? 1550.772 —0.720 2.0 0.0 78.6+ 7.6
Table 1 lists relevant atomic data for all photospheric metal Sitv ....... 1122.485 0220 2.0 71287539 8807
lines identified in theFUSE, GHRS, andUE spectra of HD 1128320 DA%y a0 nrasoll 8407
149449 B. The spectra show a wealth of photospheric lines 1393 755 0.030 0.0 20 178 3.2
produced by transitions emerging from the ground state or from 1402.770 —0.280 0.0 2.0 14.6+ 4.5
excited energy levels and from different ionization states. The Pv ........ 1117.977 -0.010 2.0 0.0 16.7+ 0.8
richness of its spectrum and the variety of trace elements found 1128.008 -0.320 2.0 00 117 07
in its atmosphere make HD 149499 B one of the most inter- >~ giz'gg :8'238 3'8 8'8 gg é'é
esting hot white dwarfs ever studied. The detection of a single geyy ...... 1229.840 -0.302 2.0 0.0 16.7+ 1.8
Br vi resonance line at 939.576 is tentative. Given that there Asv ...... 946.5 1.0 75812 15.1+ 0.9
are many unidentified lines in the HD 149499 B spectrum, the 953.3 5.0 79492 22.% 0.7
939.576A line could be a transition originating from another, g?i"? 3'8 ;gggg ig-% 8'8
yet unidentified element. Nevertheless, we believe that bromine 080 6 50 79492 19.% 08
(Z = 35) should be present in the atmosphere of HD 149499 999.3 50 79492 14.% 0.9
B because of the similarity of its atomic and nuclear properties 1003.4 3.0 112022 16.4 1.0
with germanium (32), arsenic (33), and selenium (34). ASV ....... 987.651 0.023 2.0 00 50516
Resonance lines of Ge at 1229.84A , Ay at 987.651 and iggi'gg ~0.296 i'g 2368907'0 488% é'i
1029.48A , and Ten at 951.02 and 1071.48 are observed in 1056.7 N N 9.6+ 0.6
the atmosphere of HZ 21. Light elements such as carbon, silicon, sem ...... 938.3 1.0 0.0 8.1+ 1.1
phosphorus and sulfur are detected in the spectra of both stars.se lggg-gg 013 20 "o llgii: (13-2
R H H H v ... . —VU. . : : .
Strong nitrogen lines are observed in HZ 21, but none is detected 99671 —0574 40 4376.0 6.6 0.0
in HD 149499 B. Although a large number of lines have been 1001.65 —1530 40 4376.0 95 06
identified in theFUSE spectrum of HD 149499 B, there are many 1018.0 9.5+ 0.9
more weak and strong lines that remain unidentified. The iden- 1157.3 6.0 104706 9.6 0.7
tification of weak lines in th&USE spectrum of HZ 21 is more 1166.8 4.0 104211 7.& 06
difficult because of its lower signal-to-noise ratio. Nevertheless, E;g'glg 2660 10478% 2%322'1f 2'2
two strong, unidentified lines at 952.83 EW = 32.0 An )and gey ... 109468 -2534 1.0 0.0 18.3- 1.0
1157.85A (18.1 /A ) stand out in tR&JSE spectrum. We believe 1151.0 3.0 131733 23.6 0.7
that the line at 952.84 is also present in the spectrum of HD 5 15%;-276 > 580 f-g 13173030 1205-35;L é-;
H H rvi ...... . —Z. . . . .
149499 B. On the o‘gher hand, the Ilne_ at 115785 in HZ 21 oy 956,249 50 695639 34 05
does not match the line at 1157.83  in HD 149499 B. Finally, 1019719 40 760723 86 08
there are many interstellar absorption lines detected ifttHeE 1044.487 20  69563.9 188 0.7
spectra of HD 149499 B and HZ 21. Absorption lines such as 1073.407 40  76072.3 8.4 0.5
Hi, D1, Cmo, Cu, N1, N1, O1, Sin, P, Ar 1, and Fen are 1314.539 0105 2.0 0.0 459 4.7
observed along the lines of sight to HD 149499 B and HZ 21. ™Y -+ 1?)%% _00'207%3 2260 0060 2143'155 g'g
Wood et al. (2002) and Oliveira et al. (2003) carried out detailed |, . . 1003.924 —0727 40 122921 44F 09
analyses of these lines of sight. 1017.715 6.0 111831.2 8.4 0.9
1044.998 40 108780.4 5% 1.1
3 SpeCTRAL ANALYSIS e Bt S &
The abundance measurements are obtained following dif- |, ﬁgg:ggi l.ﬁOS i‘% 12223_'(1) ;g.g g:g

ferent techniques depending on the availability of atomic data. Nors.— Atomic data are from Kelly (1987), Kaufman et al. (1988), Hirata
It .tums QUt that energy levels, _oscnlator strengths, and pho- & Horéguchi (1995; atomic spectral Iine’Iist available 'at http;//vizier
toionization cross sections, which are needed for computing -strasbg.friviz-bin/fp-index?VI/69), Kurucz & Bell (1995), Tauheed et al.
non-LTE (NLTE) stellar atmosphere models, are much better (1998), and Morton (2000).
known for the light elements C, N, Si, P, and S than for the :'\Tﬂﬁltipft-t eric | blended with ci ollar |
€ photospneric lines are blended with circumstellar lines.
heavy elgment.z GfeNI'_A_‘I'_SI’E Se’dBrl’ Sn, Te, ar:jd If ﬁ‘s a rleSUIt’ we °The lines at 1128.325 and 1128.340  are blended, so the equivalent
compute 6}‘91"! Y - m(_) els compo.se of three elements, widths listed are the total equivalent width corresponding to this blend.
H, He, and “Z,” where Z is either C, N, Si, P, or S. The models ‘The Serv line at 1259.519R8 is blended with the interstellan3ine
are computed for a set of abundances varying from at1259.518A .
log [N(Z)/N(He)] = —5.2to —10.0, in steps of 0.4 dex. The
corresponding synthetic spectra are then computed for this setomposition, treating the heavy elements under the assumption
of models and applied to the abundance analysis one elemengf | TE and the trace-element approximation.
at a time. In the case of the heavy elements, a grid of synthetic Both models and synthetic spectra are computed using the
spectra is computed from NLTE models with a H/He chemical stellar atmosphere and spectral synthesis codes TLUSTY and
SYNSPEC (Hubeny & Lanz 1995). We used the modification
* Available at http://vega.lpl.arizona.edu. that Proffitt et al. (2001) made to the program SYNSPEC to
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TABLE 2
0= L L I L L EL N AL Qe METAL ABUNDANCES IN HD 149499B anp HZ 21
L ?AsIv Iv Asv i
1 k- Sal 2 | _ HD 149499 B Hz 21
0.8 _ IoN Numbef Mas$ Number Mas$
i Car AN1175...... —6.51+ 0.01 —-3.53 —-6.46+0.07 -3.46
o6 , , 7 N 1 AA98O ... .. -555+021 -1.95
1002 1004 1006 1028 1030 1032 N m AAN991 ....... —5.66+ 0.07 —2.06
X o T T T T T T T T T T T T O N 11 AN1184 ... -5.40+0.11 -1.80
é L Sev ci | N 1v AA923 ....... <=7.47 <—3.88 -—-527+0.12 -1.67
s 1k | [ _ N1v 955 ......... —5.62+ 0.14 —-2.02
g L . v 4 N v AN1240....... <—6.53 <—294 -539+0.04 -1.79
< 08| | — Si1v N\\1126...... —7.80+ 0.04 -3.94 -6.30+0.09 -242
E - Serv 1 Siv A\1397...... —7.82+ 0.10 —3.96
S 0.6 - | | | | | | L Pv aNL123....... —-8.60+ 0.01 -259 -7.07+0.08 -1.05
* 1093 * 1095 * * 1173 * 1175 * 1177 * 1179 S1v AA1070....... —6.72+ 0.09 —2.48
i i i i i i i SVIANN937 ........ —6.09+ 0.08 -1.86 -5.62+0.25 —1.38
12 ' v ' ' S T Geiv 1230 ...... -7.63 017 -7.45+009  0.36
. B | | ] Asv 988 ......... —6.57=+ 0.02 252 —7.75+0.34 1.35
I ot W‘V Uani ] As v N1029 ....... —6.22+ 0.02 287 —-7.83+0.15 1.27
0.8 _ Seiv \960 ........ -6.31+ 0.05 1.73
L J Serv \997 ........ —6.29+ 0.04 1.75 <—6.16 <1.89
0.6 - . Serv N\1002....... —6.22+ 0.05 1.82
T S O S Y S NS RN Sev A\1095........ —-5.97+ 0.03 2.07 <—6.68 <1.37
1243 1245 1247 1313 1315 1317 Br vi NO4O ... _435+ 0.07 447
Wavelength (&) Sniv A1315....... —6.58+ 0.10 2.80
Sbv \1104 ....... <—9.84 <0.53 <-9.17 <1.21
Fic. 1.—Examples of photospheric lines observedFidSE, GHRS, and F v i?g%l """" :;Zg:—: ggg i;‘g :;i‘gf 8(2); ig‘;
IUE spectra of HD 149499 Bb{ack lines) and best models matching the Iev)z1004 """" —6.141 0'03 3'74 '_7—43' 2'45
observed spectradd lines). The top two panels shoWUSE data. The left | :’/ N2as 76.361 0.08 3'52 <=f <&
and right spectra in the bottom panel show GHRS K data, respectively. Pb1v NM029. ... - 793 144 <—6.49 <289

The As1v A\1003 and Sav A\1176 lines are not included in the fits of the
1002-1006 and 1173-1178  spectral regions, because their oscillator = values given ardog [N(Z)/N(He)]

strengths are not known. ® Mass fraction relative to the solar valieg X, — log X¢ . The solar abun-
dances are from Asplund et al. (2005). Abundances of As, Se, Br, Te, and |
include the partition functions for the neutra1, and +2 are from meteoritic abundances.

ionization stages of elements heavier than zinc. For-ti3e

+4, and+5 ions we modified SYNSPEC to compute the par- €.9., Barstow et al. 2003; Vennes & Lanz 2001). On the other
tition functions explicitly. For HD 149499 B, we adopted the hand, the overabundance of elements such as As, Se, Br, Sn,
atmospheric parameters measured by Napiwotzki et al. (1995),Te, and | observed in the atmosphere of HD 149499 B chal-

T.. = 49500 K, logg = 7.97, and log N(H)/N(He)] = lenges our understanding of the spectral evolution of white
—0.65, and for HZ 21 we adopted the parameters measurediwarfs. )
by Dreizler & Werner (1996)T,,, = 53 ,000 Klogg = 7.8 , Vauclair et al. (1979), Chayer et al. (1995), and Dreizler

andlog [N(H)/N(He)] = —1.0. Abundances of both light and (1999) show that selective radiation pressure on heavy elements
heavy elements are obtained by fitting each line under consid-can offset the effect of gravitational settling and support trace
eration (lines with knowmgf ) with ax? minimizationtechnique, ~ €lements in hot white dwarf atmospherdg,(= 20,000  K).
where the abundance relative to helium and a normalizationMoreover, this parameter-free diffusion model stipulates that
factor are treated as free parameters. Figure 1 shows a fewstars with similar atmospheric parameters must have similar
examples of our best fits for HD 149499 B, and Table 2 sum- heavy-element abundances. HD 149499 B and HZ 21 have

marizes our spectroscopic analysis for both HD 149499 B and Similar atmospheric parameters wil; andlog g differing by
HZ 21. less than a few thousand degrees and by less than 0.2 dex,

respectively. Both stars should, in principle, exhibit comparable
abundances or at least comparable abundance patterns. How-
ever, Table 2 shows very puzzling abundance patterns if we
The detection of elements beyond the iron group in the atmo- attempt to explain them within the framework of the radiative
spheres of the cool DO white dwarfs HD 149499 B and HZ levitation theory. Both stars have identical C abundances, and
21 raises fundamental questions: Is the heavy-element enrichalthough HZ 21 has a relatively high N abundance, HD 149499
ment a result of nucleosynthesis during the AGB phase, anB does not show any trace of nitrogen. Si and P are more
apparent overabundance created by diffusion processes neabundant in the atmosphere of HZ 21 by factors of about 30
the stellar surface, or both? and 40. Based on the higher abundances of N, Si, and P ob-
The most striking result of our spectroscopic analysis is the served in HZ 21, we would expect that elements beyond the
presence of elements with>31 and with abundances largeriron group would be more abundant in HZ 21 than in HD
than solar abundances. Table 2 compares the mass fractions di49499 B. On the contrary, the abundance of heavy elements
elements observed in the atmospheres of HD 149499 B andwith Z> 33 is much lower in HZ 21 than in HD 149499 B.
HZ 21 with the solar mass fractions. All light elements (C, N, This dichotomy between light- and heavy-element abundances
Si, P, and S) have mass fractions smaller than those in the Suns very difficult to interpret with a parameter-free diffusion
by 1-4 orders of magnitude. These underabundances are commodel. Chayer et al. (1995) suggested that weak stellar winds
parable to those observed in DA white dwarfs and come, atcould compete with gravitational settling and radiative levi-
least qualitatively, within the scope of the diffusion theory (see, tation and build abundance anomalies in white dwarf atmo-

4. ON THE HEAVY-ELEMENT ENRICHMENT
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spheres. It may be that a weak wind is present in one of thelacks critical supporting measurements. The iron abundance,
stars and is responsible for differences in the abundance patwhich is affected bys-process nucleosynthesis, is required in
terns; however, detailed diffusion calculations exploring this both objects, as well as key hs and Is abundances, although we
possibility are not currently available. found evidence that Pb is lacking. Perhaps some unidentified
Could nucleosynthesis during the AGB phase (see Busso etines in HD 149499 B belong to the hs or Is groups. Still, based
al. 1999 for a review of nucleosynthesis in AGB stars) generate on current evidence, we propose that both stars show the effect
an abundant supply of heavy elements such as elements fronof nucleosynthesis during the AGB phase of their evolution
the Zr peak (lights-process elements, Is), the Ba peak (heavy and that different progenitor properties led to the noted spec-
s-process elements, hs), and Pb at the termination afpla¢h? troscopic differences between HD 149499 B and HZ 21. Fol-
Heavy elements are synthesized in the intershell region vialowing the “born-again” scenario (Iben & MacDonald 1995;
neutron capture seeded mainly by tH€(x, n)*°O reaction, Herwig et al. 1999), the PG 1159 stars, and their likely DO
with an additional role played by tiéNe(x, n)*Mg reaction. white dwarf descendants, expose helium envelopes enriched
The C is assumed to reside in a pocket below the convective with s-process elements. The heavy-element abundance pattern
envelope in the intershell region, where protons somehow dif- in HD 149499 B and HZ 21 is quite distinct from DA white
fused into and were captured B3C atoms. The newly syn-  dwarf abundance patterns (Vennes et al. 2005), which do not
thesized heavy elements are subsequently mixed in the enveexhibit the dramatic heavy-element enrichment found in cool
lope during the following convective thermal pulse, resulting DO white dwarfs.
in a gradual envelope enrichment. Evidence for ssiphocess
enrichment processes has been found in PG 1159 stars by Wer-
ner et al. (2004, 2005). It is recognized that along with stellar ~ This research is supported by NASA LTSA grant NAG 5-
mass variations, metallicity variations may account for different 11844. We thank |I. Hubeny and T. Lanz for providing their
families of chemically peculiar stars. Although attractive, the stellar atmosphere and spectral synthesis codes. P. C. is a Ca-
proposition that heavy elements in the cool DO white dwarfs nadian representative to ti@JSE Project supported by CSA
HD 149499 B and HZ 21 were synthesized while on the AGB under a PWGSC contract.
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