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Abstract. We present the results of the analysis ofésfhélle spectra of the Cephei star BW Vulpeculae. The data were
obtained during three nights with the SOFIN spectrograph at the Nordic Optical Telescope and cover a wavelength range from
3650 A to 7340 A. We compare the observed spectrum with a synthetic spectrum calculated from a model atmosphere for this
star utilizing the program ATLAS9 by Kurucz. From this, we determine a projected rotational velosiby, of 24 kms?.

Detailed spectral line identification and an abundance analysis for this star are performed. From these analyses we find that Ne,
Si, He, and Ar are over-abundant in BW Vulpeculae, while the abundances for N, S, O, Fe, C, and Al are solar.

Finally, a comparison of radial velocity curves from sixfeient layers of BW Vulpeculae’s atmosphere is presented, corre-
sponding to the formation depths offirent elements. We show that at least six of these layers move independently from each
other.
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1. Introduction The pulsation period oP = 0.20104444 d has been well de-

. . termined (Sterken et al. 1993). Recent studies of its pulsational
BW. Vulpeculae €HD 19914.0’\/ = 6.54mag) IS a shqrt perl_o_d behavior, applying the moment method (Aerts et al. 1992) and
variable star of thg Cephel type. The pulsational InStabIIItythe method of photometric amplitudes (e.g. Heynderickx et al.

in these stars is d_riven by themechanism op_erating in the1994), show that it pulsates in the fundamental radial mode
zone of the bump in metal opacity. The opacity of metals hﬂﬁth up to 8 harmonics (Aerts et al. 1995)

been underestimated for many years and only after the recalcu- . . .

. . . BW Wul is a special case among thg Cephei
Ilagtg)f of tgethopame_ls Eﬁ:h? Ofﬁ‘L grt()uph(lgl_e3||a5& RoQirsStars, exhibiting many atypical properties. Usually, the
) and their availability for the astrophysical communi ¥-mechanism leads i8 Cephei stars to small amplitudes

pulsational stability studies g8 Cephei models have shownOf ~0.02mag. However, BW Vul has the largest light-

conclusively that these new opacities are indeed driving pyl-_ . . . .
sation inB Cephei stars (e.g. Moskalik & Dziembowski 1992l'émpmUde among the knowsiCephei stars, with an amplitude

Dziembowski & Pamyatnykh 1993). of ~0.2mag peak to peak in the visual and.2 mag in the

. L .. ultraviolet.
This mechanism is based on the theory that there exist ion- In addition, although tha-mechanism usually results in

|za_t|on. zones (H, .HH and metals) in puls_at.mg stars, Wh'Ch afhe profile variations, there is clear line doubling in the spectra
all n duferent optical depths, where radiative fqu coming frorBf BW Wul, caused by strong non-linear behavior. One possible
the interior of the star can partly be blocked during the phaseé?ﬁzplanation for this phenomenon is the propagation of shock

compression and be_ converted |_nto Kinetic energy. Photon Whves through the atmosphere of the star (Mathias et al. 1998).
ergy is transformed into mechanical movement and this eXCe$8¢ process is described further in Sect. 5

eneég\% C?/n ;[hgn be used for_ tg? DUIS.?:IO”' 4.825h brigh Finally, BW Vul exhibits extensive radial velocity varia-
vul oIS, mono_—per;)o '; ;\"t a P: Iski 1;53 " tions of~200kms?. The velocity curve is unusually complex,
ness variation, increasing by 2.3dantury (Pigulski )- marked by a still stand phase with nearly constant radial veloc-
Send giorint requests toA. Stanko, ity. Mathlas.et al. (1998) discovered gflne structure within this
e-mail: Anamari ja. Stankov@esa. int so-called still stand, produced by an inward shock front bounc-

* Based on observations made with the Nordic Optical Telescopid Off @ deep layer of the photosphere and a slight outwards
operated on the island of La Palma jointly by Denmark, Finlandotion of the shock wave.
Iceland, Norway, and Sweden, in the Spanish Observatorio del Roque TO date, no satisfactory explanation has been provided for
de los Muchachos of the Instituto de Astrofisica de Canarias. much of BW Vul's atypical behavior. In this paper we aim to
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Table 1. Spectroscopic range of each order of gudélle spectra with Table 2. Spectroscopic range of each order of dubélle spectra with

resolutionR = 70 000. resolutionR = 30 000.
Order Spectral Range [A]| Order Spectral Range [A] Order Spectral Range [A]| Order Spectral Range [A]

34 6542-6592 46 4850-4886 31 7190-7340 46 4740-4845
35 6358-6440 48 4648-4683 32 6960-7120 49 4655-4560
38 5854-5898 49 4553-4587 33 6750-6900 47 4640-4745
39 5704-5746 50 4462-4496 34 6550-6700 48 4545-4645
41 5248-5466 51 4374-4407 35 6360—-6510 50 4365-4465
43 5172-5228 52 4290-4323 36 6180-6325 51 4280-4380

37 6020-6160 52 4200-4295

38 5860-5995 53 4125-4215

complete a detailed abundance analysis of this star, and to study

radial velocities of dierent elements, and hencdfdient lay- 39 5710-5840 >4 4050-4140
ers of the atmosphere. The results of these investigations will 40 5570-5695 55 3980-4065
provide significant grounding for further research on this un- 41 5430-5560 56 3910-3995
usual star. 42 5300-5420 57 3840-3930

The observations are described in Sect. 2. We derive a syn- 43 5180-5295 58 3775-3860
thetic spectrum for the first time for this star and this processis 44 5060-5190 59 3710-3795
outlined in Se_ct. 3. Ir_1 Sect. 4, we shpw the .results of the abun- 45 4950-5060 60 3650-3730
dance analysis and in Sect. 5 we discuss line doublifegs. 45 4840-4950

In Sect. 6 the results of the calculation of the projected rota-
tional, systemic and radial velocities are presented. Section 7
summarizes the results of our study. Finally, in Sect. 8 we o@®- Synthetic spectrum for BW Vul

line our future work on BW \Vul. S
In order to perform an abundance analysis, it is first necessary

to synthesize a spectrum for BW Vul. The spectroscopic data

2. Observations set obtained for these studies covers an extensive wavelength
_ _ _ _ . range from 3650A to 7340 A. This range provides a good ba-
The spectra were obtained with the high-resolutemmélle g for jine identification and abundance analysis as well as for

spectrograph SOFIN (Tuominen et al. 1999) mounted at th&termination of the projected rotational, systemic and radial
Cassegrain focus of the 2.56m Nordic Optical Telescopgqcities in BW Vul.

(NOT) in La Palma, Spain. These observations of BW Vul produce a synthetic spectrum, fifsk and logg for this

were among the first made with the NOT. The medium resg, naeq to be determined. These parameters are then used fo
lution camera (camera R ~ 70000) was used for the firstyq o5jcylation of a model atmosphere from which the spectrum

data set of 40 individual exposures of 13 orders of about 5Q&\qy hhesized. Details of the procedure are provided below.
each and they yielded a typical sigmaise of about 200. In

this medium resolution mode 6 orders in 23 phases contair- Calibration: The &ective temperaturelgy) and logg are
ing Ha (1 6562.797A) and 7 orders in 17 phases containing obtained from calibration of Stgren photometric indices
HB (1 4861.323 A) were obtained. The spectroscopic range of (Hauck & Mermilliod 1998) using the programemplogg
each order of thesechelle spectra are presented in Table 1. A (Kupka & Lueftinger 2001)templogg is a tool for the de-
second set of data of lower resolutioR & 30 000) was ob- termination of fundamental stellar parameters from photo-
served with camera 3. Here there were 16 exposures of 31 or-metric observations. It is a compilation of a large sample
ders obtained. The spectroscopic range of each order of the lowof calibrations for the Strhgreng and the Geneva photo-
resolution data can be seen in Table 2. These data sets togethemetric systems. An automatic selection of the most suitable
resulted in a total of 58c¢helle spectra for BW Vul which were  transformation between observed colors and stellar param-
used for this study. eters allows for the determination ®fg, log g and metal-
The reduction was completed using tbehelle spectrum licity from observed colors. The use aémplogg results
reduction package 4A (llyin 2000) including bias subtrac- for BW Vulin Teg = 24432K and logy = 3.73.
tion, flat fielding, scattered light subtraction, weighted spec- We verified the results of this program using polynomial
trum extraction and wavelength calibration with the use of a functions to calculatd ¢ and logg from Stmgren color
ThAr spectrum. Telluric lines were used to correct the wave- indices. For B-type stars, Balona (1984) obtained these
length positions of the spectra caused by the bending of the polynomial functions by calibratingfiective temperatures
spectrograph, temperature distortions, and the $éceof the and bolometric corrections in terms of &mgrency and
seeing image. B indices. Thecy index (o = ¢; — 0.19E(b — y)) provides
The medium resolution observations were carried out in a precise measurement of the Balmer discontinuity and
1993 (June 30th and July 4th). The low resolution data were the 8 index measures the strength otxrHUsing these
obtained on August 29th, 1994. polynomial functions, we obtaifies = 23 850+ 940 and
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Fig. 1. Comparison of observed and synthesized spectrum of BW Vulpeculae for the spectral region between 4460 A and 4550 A. The green
line represents the observed spectrum and the red line represents the synthesized spectrum.

log g = 3.76+ 0.04. Nota bene, both calculations providd his part of the spectrum contains thaiMne at 4507.6 A and
the same values fdfs; and logg and they agree very well the Al line at 4512.6 A. Figure 2 shows the observed and
with previously determined values (el = 23227 K by the synthesized spectrum of BW Vul in the wavelength range
Aerts et al. 1995). between 4740A and 4840A. This part of the spectrum con-
tains two strong Qi triplets (at 4819 A and 4829 A) and the
— Model atmosphere: The standa@LAS9 code by Kurucz strong Siir line at 4813.3A. Here we also find thaiSine at
(1992) was used to generate the model atmosphere. BA85.6 A and two NI lines (at 4779.7 A and 4788.1A). All
input parameters wer€; and logg, as calculated fromlines in the observed spectrum can also be identified in the
the previous step, metallicityZ( = 0.02), an estimated synthesized spectrum, and there are no superfluous lines in the
value for the micro turbulence afnico = 2kms?2, and latter.
an estimated starting value for the projected rotational Therefore, the calculated model atmosphere must closely
velocity v sini of 12kms?. resemble the observed atmosphere of BW Vul, and the synthe-
sized spectrum enables us to perform the following analyses
— Synthesis: The synthetic spectrum was generated from thi¢h confidence.
model atmosphere using theynth program (Piskunov
1992). The metallicity was taken from Pamyatnykh (1999). )
The atomic line parameters were extracted from the VAL Abundance analysis

database (Kupka et al. 1999; Ryabchikova et al. 19980 gynihetic spectrum produced for BW Wul is used to

Piskunov etal. 1995). VALD is regularly updated with Critzpjete the first ever abundance analysis for this star.

ically evaluated data sets. The progragmth solves the ¢, mpyositional anomalies within this star may help to explain
radiative transport equations for every single wavelengtly . of its atypical behavior.

point using an adaptive grid. The first step in the abundance analysis is to compare

The synthesized spectrum of BW Vul which was obtaindfie observed and the calculated spectra using the program
using the procedures described above closely matches thefsiiate?. This program allows one to manually adjust the
served spectrum. In Figs. 1 and 2 we illustrate how clogadial velocity, rotational velocity, instrumental profile, and
the synthesized spectrum resembles the observed spectffi@Cro turbulence, and to measure equivalent widths. From this,
Figure 1 shows the observed and the synthesized spectrurlbtines in the present data set of BW Vul are identified. In
BW \Wul in the wavelength range between 4460 A and 4550 A

2 Rotate: Prof. Nikolai Piskunov, Dept. of Astronomy and Space
1 http://www.astro.univie.ac.at/~vald/ Physics, Uppsala University, Box 515S-751 20 Uppsala, Sweden.
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Fig. 2. Comparison of observed and synthesized spectrum of BW Vulpeculae for the spectral region between 4740 A and 4840 A. The g
line represents the observed spectrum and the red line represents the synthesized spectrum.

Table 3, we give a line list together with the ionization levels of 0o
the elements and their laboratory wavelengths of the medium I 0o

. [} = 7
resolution data. 0 o0

In order to determine the abundance of each elementidenti- o | i
fied in this star, abundances of the synthetic spectra are adjusted hds ve |
iteratively until a match is found between the equivalent widths
of the lines in the observed and the synthetic spectrum. Solar ERC U
values are adopted as a starting point for this iterative process. 4gq L...cvnev.. e.0 U@l ... @ erernnnaaennnnaeaenes]
Each element is studied using as many unblended lines as &te ?
available. We would like to stress that for elements which ex- ,, | 0o ° 0
hibit lines not as strong as for Si or He, we used only those lines R O
which have very good signal to noise ratios and can therefore

Il
be used for accurate abundande determination. 4000 400 000 00 000 oo
m ]

0g |

Using this procedure, the atmospheric abundances of 10 el- ] ] ) ]
ements in BW Vul could be determined. The results of tH:ég.& Nitrogen abundance as determined from 18 lines. The circles
abundance analysis are presented in Table 4, listing the sgI]ng the abundances obtained from th&aient nitrogen lines. The

. _Numbers next to them denote the number of single measurements of
abundances, the abundances determined for BW VUI’_ the d'{]different phases in one order which were averaged, representing the
ferenceA between these values, and the number of lines usgghses per order usable for calculation. The full line marks the average
for the analysis to determine the abundances. This last numf&indance and the dashed line marks the solar abundance. Note tha
allows for quantification of the given errors. It igfitult to ob- the error on the abundance for BW Vul is 0.27 dex.
tain accurate abundances for this star because the line profiles
change considerably within each pulsation cycle. Neve_rtheleé_gl,ues are as follows:
these abundance measurements are unprecedented in the liter-
ature and are of considerable value for the interpretation of the over-abundant elements: Ne, Si, Ar, and He;
peculiar behavior of this star. — elements with solar abundance: N, S, O, Fe, C, and Al

In Fig. 3 we present the abundance determination for mMiote that the abundance for Ar is determined from a single
trogen for which there were the most lines (18) available. Tkpectral line. The error is estimated from the standard deviation
abundance 0f3.75 + 0.27 dex indicates solar abundance foof the mean value of the abundance obtained from all phases in
nitrogen. The elemental abundances in comparison to salae order.
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Table 3. Table of all identified lines in the medium resolution spectradable 4. Results of the abundance analysis.
from BW Vul. Groups of elements without line spacing mark blends.
lon stands for element antfA] is the central wavelength.

lon A[A] ] lon A[A] [ ton ATA]
Cu 6582.882| Su 5428.655| Alr  4480.009
Al 4479.971
Cu 6578.053| S 5207.038| Al 4479.885
on 5206.650
HI 6562.797| On 5206.715| Her  4471.682
Ner  4471.587
Ner 6402.246| Fem  5194.160| Her 4471.488
Fem 5193.909| Her  4471.485
Ner  6382.991 Her  4471.473
Oon 5190.565| Her  4471.469
N 11 6379.616| O 5190.494
N 11 5190.375| O 4395.935
Sin 6371.371 Fem 4395.755
N 11 5179.347
Fem 5876.337 K 4388.159
Her 5875.966| O 5175.986| Cm  4388.017
Her  5875.640 Her  4387.929
Her  5875.625| On 5175.908
Her 5875.615 on 4319.865
Her 5875.614| N1 5175.888| Fenn  4319.680
Her  5875.599 Oon 4319.625
HI 4861.323
Femmr 5891.904| Siu 4861.074| Cnn 4317.266
Cu 5891.597| O 4860.962| O 4317.136
Fen  4860.677
Simt 5739.734| N1 4860.162| Femr 4310.355
Fem 4310.337
Al 5722.730| On 4676.231
Fem 5722.468 K1t 4309.096
Femr 5722.023| On 4673.732| On 4309.077
S 4673.284| On 4308.891
Simt 5716.287| Sin 4673.256
Oon 4304.166
N 11 5710.766| On 4661.635| On 4303.833
Oon 4303.615
Simt - 5704.590| On 4650.838| Fen  4303.176
Oon 4303.124
N1 5454.214| Arn 4579.349| On 4302.901
Su 5453.885| O 4579.269
Nemr  4297.017
N1 5452.075| Simt  4574.757| Femr 4296.851
Simr 5451.960 Fermr  4296.814
Nimmr  5451.874| Sitmn 4567.840| Tim  4296.693
Simt 5451.455
Mg 4481.325| O 4294.871
S1 5432.797| Mgu  4481.150| Su 4294.402
Mg 4481.126| O 4294.037

Element 0] BW Wul A # of lines
[dex] [dex]
Ne -3.95| -2.75 1.20+0.07 2
Si -4.49| -3.49 1.00+0.48 7
Ar -5.48| -4.85 0.63+ 0.06 1
He -1.05| -0.73 0.32+0.02 2
N -3.99| -3.75 0.24+0.27 18
S -4.82| -4.63 0.19+0.33 4
(@] -3.11| -3.16 | -0.05+0.25 9
Fe -4.37| -4.42 | -0.05+0.14 5
C -3.48| -3.59 | -0.11+0.13 4
Al -557| -4.72 0.85+1.36 2

The abundance analysis highlights an exciting possibility
concerning BW Vul. There is a large= 0.32+ 0.02 dex over-
abundance of helium (obtained from two strong and well deter-
mined He lines at 4713 A andt 4437 A) which may be due to
the presence of a strong magnetic field diminishing the mixing
of elements. A stronger magnetic field could also be related to
the shock phenomena occurring in this star. There were four
He lines available in total for study, two of which were blended
with other elements and therefore discarded. The abundance
determined from the remaining two lines has an extremely low
error and can therefore be used with confidence.

Using the present data alone, it is not possible to determine
whether or not BW Vul has a strong magnetic field. Future
work will address this issue through observing campaigns to
measure the circular polarization signal of BW Vul and deter-
mine whether such a magnetic field is present.

5. Line doubling

Line doubling is the formation of a red and a blue component
for a spectral line, often occurring either as dfeet of non-
radial pulsation or due to shock waves.

In the case of BW Vul, the line doubling is best seen in
Fig. 4 (oval marks) for I4 at phased = 0.93 andd = 0.13 and
for Sitr at® = 0.87 andd = 0.93.

It is unlikely that line doubling in BW Vul is caused by
non-radial modes as Aerts et al. (1995) demonstrated that this
star pulsates in a radial mode. Therefore, it is far more likely
that the line doubling originates from shock waves as described
by Mathias et al. (1998). The shock front that moves outwards
(betweend = 0.96 and 0.52) is induced by themechanism,
resulting in the first line doubling. The second line doubling
(betweend = 0.59 and 0.93) is most probably caused by the
formation of a shock wave during the in-falling motion of the
atmosphere. This means that the discontinuities occur before
and after the still stand phase and they follow phases of rapid
velocity changes.

As a consequence of this line doubling phenomenon it is
difficult to measure spectral line centers. One can either de-

No abundance for Mg could be determined because tleemine the center of both the red and blue line components,

Mg triplet at 4481 A is blended with the A doublet at

4479 A as can be seen in Fig. 1.

or use the whole profile to obtain the line center. As we do
not intend to use the information provided by the blue and red
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° 24+ 6kms? This value is an improvement and confirmation
s of the previously determined one €80 km s (Furenlid et al.
1987). In Fig. 5, we present the values obtained/fsini and
their calculated errors. A horizontal line gave the best fit for
the data, implying that there were no systematic errors in the
v sini determination connected to the wavelengths where these
Fig. 4. Line doubling: spectra of the dline at 6562.797 A, the Sit  velocities were measured. The first data point at 4479.86 A with
line at 4567.840 A and the 8i line at 4574.757 A. The pulsation g value of 13kmd is given a lower weighting because of dif-
phaseg is given on the right of each spectrum. The left panel show, ,ties fitting the continuum in that region. Note that there are
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6.2. Systemic velocity y

components in this study, the central wavelength is measured
from the whole profile. Variations observed in line profiles can be an indication of stel-
lar pulsation. These profiles, however, also contain information
o N relating to the movement of the system. Therefore, in order to
6. Determination of velocities isolate the features resulting from pulsation it is first necessary
The projected rotational, systemic and radial velocities f& c@lculate and subtract the systemic velocity from the spectra.
BW Vul are measured in order to produce a more comprehéW—'S way, one obtam; the spectra in _the stellar rest frame and
sive physical model for the star and to measure tiieintial the pure stellar pulsation can be studied.
motion of layers within its atmosphere. The systemic velocity for BW Vul is derived at phase
¢ = 0.54 where the line profile is the narrowest and most sym-
metric, and the velocity field inside the line formation region
is negligible. For the determination of the systemic velocity
The determination of the projected rotational velogisini al- only unblended lines are used (twoinQines at1 4661.635A
lows for quantification of line broadening caused by stellar rand 1 4676.231A, and two SiI lines 1 4567.840A andi
tation, and its dferentiation from otherféects such as thermal4574.757 A). The K line is not used because in hotter stars
or pressure broadening. the Hydrogen lines are intrinsically broadened and should not
For BW Vul, the broad wavelength range of the data ske used for the determination of velocities. A mean value of
(3690A) allows for the derivation of the mearsini from y = -8.54+0.96kms? is derived, which is in good agreement
16 different spectral lines. For each of the 16 linesptsi of  with the previously determined value pf= —-9.2 + 1.7 kms?
the star is adjusted until a match is found between the obserfienin Mathias et al. (1998).

6.1. Projected rotational velocity v sin i
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a a

Table 5. Radial velocities.

[ Ho N 11 Cu [ Hel Sim on
6562 A 5710A 65784 4387 A 4567 A 4661 A
0.01 14.14 -0.73 -3.510.06 29.99 28.88 22.83
0.09 66.75 47.56 66.220.11 69.62 69.57 69.78
0.13 11594 67.51 70.780.17 7099 70.88 72.35
0.17 118.68 66.98 68.9%0.23 66.20 64.97 65.28
0.21 117.31 62.79 64.400.29 56.64 55.13 55.63
0.30 89.98 49.66 53.460.35 48.44 4594 46.63
0.34 73.58 44.41 43.890.43 33.41 30.85 31.19
0.38 61.28 38.64 37.510.48 20.43 19.03 18.33
042 47.62 32.86 29.30054 6.76 525 547
0.46 3396 2551 23.380.60 -6.90 -7.88 -9.97
0.52 14.14 11.34  9.700.66 -24.66 —24.94 -26.05
0.59 -3.62 -3.88 -3.060.72 -44.48 -44.63 -47.27
0.64 —22.07 -15.96 -15.38.78 -64.29 —66.94 —66.56
0.68 —39.83 -31.18 -30.89.84 -82.05 -86.63 -89.71
0.72 -61.01 -46.93 -44.99.87 —-62.24 -56.44 -72.35
0.77 -82.87 -63.73 -60.99.93 10.18 16.41 13.18
0.81 107.47 -77.90 -75971.00 7.45 7.88 6.11
093 -2890 241 834
096 1756 7.14 6.5
0.97 39.42 19.74 -0.3

o T

6.3. Radial velocity

Radial velocity measurements of a star describe the Dopplets Lot 1 i) oo L1,
shifts of the motions in the photosphere. In this study, the °° %% %% %o 00 Broroneo hrarene
radial velocities are determined from spectral lines by calc 6.Comparison of radial velocity curves of and S, Her and
lating their central wavelengths and comparing them to the rgﬁl O and Sit, He and NIz, He and Cir, C1r and NI In |
panelsa),

wavelengths using the formula for Doppler shift. The centrgi d), andf), a phase lag between the radial velocities on theses lines
wavelengths of the Doppler shifted lines are determined usig@gsipje.
IRAF's task splot where the option to fit a Gaussian profile
was chosen. These measurements are obtained for six elements
of the medium resolution data set, namely Bt 6526.797 A, difference in formation depth originates in the higher ionization
Simm at 4567.84 A, He at 4387.929A, G at 6578.053A, @ potential of Sim (16.35eV) compared to that ofdH(13.6 V)
at 4661.635A and M at 5710.766 A. All these lines are un-as well as in the dierent excitation potentials offtiérent lines.
blended and therefore suitable for the determination of radethe phase lag is interpreted as the time that a pulsation wave
velocities. The results are shown in Table 5. We estimate theeds to propagate through the atmosphere between the forma-
errors on the radial velocity measurements to be 2.6®ms  tion regions of these elements.

In Fig. 6, we show a comparison of the radial velocity The Van Hoof &ectin BW Vul was detected by McNamara
curves of these lines. Itis clear from this figure that the minima al. (1955) who found velocity fierences of 35 to 40 knts
and maxima of dferent curves are reached affeient times. petween the lines of Hydrogen ¢+and H) and the average of
Since these lines are formed infidrent regions of the pho- all lines of all elements.
tosphere, it appears thatidirent layers of the atmosphere are  Mathias & Gillet (1993) found that the Van Hooffect is
moving out of phase with one another. also present between the metal lines. They compared the radial

This phenomenon is called the Van Hooffext and it velocities of the Sirr line at2 4553 A, the Qi line ati1 4591 A,
was observed earlier between the H line and the metal lirgsd the H line 1 6563 A. They note however, the same line
(McNamara et al. 1955). In the following section we will studyloubling dfects as were observed in this study (see Sect. 5),
this dfect for the six lines from which radial velocity measurewhich make it dfficult to obtain accurate values for the radial

ments were obtained. velocities.
As the present data spans a wavelength range of more than
6.3.1. Van Hoof effect 3690A, itis possible to investigate for the first time whether the

Van Hoof dfect is present between many regions of the photo-
The Van Hoof &ect is defined as a phase lag of Hydrogen corsphere of BW Vul. A detailed comparison of the radial veloc-
pared to metal lines (Van Hoof & Struve 1953). This phase laiies of six unblended lines is performedatat 6526.797 A,
is the result of dierential motion between the layers of an atSitin at 4567.84 A, He at 4387.929 A, Gr at 6578.053A, Qr
mosphere in which Hydrogen and metal lines are formed. The4661.635A, and M at 5710.766 A (see Fig. 8).
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| I —

100 100

D T and are made according to Mathias & Gillet (1993). From
the breadth of these loops, it is possible to directly infer the
phase lag, and knowing the exact periéd£ 0.20104444d,
Sterken et al. 1993), one can also calculate the time the wave

] takes to propagate between the two layers of the atmosphere in
il which the lines are produced. One side of each loop is poorly
defined in Fig. 7 as a result of the rapid changes in radial ve-

: 0‘ : U‘ locity, where the present data is not dense enough to form pre-

L cisely definable loops. Only when these loops are well defined

_ S is it possible to use them to calculate the phase lag.
- In the case of BW Vul, double loops form, each correspond-
L | L | L
0 [} 100

.| L,
A 1l
I S

: -100 :
-100 -
‘

100

100

100 —

T T

1

100 -100 -0
T

Iy ,I 1 o ,I il ing to one atmospheric acceleration, when the shock wave
L 1 L 1 propagates outward. Because of these two loops, it is not easy
o+ 4 _of . to measure the amount of time that is needed for a wave to prop-
Tt ] - ] agate between two layers. One reason is that no mathematical
o 10 n function, such as an elliptic equation, can be made to fit to the
I 1 N | B data. The second is that one would have to know the periods as-
' ' -100
100 -100 -0

sociated with one single loop in order to derive the propagation
time of the wave. Nevertheless, a phase lag between the radial
velocity curves derived from theflierent lines can be observed
between N1 and Ci1, and Nit and Hy, as well as between He
and Sitr, and Ha and Oir (see Figs. 7 and 8). Note that the er-
ror bars for each point are contained within the symbol of each
data point. There is a visible gap between the radial velocities
of the above mentioned elements, and from this one can obtain
| an estimate of the propagation time between the layers. From

‘ ‘ ‘ ‘ Fig. 7, we estimated the phase shifts betweanahd Cir to
o 100 -100 -0 Io o 100 be 9min 12.4 s, for Ni to Ha to be 9min 12.4 s, and for He

to Sitr to be 9min 57.5s.

Fig. 7. Velocity-velocity curves of He versus Sii1, Her versus Qf, Although it is only possible to provide estimates of the
Simr versus Qt, He versus NI, Ha versus At, and Nir versus Qr. phase |ags from this ana]ysis, our results Verify that the

The filled circles mark the ascending branch of radial velocity, thgs, Hoof dfect is likely to be an overall property of BW Vul
open circles mark the descending branch. The error bars are WitBEburring between all lines.

the circles. The arrows indicate the way the curve is drawn.
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7. Conclusions

The data were obtained on twafigirent nights at dierent e present the first ever abundance analysis of BW Vul show-
phases. Interpolation between these radial velocity values fréif & large over-abundance of helium for this star. Itis possible
different phases is not possible, because the change in veld#1g} this results from the presence of a magnetic field which in-
happens rapidly in BW Vul and the interpolated values woultPits the mixing of elements in the stellar atmosphere. A mag-
therefore be inaccurate. Consequently, only those spectral liR€8C field can also have arfect on the line profiles, which
from observations made on the same night are compared@/ld explain some of the unusual spectral features observed
each other. The first night's data comprisediHgimn, Omand in this star. Unfortunately it is not possible to confirm the pres-
the second night's data comprised N 11, C1L. In Fig. 7 we €nce of a magnetic field using the current data alone. This issue
show the radial velocity curves of Hand Siit (panel a), He  Will be addressed in future work.

and O (panel b), Qr and Simm (panel c) as well as the curves ~ Radial velocity studies confirm the occurrence of the
for Ha and NIt (panel d), K and Ci (panel e) and Nt and Van Hoof fect in BW Vul. While previous studies focussed

C1 (panel f). primarily on line profile analyses of narrow spectral ranges
In panels a, b, d, and f, we see that the maxima and miRntaining only the kd and Sit lines, the much broader wave-

ima of the radial velocity curves are reached at slightfjedent 1€ngth range of the data used in this study allows for observa-

times. This suggests that the Van Hoffet is present betweention of the Van Hoof &ect throughout many more layers in this

those lines, but these diagrams alone are not a stringent procti@f: . ) - .

the dfect because the polynomial functions used to plot the ra- The rotational and systemic velocities are determined from

dial velocity curves are not very accurate at times of minimufh Proader sample of lines than was previously possible. The
or maximum. resulting values match well and even improve those of earlier

studies.

In order to verify the existence of the van Hodfezt in . ) ) . )
Details of the conclusions of this study are itemized below.

BW Wul, velocity-velocity diagrams are plotted for these six
elements (see Fig. 7). These plots strongly indicate the oe- We perform an abundance analysis and find that most
currence of the Van Hooffkect in cases where loops form, elements have similar abundances to the Sun. Three
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Fig. 8. Radial velocity curves of H, Her, Simi, O11, N11, and Cir.

remarkable exceptions are Neon, Silicon, and helium. Ne It should be noted that BW Vul is a special case among the
is over-abundant by.20 + 0.7 dex, Si is over-abundant by Cephei class, exhibiting many peculiar properties. Therefore
1.00+0.48dex and He is over-abundant h3®+ 0.02 dex. caution should be used when trying to apply the results of any
The He abundance might be connected to a magnetic fiedtydy of BW Vul to the otheg Cepheids.

which diminishes the mixing of elements. Such a mag-

netic field could be related to the strong linear behavior of

BW Vul and will be investigated in more detail. 8. Future work

The Ne abundance is so far unexplained.

— We determine sini from 16 diferent lines and find good In the future, we plan to obtain and analyze polarimetric data
agreement between our result @4 kms™?) and the pre- to investigate whether BW Vul has a magnetic field that con-
viously determined value 0£30kms? (Furenlid et al. tributes to its extraordinary behavior. We also aim to acquire
1987). high temporal and spectral resolution data over one whole pul-

— The Van Hoof &ect is clearly present in this star. We consation cycle. These data will provide us with accurate radial ve-
firm the results of Mathias et al. (1998) who noted this efocity measurements for a larger sample of elements and will
fect between the SiI line at 4553 A and the H line at allow us to study the kinematics of the atmosphere of BW Vul,
6562 A, and we demonstrate that thifeet is occurring for and to develop a 3-D velocity field model.

6 different layers of the atmosphere corresponding to six In combination, these studies will allow us to develop a
different elements, and thus to sixfdrent excitation and more comprehensive view of BW Vul, and may help us to
ionization energies. We show that the Van Hoéeet is better understand the physical processes occurring within its
operating throughout most of the atmosphere. atmosphere.

— We analyze the radial velocity variations in the lines of

six elements in BW Vul, and find a maximum peak'toAcknowIedgementsWe thank Theresa Lueftinger and Peter

F’ea',‘ amp_litude. of more than 22%krﬁ9for th_e S,peCtral Mittermayer from the Institute for Astronomy, Vienna, for support
line identified with Ha 1 4387.929A. This is significantly \ith spectroscopy and Prof. Nikolai Piskunov from the Dept. of

higher than the second highest peak-to-peak radial veloGitronomy and Space Physics, Uppsala, Sweden for his programs
amplitude, which was derived fromiD1 4661.635A and and the constructive discussions.

reaches about 150 km's The amplitudes of the other lines  This work was originally defined by Ingemar Furenlid who sadly
under study are all around 150 ki sas well. passed away in 1994.
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