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Abstract We have produced simulated time series of high
resolution spectroscopy for sdBs. We present the first results
of testing classical mode identification techniques. Here, in
particular, we analyse the behaviour of individual spectral
lines and discuss the results and applicability of the moment
method.
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1 Introduction

We understand by line profile variation (hereafter lpv) any
change with time in spectral lines. This variation is due to
a time dependent velocity field at the stellar surface. More-
over, spectral lines will also be affected by any effective tem-
perature and logg variability.

If a star is undergoing stellar oscillations, its surface per-
turbations can be expressed in terms of spherical harmonics,
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which are defined as a function of the quantum numbers �

and m. The oscillations can be visualised as a collection of
surface areas moving in and out, which produces a complex
velocity field, causing characteristic spectroscopic Doppler
shifts. Depending on the geometry of the mode of oscilla-
tion, the line profile variations will be different. Ideally, then,
observing lpv will help to identify � and m of the mode. This
method requires, however, high signal to noise, high reso-
lution spectroscopy, a challenge for the particular case of
pulsating hot subdwarfs, which are faint (B > 12) and have
short periods (∼100–400 s).

Pulsations in B-type hot subdwarfs (sdBs) were first dis-
covered in 1997 (Kilkenny et al. 1997). Two subgroups of
sdB pulsators are distinguished: short (p-mode) and long
(g-mode) period pulsators (see Østensen 2009). The latter
have lower pulsation amplitudes (∼1 mmag) than the for-
mer. There exist, however, a few hybrid cases (Schuh et al.
2006; Lutz et al. 2008), since the two instability regions
slightly overlap. Up to now, the deeper observational ef-
fort has focused on the short-period pulsating sdBs, with
the organization of multi-site photometric campaigns (e.g.
Kilkenny et al. 2003; Silvotti et al. 2006). With the detec-
tion of sufficient excited periods with high accuracy, the
first seismic solutions have been possible (e.g. Brassard et
al. 2001; Charpinet et al. 2006). They are based on the so
called forward-method, in which all the observed periods are
simultaneously matched to those computed for a grid of sdB
structural models. No a priori knowledge on the mode geom-
etry (�, m) is assumed, although Teff-logg are commonly
used to constrain the solution. However, the importance of
observational mode identification in the seismic analysis has
been theoretically (Hu et al. 2008) and observationally (e.g.
Randall et al. 2009) confirmed.

A recent observational effort is being made to detect
and use lpv for an empirical mode identification in sdBs
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(Vučković et al. 2009; Telting et al. 2008). In this work
we present the first results on using simulated lpv as in-
put for classical mode identification techniques, in partic-
ular the moment method (Briquet and Aerts 2003). Some
related work has been presented by Schoenaers and Lynas-
Gray (2008).

2 Observational data

Within this framework, the target Balloon 090100001 seems
to be the most suitable pulsating sdB for studying line pro-
file variations. It is the brightest pulsating sdB (B = 11.8),
showing both p- and g-mode pulsations (Oreiro et al. 2005).
Among p-mode sdB pulsators, this target has one of the
longest periods of oscillation (356 s), allowing relatively
long exposure times to be taken, helping to increase the sig-
nal to noise. Moreover, the star has a high amplitude of os-
cillation for the dominant mode (∼50 mma).

With the intention of detecting line profile variations in
this target, and attempt a mode identification, 6 nights of
time series high resolution spectroscopy were acquired in
2006 at the 2.6 m Nordic Optical Telescope. In total, 1606
spectra were obtained with 30 s exposure time. Table 1 in-
cludes the log of the observations. Note that the first night
was in August, while the last one in December the same
year.

The first two nights were already analysed by Telting et
al. (2008). They considered the main oscillation period, and
combined all the frames at similar oscillation phase, in order
to increase the S/N. Moreover, all the metal lines present in
the spectra were combined through cross-correlation to fur-
ther improve the S/N, producing 12 cross-correlation pro-
files. They concluded the mode must be an � = 0 or � = 1
mode.

Here we proceed with a different approach. We have
worked with all the 6 nights, producing 1606 low S/N spec-
tra. Figure 1 shows some wavelength portions of the mean
spectrum, where some metal lines are distinguished. After
identifying the spectral lines present, they were combined
through cross-correlation to produce 1606 cross-correlation
profiles of still low signal to noise, but of sufficient quality
to perform a frequency analysis.

A Fourier analysis along the profile (for each velocity
bin) was computed using the software package FAMIAS
(Zima 2008), showing that oscillation power is present in
a velocity range (−50,50) km/s. The clearest feature in the
Fourier domain is the main dominant mode of the star (f1),
although the frequency analysis revealed five modes of os-
cillations, two more peaks at the p-mode zone, and two be-
ing at the g-mode frequency region. They are listed in Ta-
ble 2, including two additional combination frequencies.

Once the frequencies have been accurately determined
(note the large time coverage of the data), we have used f1 to

Table 1 Log of observations: number of spectra acquired each night

Date (2006) #Frames

August, 3 385

August, 4 457

October, 23 255

November, 9 170

December, 25 84

December, 26 255

Table 2 List of frequencies
detected from the whole 1606
cross-correlation profiles

Freq. (µHz)

2807.44 f1

2820.65 f2

2824.88 f3

325.61 f4

363.78 f5

5614.89 2·f1

5632.32 f1 + f2

Fig. 1 Mean spectrum of the complete data set in Table 1. Some metal
lines are indicated

phase-fold the individual spectra into 24 spectra equally dis-
tributed along the f1 pulsation phase. Furthermore, a cross-
correlation profile was generated for each of the phase-
folded spectrum, combining the information on all metallic
lines into a single, artificial profile, and thus increasing the
signal to noise.

Based on these 24 cross-correlation profiles, we have
next used the discriminant code of Briquet and Aerts (2003)



Astrophys Space Sci (2010) 329: 211–216 213

to obtain the most probable mode identification for the dom-
inant frequency observed in Balloon 090100001. It makes
use of the different response of a spectral line, described
as its first three moments, to different modes of oscillation

Fig. 2 First three moments computed for the cross-correlation profiles
obtained from the 24 spectra folded to the phase of f1

(�,m). The first three moments computed for f1 are dis-
played in Fig. 2.

f1 has already been identified as a radial mode (� = 0)
using different techniques (Baran et al. 2008; Charpinet et
al. 2008). Using the moment method (Briquet and Aerts
2003), the results we obtain can only constrain the mode to
have � < 3, |m| < 2, since we get similar discriminant val-
ues for all these possible mode identification, whilst a much
higher discriminant value (less probable identification) for
higher � and m values. An insufficient signal to noise, an
information degradation in the phase-folding and/or cross-
correlation processes, or some physical effects not consid-
ered, may be hampering a clearer mode identification.

3 Synthetic line profile variations

The poor constraint obtained for � and m motivated the sim-
ulations described in this section, where we present the pre-
liminary results. This work aims to check the feasibility of
the mode identification method used in the previous section
with the observations.

A suitable model atmosphere grid was used as input for
the codes Bruce and Kylie (Townsend 1997), which pro-
duced a synthetic time series of high resolution spectra.
A radial mode was imposed in order to check whether a

Fig. 3 Greyscale plots for some spectral lines from the synthetic time series spectroscopy. SiIII (top row), OII (second row), and CII and NII lines
(bottom row)
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Fig. 4 From left to right: first, second and third moments, and amplitude and phase across the profile, for spectral lines of different ions (from top
to bottom). Different colors in the same panel represent different lines of the same ion

correct mode identification is retrieved using the moment
method.

We have first examined the lpv for some individual spec-
tral lines. Figure 3 displays the greyscale plots for some SiIII
(top row), OII (second row), and CII and NII lines (bottom
row). They are produced after subtracting the mean profile
to the time series, so that the variations can be easily seen.
Note that not all lines behave exactly the same, mainly due
to the different response of their equivalent widths to tem-
perature variations during the oscillation phase.

For each line under consideration, the first three moments
and the amplitude/phase across the profile were computed
(Fig. 4), although in this work we only make use of the mo-
ments, as input for the mode identification discriminant of
Briquet and Aerts (2003).

The results of the mode identification are summarized
in Fig. 5. It shows the discriminant value for each possible
(�, m); the lower the discriminant, the higher the probabil-
ity for this identification. The discriminant for lines of the
same ion are included in a same panel. Since a radial mode
was imposed, we expect a minimum at � = 0, indicated by
a vertical dash-dotted line. We can see that this is in gen-

eral the case, although some lines behave better in the sense
they achieve a clearer minimum at the right mode identifica-
tion. Regarding their similar discriminant values, however,
it is difficult to assess whether a radial mode is preferred
to � = 1,2 identifications, which seems to be in agreement
with the observational results.

4 Conclusions

We present the first results on the application of the mo-
ment method for pulsating B-type hot subdwarfs. We have
produced synthetic time-series high resolution spectroscopy,
imposing a radial mode of oscillation, in order to check if
the mode identification technique retrieves the right identi-
fication. As a first approach, we have focused on individual
spectral lines. Their variations were correctly identified as
due to a radial mode, although � = 1 and some � = 2 modes
can not be discarded for most of the spectral lines.

As expected, we note the method is highly sensitive to
the normalization procedure, which is particularly delicate
for shallow lines and/or when nearby lines exist. We plan
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Fig. 5 Discriminant value as function of possible mode identifica-
tions, obtained using the moment method. Each panel includes the re-
sults for spectral lines of the same ion, from up to down and left to

right: SiIII, OII, FeIII, CII and NII lines. The correct mode identifica-
tion (� = 0) is indicated with a dash-dotted vertical line. The lower the
discriminant is, the higher the probability for this mode identification

to increase the number of spectral lines under study, paying
attention to their specific sensitivity to temperature effects.
The next step is to check how the information is affected
when different lines are merged through cross-correlation,
and what is the influence on mode identification, if any. This
may shed light on the observational requirements for a cor-
rect use of the mode identification technique for the case of
hot subdwarfs.
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