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Abstract. We have gathered and analysed multicolour Geneva photometry and high-resolution spectroscopy of the stars
HD 121190 (B9V) and HD 106419 (B9III) whose short-term periodic variability had become evident from their HIPPARCOS
data. We find three significant frequencies for HD 121190 in the Geneva data: 2.6831, 2.6199 and 2.4713 cd™! and classify the
star as a slowly pulsating B star, the coolest single star of that class known to date. Its amplitude ratios are compatible with low-
degree gravity modes. The spectra reveal low-amplitude variability and vsin i = 118 km s~ which implies that the star rotates
at 26% of its critical velocity. For HD 106419 we are unable to confirm the period found from the HIPPARCOS photometry
in our ground-based data; rather we find a marginally significant frequency of 0.8986 ¢ d='. This star is probably an evolved

slowly pulsating B star with complex variations. HD 106409 is also a moderate rotator as the spectra reveal vsin i = 78 kms™,

which is also 26% of its critical velocity.
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1. Introduction

One of the remarkable by-products of the ESA HIPPARCOS
mission was the discovery of a large amount of periodically
variable B stars (Waelkens et al. 1998). Among these, the large
number of newly discovered slowly pulsating B stars (here-
after abbreviated as SPBs) was quite unexpected. Large follow-
up studies of these stars were initiated by Aerts et al. (1999)
and Mathias et al. (2001). This resulted in a sample of some
25 well-known members of this class of multiperiodic gravity-
mode oscillators, the statistical properties of which were sum-
marized by De Cat (2002) and seem to fulfill all expectations
from theoretical studies (Pamyatnykh 1999).

Among the known SPBs, the double-lined spectroscopic bi-
nary HD 123515 stands out as the coolest one with an effective
temperature of 12 000 K and spectral type BOIV (De Cat et al.
2000; De Cat & Aerts 2002). All other members are at least
1500K hotter (De Cat 2002). Given that most of the SPBs
known nowadays were discovered from the HIPPARCOS un-
biased sample (Waelkens et al. 1998), we must conclude that
the lower SPB instability strip is less populated than its upper
counterpart and one may question if single B8/9 SPBs exist at

* Based on data gathered with the Swiss 0.7 m telescope equipped
with the photometer P7 of the Geneva Observatory and with the
FEROS spectrograph attached to the ESO 2.2 m telescope, both sit-
uated at La Silla in Chile.

all. A similar question, albeit from a somewhat different per-
spective, was already tackled by Baade (1989a,b) many years
before the results of HIPPARCOS became available. He per-
formed an extensive spectroscopic search for line-profile vari-
ability among 22 late-B main-sequence stars and subgiants and
came to the same null result: no B8/9 IV/V line-profile vari-
able stars were found. B8/9 stars are also absent in the list of
Be line-profile variables analysed and interpreted recently in
terms of non-radial oscillations by Rivinius et al. (2003).

As a continuation of the quest for oscillating late-B stars,
several stars caught our attention as they were listed in the
HIPPARCOS catalogue of periodic variables with periods of
only a few hours. The current paper concerns two of these stars
of spectral type B9. HD 121190 (B9V, V mag = 5.7) was al-
ready classified as a new candidate SPB by Waelkens et al.
(1998), although the two classification schemes used by these
authors did not give consistent results for this star. Waelkens
et al. (1998) found one period of 0.38d in the HIPPARCOS
photometry for this star. All other confirmed SPBs have longer
periods (De Cat & Aerts 2002; De Cat 2002). Moreover, the-
oretical models typically predict periods above half a day
(Pamyatnykh 1999), although this lower limit is not strict as
it depends largely on metallicity and rotational effects, the lat-
ter of which are usually neglected in theoretical SPB excitaton
calculations so far. A second star that struck us is HD 106419
(BOIII, V mag = 8.3). The HIPPARCOS team assigned an
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Fig. 1. The selected Sill16347.091 A lines in the spectra of HD 106419 (left) and HD 121190 (middle and right). Time increases from bottom

to top of the panels.

intrinsic period of 0.11d to it. If confirmed, such a short pe-
riod would imply very severe deviation from current theoretical
model predictions.

The current paper describes the results of our follow-up
campaigns dedicated to HD 106419 and HD 121190. In Sect. 2
we discuss the data that were gathered with the goal to confirm
their periodic variability. Section 3 deals with the determination
of the basic physical parameters of these stars and their position
with respect to the SPB instability strip. A detailed frequency
analysis is described in Sect. 4. Finally, we discuss our findings
in Sect. 5.

2. Data description

We included HD 106419 and HD 121190 in our long-term pho-
tometric monitoring programme of pulsating B stars of Leuven
University. In this framework we obtained Geneva 7-colour
high-precision photometry for the two stars during one cam-
paign with a 3-week duration and one campaign of 9 weeks
within one season. The integration times were typically 5 min
for HD 106419 and 3 min for HD 121190 resulting in a pre-
cision of about 5mmag per measurement. In total we ob-
tained 165 measurements for HD 106419 with a time span of
104 days and in 145 datapoints for HD 121190 with a 115 days
time span. For HD 121190 we had already 5 very old Geneva

measurements available, which result in an overall time span of
6922 days. The old measurements turned out to be fully com-
patible with the new ones, so we kept them in our analysis.

Given the confirmed photometric variability of the stars
(see Sect.4), we obtained additional spectroscopic data with
the FEROS spectrograph attached to the ESO 2.2 m telescope.
The data were taken during 5 consecutive nights 2 years af-
ter the photometric campaigns. The main goal of this spectro-
scopic study was to exclude binarity, to check for evidence of
line-profile variability, as well as to derive an accurate estimate
of the rotational velocity of the stars.

The line-profile variability of the slow rotators among
the SPBs is by far best studied from the Sill doublet at
14128,4130 A (see, e.g., Aerts et al. 1999). However, for our
two target stars, this doublet turned out to be blended due to
their relatively high rotation rate compared to other SPBs and
so we focused on the much better isolated Sill16347.091 A
line. In order not to miss any line-profile variability with short
periods, we decided to integrate during 15 min for both stars.
This resulted in a signal-to-noise ratio between 80 and 150 for
HD 106419 and between 150 and 300 for HD 121190 in the re-
gion near the Sill16347.091 A line. We show all the data of this
line, for both target stars, in Fig. 1.

A logbook of all the data is provided in Table 1.
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Table 1. Logbook of the dedicated measurements of HD 106419 and
HD 121190. The Heliocentric Julian Dates (HID) are given in days
with respect to 2450 000 and N denotes the number of measurements.

Photometry Spectroscopy

Star HID N HID N
Begin End Begin End

HD 106419  486.8 502.8 17 12703  1270.3 1

541.7 592.6 148 12712 12712 1

1272.0 1272.2 2

1273.1 12733 2

1274.0 1274.3 4

HD 121190  485.8 503.8 17 12703 12704 7

541.8 601.6 133 12712 12713 3

1272.1 12724 10

1273.1 12734 10

1274.1 12744 11

3. Physical parameters

We used the method outlined by Kiinzli et al. (1997) to es-
timate the mean effective temperature and gravity from the
average Geneva colours. The results are provided in Table 2
and are in very good agreement with the spectral types BIIII
(HD 106419) and BOV (HD 121190) listed in Simbad. We point
out that the error estimates for the temperature and gravity re-
sulting from the code by Kiinzli et al. are internal errors only,
in the sense that they result from interpolation in the grids of
standard stars. They assume the average Geneva colours and
the reference tables to be error-free. The true uncertainties are
typically a factor two larger and it is these more realistic error
estimates that we provide in Table 2.

Subsequently, we used the photometric calibration outlined
in Heynderickx et al. (1994) together with interpolation in the
evolutionary models published by Schaller et al. (1992) to esti-
mate the mass, radius, luminosity and bolometric magnitude
of each star. The result of the physical parameters obtained
in this way are summarised in Table2 and are used to place
the two stars in the HR diagram in Fig.2. The SPB instabil-
ity strip calculated by Pamyatnykh (1999) is also indicated, as
well as some evolutionary models. The instability strip is not
considered beyond the TAMS. It can be seen that HD 106419
is clearly an evolved star. HD 121190, on the other hand, is a
main-sequence star situated just at the lower limit of the in-
stability strip, which was computed for solar metallicity and
ignoring core overshooting as well as rotation.

The thermal broadening of metallic lines in B9 stars
amounts to only a few kms™! and is negligible compared to
the measured width of the lines. For this reason, and keep-
ing in mind the variable nature of the stars, we estimated
their v sin i by averaging the full-width-at-half-maximum of
all the Sill116347.091 A lines shown in Fig. 1, ie.,vsini =
(FWHM)/ VIn 16. This resulted in 78 and 118kms™! for re-
spectively HD 106419 and HD 121190. The projected rota-
tion velocity of HD 106419 equals the mean value found for
70 B9-B9.5 111 stars (Abt et al. 2002). The mean v sin i-value
found by Abt et al. (2002) for 145 B9-B9.5V stars amounts
to 134km s~ which is only slightly higher than HD 121190’s
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Fig. 2. The position of the two stars (crosses) with respect to the SPB
instability strip which is taken from Pamyatnykh (1999) and is based
on OPAL G93/21 opacities (Iglesias & Rogers 1996) for a composi-
tion X, Z = 0.70, 0.02. Evolutionary tracks for 3, 4, 5 and 6 M, are also
shown. Overshooting and rotation were not included in the calculation
of the strip and evolutionary tracks.

value. Both our target stars are therefore “normal” rotators
among the B-type stars.

Taking the values for the mass and radius given in Table 2
we determined the critical rotation velocity for both stars from
the well-known expression valid within the Roche approxima-
tion for a centrally condensed star: vy = /2GM/3Rpo1c (€.8.
Tassoul 1978). It is found that both HD 106419 and HD 121190
rotate at at least 26% of their critical velocity. At this low rate,
the equatorial radius of the star is only a factor 1.03 larger than
the polar radius such that the oblateness of the star due to the
centrifugal force is negligible.

All but one of the confirmed SPBs rotate much slower than
26% of their critical velocity (De Cat 2002), HD 1976 being a
notable exception with 32% (Mathias et al. 2001). From this
perspective, both our target stars rotate much faster than the
average SPB.

4. Frequency analysis

We searched for frequencies in the data with the method out-
lined in Scargle (1982). The accuracy of the frequencies was
calculated as oy ~ o/ VNAT where the proportionality con-
stant is of order 1, A is the amplitude of the frequency f, N
is the number of data points, T is the total time base and o
is the error estimate of the individual measurements, which
is 5mmag for the Geneva photometry (Cuypers 1987). After
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Table 2. The physical parameters of the two programme stars. The mass and radius are given in solar units; v sin i and v, are given in kms™.
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1

Star log Teg log g Mass Radius log(L/Le) My vsin i Verit
HD 106419 4.089 £0.010 342+0.15 47+05 68«05 299+0.15 -271+0.15 78+4 297
HD 121190 4.082+£0.010 443+0.09 28+03 1.7+£03 1.75+0.10 0.39+0.10 118 £3 458

0.01

Amplitude (mag)
5x1073

Frequency (cd™")

0.01

Amplitude (mag)
5x1073

DMAM.JJ‘MJ.MLM.LMIL u.J‘ ok e okl sl o L) S

Frequency (cd™")

Fig. 3. The periodograms for the HIPPARCOS (upper) and Geneva U
(lower) data of HD 106419. The dashed horizontal line indicates the
4 S/N ratio determined in the way explained in the text.

having derived the frequencies by a prewhitening process, we
determined the signal-to-noise (S/N) ratio in the periodogram
of the residuals by averaging the amplitude of all peaks for the
frequency range [0,20]cd~'. We use the 4 S/N value as a cri-
terion to judge a frequency to be significant or not, following
Breger et al. (1993).

4.1. HD 106419

We first of all checked the short period of 0.11d given by the
HIPPARCOS team for this star. In the upper panel of Fig.3
we show the periodogram for the H,, data. It can be seen that
a strong frequency peak occurs at 19.09005cd~!. The peak
given in the HIPPARCOS catalogue is also present at frequency
Jap = 9.15074c¢ d~!. There are also two additional peaks near
5c¢d™!. However, none of the mentioned peaks fulfills the 4 S/N
criterion which is indicated by the dashed horizontal line. The
variance reduction for any of the candidate frequencies is below
14%. With the adopted criterion for significance, we therefore
have to reject the results from the HIPPARCOS catalogue.

In the Geneva U data, for which the periodogram is shown
in the lower part of Fig.3, we do find one marginally signifi-
cant frequency: fy = 0.8986 + 0.0005c d~'. The amplitude of
this frequency amounts to 0.0051+0.0013 mag and its variance
reduction is 15%. The value of this frequency is typical for the
gravity modes expected to occur in SPBs, unlike the high fre-
quency determined by the HIPPARCOS team. Nevertheless, it

is only slightly above the 4 S/N level. Moreover, we do not find
any clear evidence of fy, or any other frequency, in the data for
the other 6 Geneva filters. From this we cannot but consider fy
to be a candidate frequency only as long as we have no inde-
pendent evidence of its reality. We show the phase diagrams for
the HIPPARCOS and Geneva U data, for respectively fqp and
fu, in Fig. 4. These phase diagrams are typical for multiperi-
odic stars with low amplitudes (see De Cat & Aerts 2002, for
additional examples).

The Sil116347.091 A profiles shown in Fig. 1, while rather
noisy, show small-amplitude variability of the line center. This
is independent proof that the star is variable, but we have too
few spectra to do an independent frequency search for these
data.

Our conclusion for this star is that it is probably an evolved
SPB with a complex low-amplitude frequency pattern, cover-
ing a wide range in frequency. This suggestion needs further
confirmation, however.

4.2. HD 121190

The Geneva data for HD 121190 are completely in line with
the HIPPARCOS results. Moreover, they clearly point towards
a multiperiodic star. In Fig.5 we summarize the results for
the Geneva U filter, in which the amplitudes are largest. We
find evidence for three significant frequencies: f; = 2.6831 +
0.0004cd™!, o = 2.6199 + 0.0004cd™! and f; = 2.4713 +
0.0007 cd~!. After prewhitening with fi, f>, f3, the frequency
2.8452¢d! occurs, but it does no longer fulfill the 4 S/N cri-
terion. The frequency f, corresponds to the one found in the
HIPPARCOS photometry. The phase plots for the U filter for
subsequent stages of prewhitening are shown in the upper panel
of Fig. 6. In that same plot we also show the phase diagram
for f; for the colours U — B, B —V as well as the HIPPARCOS
data folded with f>. The amplitudes and phases in the 7 fil-
ters for the significant frequencies are provided in Table 3, as
well as the variance reduction for a triperiodic least-squares fit
with fi, f, f5 fixed.

From the amplitudes listed in Table 3 we derive the ratios
with respect to the U filter shown in Fig. 7. Although the er-
ror bars are large, it can be seen that a clear decrease of the
amplitude from U to B occurs. This result is typically found
from observations for all confirmed SPBs (De Cat & Aerts
2002; De Cat et al. 2004). It is also what is expected from
theoretical computations (Townsend 2002; Dupret et al. 2003).
The observed decrease in amplitude from U to G is similar for
all three modes, although the main mode’s decrease is some-
what smaller. In general, this points towards modes with simi-
lar degree.

A more quantitative statement on the degree of the oscilla-
tion modes can in principle be derived from the confrontation
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Fig. 4. The phase diagrams for the Geneva U (left) and HIPPARCOS (right) data folded with different frequencies, of which the values are
given in the text. The open dots are the data and the full line is a least-squares fit for the considered frequency.
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Fig. 5. The periodograms for the Geneva U data of HD 121190 after
subsequent stages of prewhitening with the frequencies provided in
the text. The amplitudes are expressed in magnitudes. The dashed hor-
izontal line indicates the 4 S/N ratio determined in the way explained
in the text.

of the observed ratios with those predicted from model calcu-
lations. Townsend (2002) has provided a complete systematic
study of the photometric behaviour expected for SPBs in the
approximation of non-rotating stars. In his Fig. 9, he provides
the amplitude and phase differences predicted by models for
all unstable ¢ = 1,...,4 modes in the SPB instability strip as
well as the observed values found by De Cat & Aerts (2002).
For mode identification in specific stars, however, one has to
consider only the ratios and phase differences for models with
appropriate physical parameters. The top rows in Figs.7 and 8
of Townsend (2002) are suitable to identify the three detected
modes of HD 121190. First of all we point out that none of the
¢ = 3 and 4 modes are found to be unstable for the appropriate
mass. This result is confirmed by us on the basis of the entirely

independently written evolution and pulsation codes CLES and
MAD (see Dupret et al. 2003). This leaves us with the possibil-
ity of £ = 1 or 2, if we take the theoretical excitation predictions
based on the k mechanism applied to models with a solar mix-
ture for granted — see, however, Pamyatnykh et al. (2004) and
Ausseloos et al. (2004) for an example where such predictions
fail, albeit for a pressure mode in the much hotter 8 Cep star
v Eri. The confrontation of our observed amplitude ratios and
very small phase differences with the theoretical predictions
by Townsend (2002) leads to the conclusion that the dominant
mode must be £ = 1. We are unable to discriminate between
¢ =1 and 2 for the two additional modes.

An important remark that has to be made regarding the
achieved mode identification is the fact that the Coriolis force
plays a significant role in the behaviour of gravity modes of
low frequency whenever the pulsational frequency in the coro-
tating frame becomes larger than half the rotational frequency
(Townsend 2003, and references therein). In such a situation,
neglect of the Coriolis force in mode identification from am-
plitude ratios is inappropriate (see Fig.5 in Townsend 2003).
We have, unfortunately, no means to evaluate the importance
of the Coriolis force in the treatment of HD 121190’s oscilla-
tions because we have no information about its inclination an-
gle i. In any case, from the radius estimate listed in Table 2 and
the measured v sin i, we deduce Qsin i = 1.37 cd~!, which is
about half of the measured oscillation frequencies. It is there-
fore quite likely that the frequencies observed for HD 121190
are significantly shifted with respect to those in a non-rotating
star due to the Coriolis force, unless we see the star almost
equator-on. In the latter case our mode identification is still ac-
curate, but for smaller inclination angles our results have to be
treated with caution.

Due to the moderate rotation of HD 121190 it is not obvious
from the lines shown in Fig. 1 whether profile variability occurs
and if so, whether it is consistent with the photometric variabil-
ity. In order to check that, we computed line diagnostics for
the 40 profiles shown in Fig. 1. We considered the equivalent
width, the radial velocity and the first three velocity moments
in the definition by Aerts et al. (1992). The time span of the
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Table 3. Results of harmonic fits to the Geneva lightcurves of HD 12
phase, expressed in 27 radians. The adopted reference epoch for ¢ = 0

1190. A stands for the amplitude, expressed in millimag, and ¢ for the

.0 corresponds to HID 2450 000.0.

U B B B, % % G

fi A 9.7+1.0 6.3+0.8 5.8+0.8 59+£0.8 45+0.8 4.8 +0.7 43+0.8

1) 0.814 £0.016  0.822+0.021 0.822 +£0.021 0.806 +0.023  0.839 +£0.030  0.812 +0.024  0.820 + 0.030
b A 89+0.8 4.7 +0.6 4.4 +0.6 3.7+0.7 34+0.6 39+0.6 34+0.6

1) 0.019 £0.012 0.001 £0.021  0.007 £0.020 0.006 £ 0.028 0.986 +£0.032 0.982 +£0.026  0.996 + 0.029
N A 52+1.0 25+09 29+0.8 1.8 £0.7 27+0.8 2.6+0.8 2.1+0.8

1) 0.351 £0.033 0.356 £ 0.055 0.369 £0.044 0.249 £0.057 0.386 £0.051 0.379 £0.048 0.359 + 0.064
Variance 72% 57% 58% 46% 43% 51% 42%
reduction

spectroscopic data is only 5 days and the frequency accuracy
is only at 0.05cd™! level. The periodograms of the radial ve-
locity and the first and second moment show a maximum near
0.7cd™! and all of its one-day aliases and so they are consis-
tent with the star being a line-profile variable with frequency
fi found in the multicolour photometry (f; and f, are hardly
resolved in the spectroscopic data). A phase plot of the radial
velocity variation for f] is shown in Fig. 8. We find an average
radial velocity of 21.4+0.5km s~ which is entirely compati-
ble with the much less accurate value of 23kms™! listed in

Simbad. The amplitude of the fit to the radial velocity variation
for f; shown in Fig. 8 is 2.8+1.0km s~!. The peak-to-peak vari-
ation in the radial velocity amounts to 18 kms™'. No obvious
periodicity is found in the equivalent width and the full-width-
at-half-maximum.

We conclude to have found clear evidence for multiperiodic
variations in the 7-colour Geneva photometry of HD 121190.
Three significant frequencies are present. Each of them
has amplitude ratios compatible with low-degree non-radial
gravity-mode oscillations. The spectra are consistent with this
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Fig. 8. The phase diagram of the radial velocity of HD 121190 derived
from the profiles shown in Fig. 1. The open dots are the observations
and the full line is a fit for the frequency f;.

photometric variability. In view of its physical parameters we
therefore classify HD 121190 as the coolest single and second
most rapidly rotating SPB known to date.

5. Discussion

We have provided clear observational evidence for the occur-
rence of line-profile variability in two stars of spectral type B9.
For one of these, HD 121190, we were able to detect three sig-
nificant frequencies near 2.6 cd™! in the multicolour photom-
etry. The variability is consistent with high-order low-degree
gravity-mode oscillations. For HD 106419 we were unable to
unravel the complex low-amplitude frequency spectrum.
During the last half century, there has been quite some con-
fusion and debate in the literature about the existence of a
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specific group of variables with spectral types between B7 V-III
and A2 V-II and periods between 2 and 8 h, baptised “Maia
stars” by Struve (1955). We point out that these hypothetical
stars would be partly situated within the SPB instability strip,
extending towards the ¢ Scuti strip. Despite large search cam-
paigns (see, e.g., Scholz et al. 1998, and references therein)
clear detection of short-period variability for these stellar types
remains ambiguous for most candidates. At the time when
Struve (1955) made his suggestion, SPBs were still unknown.
Applying the Struve (1955) criteria, HD 121190 would be clas-
sified as a Maia star. However, we object this type of classifica-
tion. Indeed, ever since the observational studies by Waelkens
(1991) and Waelkens et al. (1998) on the one hand, and the
theoretical works by Dziembowski et al. (1993) and Gautschy
& Saio (1993) on the other hand, it does not make sense any
longer to speak of Maia stars for spectral types B. There is one
clear physical mechanism that explains such oscillating stars:
k driven, non-radial, gravity-mode oscillations, and so these ob-
jects should be termed SPBs. The short periods are sometimes
claimed to be problematic from a theoretical viewpoint (e.g.
Kallinger et al. 2002) but we would like to offer a different
view. From their extensive study, Scholz et al. (1998) conclude
that only 3 stars out of the 15 for which long-term observational
studies are available are confirmed as periodic variables: y UMi
(A2III), y CrB (AOV) and ET And (B91V). These three stars
have a vsin i of respectively 165, 112, and 80kms~!. Hence
they rotate much faster than the average SPB, just as our two
target stars. As already discussed in Sect. 4.2, such rotation ve-
locities imply that the effects of the Coriolis force may come
into play and that this force introduces significant frequency
shifts for the low-frequency gravity modes (Townsend 2003).
We believe that such shifts offer the correct explanation for the
relatively high observed frequency values for the modes that
we have detected in HD 121190 and that Scholz et al. (1998)
found for the three stars mentioned above. We also recall that
theoretical instability strips so far have always been provided
for non-rotating stars (e.g. Pamyatnykh 1999 and Fig.2). The
strip shown in Fig. 2 would no longer be placed in exactly the
same position, and the periods of the oscillations would have
a much broader allowed range if the Coriolis force would be
taken into account in an accurate way.

As for the observational search for pulsating late-B to early-
A type stars, we warn that large high-precision multicolour
photometric and/or high-resolution spectroscopic campaigns
have to be undertaken before making any firm decisions about
the presence or absence of low-amplitude multiperiodic oscil-
lations, as also already emphasised by Scholz et al. (1998).
One should not make firm conclusions based on short observ-
ing runs. Rather, dedicated campaigns of the type described in
Aerts et al. (1999), De Cat et al. (2000), Mathias et al. (2001)
and De Cat & Aerts (2002) are needed to study such oscil-
lations. The same is true for the gravity modes in the much
cooler y Doradus stars (see, e.g., Poretti et al. 2002; Henry &
Fekel 2003; Aerts et al. 2004; Mathias et al. 2004 for some
recent examples of such long-term campaigns).
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