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Abstract. A coordinated photometric campaign of FG Vir at
nine observatories covering 170 hours was undertaken by DSN
(Delta Scuti Network) and WET (Whole Earth Telescope). Two
different observing techniques were adopted for the two tele-
scope networks in order to optimize different frequency ranges.

Ten pulsation frequencies between 9.19 and 34.12 ¢/d (112
and 395 uHz) were detected with amplitudes ranging from 0.8
to 22 mmag. Pulsational instability is observed only in specific
frequency regions. Additional frequencies of pulsation within
these regions probably exist, but do not reach the significance
criterion of amplitude signal/noise adopted by us. Comparisons
with previously obtained data show that the amplitudes of the
main frequencies are stable over a year or longer.

A preliminary identification of the ten dominant frequen-
cies is proposed in a stellar model with 1.8 M, in advanced
main-sequence phase of evelutlon The frequencies correspond
to low order p and g modes with £ < 2 and radial order 1 to
6. According to the linear nonadiabatic calculations, the iden-
tified modes are driven by the opacity mechanism along with
many other modes. For asteroseismology of § Scuti stars, FG
Vir is an extremely important candidate, especially because of
the probable presence of g modes.
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1. Introduction

The é Scuti stars are pulsating variables situated inside the clas-
sical Instability Strip on and above the main sequence. A number
of extensive observing campaigns covering individual § Scuti
stars have shown that the majority pulsates with a large number
of simultaneously excited modes. While the variables with small
rotational velocities tend to be radial pulsators with large ampli-
tudes, the vast majority of the ¢ Scuti stars pulsate nonradially
with a multitude of small-amplitude p modes. Photometrically,
low-degree (¢ < 3) and low-order (n = 0 to 4) modes are com-
monly seen. A good example is the star 2 Tau (Breger et al.
1989). On the other hand, studies of line-profile variations favor
the detection of high-degree sectorial modes with £ = |m|. For k2
Bootis, the available spectroscopic data have been matched by
a low-degree mode (£ =0 to 2) and a high-degree £ = |m| ~ 12
mode (Kennelly et al. 1991).

The observed short-period limit of the § Scuti stars is consis-
tent with the low-order p mode identification. For the star V624
Tau (Breger 1972; Seeds & Stephens 1977) a period around 34
minutes has been found. Even this period is much longer than
those found for the roAp stars (Kurtz 1990), for which peri-
ods between about 6 and 15 minutes are detected. As a group,
the roAp stars have similar temperatures and luminosities as
the 6 Scuti stars. Because of the different range of periods, for
each of the two groups of variable stars two different observ-
ing techniques (viz. the three-star and high-speed techniques,
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see below), have been adopted, each designed for maximum
precision in the respective period domain. It is not surprising
that outside these domains the precision of each technique is
lower, so that small-amplitude pulsations with unfavorable fre-
quencies could have been missed in previous investigations.
1t is, therefore, important to examine the question whether §
Scuti stars have photometrically detectable high-order pulsa-
tion modes with periods shorter than 30 minutes. A promising
approach appears to be to concentrate on a single 6 Scuti star
for the presence of both long and short periods of pulsation by
multisite campaigns using both techniques.

With the three-star technique adopted by the Delta Scuti
Network, the required high photometric accuracy is achieved
by alternating measurements of the variable star with those of
two carefully chosen comparison stars. The same photometric

channel is used for all three measurements. The procedure can

produce the required long-term stability of 2 mmag or better
(also within different observatories), but yields a variable-star
measurement only every five minutes. The technique is working
well for periods between 30 minutes and several days and has
been described by Breger (1993).

The high-speed measurements adopted by WET (Whole
Earth Telescope) are obtained with two-channel and three-
channel photometers. Measurements of the intensities of the
target and a nearby comparison star are made simultaneously,
and in the case of three-channel photometers, the sky bright-
ness is also measured continuously. The technique works well
for periods under about 30 minutes. At longer time-scales, in-
strumental drifts (and residual transparency variations) rapidly
dominate. The operation of WET has been described by Nather
et al. (1990).

The two multisite networks and their techniques comple-
ment each other in allowing the investigation of periods be-
tween a few minutes up to several days. The § Scuti star FG
Vir was selected for the present study for two reasons: the pres-
ence of a large number of pulsation modes with photometrically
visible amplitudes is suspected, and the position of the star in
the Herzsprung-Russell Diagram is similar to those of the the
known roAp pulsators (Kurtz & Martinez 1993).

The variability of FG Vir = HD 106384 was discovered by
Eggen (1971), who deduced a period of 0.07 d and a semi-
amplitude of 0.025 mag from one night of observation. In 1982,
Lopez de Coca et al. (1984) observed the star for three nights
through specially chosen narrowband filters, while one night of
V data was collected in 1986 (Gonzalez-Bedolla & Rodriguez
1990). More extensive photometric data covering 26 nights were
obtained by Dawson (1990) during 1985 and 1986. These data,
however, are of somewhat lower photometric precision. They
show a dominant variation with a period of about 0.08 d and will
be the subject of a later paper in this series. Colombaetal. (1991)
reported a presently unpublished observational program of FG
Vir. During 1992, Mantegazza et al. (1994, hereafter referred
to as MPB) measured FG Vir photometrically for 8 nights and
spectroscopically for one night. MPB were confident about the
correct identification of six frequencies, while a seventh mode
of pulsation was also suggested.

M. Breger et al.: The 6 Scuti star FG Vir. I

The present paper reports a multisite campaign of FG Vir
using both the three-star and high-speed techniques and the pul-
sational properties of the star at the frequencies typical for a ¢
Scuti star. Aninvestigation at higher frequencies will be reported
in Paper II.

2. New photoelectric measurements

In order to eliminate the serious aliasing caused by regular ob-
serving gaps, a multisite campaign was organized utilizing the
WET (Whole Earth Telescope) Network for high-speed mea-
surements and the Delta Scuti Network for low frequencies.
During 1993 March and April, 170.4 h of usable data were ob-
tained at nine different observatories. The V filter was used. On
six nights, additional measurements with the B filter were ob-
tained in order to estimate the phase shifts and amplitude ratios
between the different wavelength regions for the primary pul-
sation mode. These nights are indicated with “BV” under the
“Technique” column of Table 1, which presents a journal of all
observations. Since two different techniques were used, we will
discuss the acquisition and reductions of the two data groups
separately.

2.1. Measurements made with the three-star technique

During 17 nights between 1993 March 12 through April 5, pho-
toelectric measurements of FG Vir were obtained at two obser-
vatories with the three-star technique.

For the measurements at McDonald Observatory the follow-
ing two comparison stars were used: HD 106952 (F8V) and HD
105912 (F5V). No variability of the comparison stars could be
detected and the two comparison stars indicated a precision of
between + 3 and 4 mmag per single measurement. This can also
be taken as an estimate of the accuracy of the FG Vir measure-
ments. No serious problems were experienced during either the
observations or data reductions. The resulting measurements of
the variability of FG Vir is denoted in this paper as data set A.

During four nights of observations at McDonald Observa-
tory, the standard three-star technique was modified in order to
examine the accuracy of a hybrid technique in which the tele-
scope was moved to the two comparison stars only once every
hour. In principle, this hybrid technique could combine the ad-
vantage of the photometric stability of the three-star technique
with the high duty cycle of the high-speed technique. The re-
sulting measurements were indeed of very high quality and the
comparison of the different techniques will be discussed else-
where. We only note here that the application of the hybrid
technique requires very high atmospheric and instrumental sta-
bility and cannot be recommended for general use. The 30.1
hours of data (data set B) obtained with the hybrid technique
can be used for both high and low-frequency analyses.

Additional data (data set C) with the three-star technique
were also obtained at the Xing-Long observatory located in
China. These data are important since the longitude of these
observatories complements the longitude of the major other ob-
serving site, McDonald Observatory. These data contain sev-
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Observatory Observer(s) Date Length  Technique Data set
um (hrs)
Xing Long 0.6m Jiang shi-yang 12 Mar 93 42 Three star C
Xing Long 0.6m Jiang shi-yang 14 Mar 93 4.9 Three star C
McDonald 2.1m T.K. Watson & R.E. Nather 16 Mar 93 3.9 High speed D
Siding Spring 0.6m  S.J. Kleinman 16 Mar 93 1.8 High speed D
SAAO 0.75m J.E. Solheim 16 Mar 93 39 High speed D
McDonald 0.8m E. Serkowitsch & G. Handler 17 Mar 93 7.5 Three star, BV A
McDonald 2.1m T.K. Watson & R.E. Nather 17 Mar 93 6.8 High speed D
Siding Spring 0.6m  S.J. Kleinman 17 Mar 93 32 High speed D
Xing Long 0.6m Liu zong-li 17 Mar 93 3.7 Three star C
SAAO 0.75m J.E. Solheim 17 Mar 93 6.8 High speed D
Siding Spring 0.6m  S.J. Kleinman 18 Mar 93 9.8 High speed D
Xing Long 0.6m Liu zong-li 18 Mar 93 4.1 Three star C
Siding Spring 0.6m  S.J. Kleinman 19 Mar 93 2.2 High speed D
Mauna Kea 0.6m M.A. Wood 20 Mar 93 29 High speed D
Mt. John 1.0m D.J. Sullivan 22 Mar 93 6.9 High speed D
Wise 1.0m H. Mendelson 25 Mar 93 3.7 High speed D
McDonald 0.9m J.C. Clemens 26 Mar 93 3.6 High speed D
Mauna Kea 0.6m M.A. Wood 26 Mar 93 4.1 High speed D
McDonald 0.8m G. Handler 27 Mar 93 6.1 Three star, BV A
Xing Long 0.6m Li zhi-ping 27 Mar 93 5.1 Three star C
Xing Long 0.6m Li zhi-ping 28 Mar 93 5.0 Three star C
McDonald 0.8m G. Handler 29 Mar 93 42 Three star, BV A
McDonald 0.8m G. Handler 30 Mar 93 6.6 Three star, BV A
McDonald 0.8m G. Handler 31 Mar 93 7.5 Hybrid B
Xing Long 0.6m Li zhi-ping 31 Mar 93 3.7 Three star C
Mt. Suhora 0.6m J. Krzesinsksi & G. Pajdosz 1 Apr93 1.2 High speed D
McDonald 0.8m G. Handler 1 Apr 93 7.8 Hybrid B
Mt. John 0.6m D.J. Sullivan 1 Apr 93 7.0 High speed D
Mt. Suhora 0.6m J. Krzesinsksi & G. Pajdosz 2 Apr 93 4.0 High speed D
McDonald 0.8m G. Handler 2 Apr 93 7.2 Hybrid B
McDonald 0.8m G. Handler 3 Apr93 7.6 Hybrid B
McDonald 0.8m G. Handler 4 Apr 93 6.0 Three star, BV A
McDonald 0.8m G. Handler 5 Apr 93 7.4 Three star, BV A

eral individual data points which deviate by large amounts from
both their neighboring data points as well as the overall solu-
tion. Since the problem is present in this data set only, it should
be interpreted as observational errors. Consequently, we have
applied a conservative 3.5 o criterion and eliminated those data
points which deviated from the overall solution by more than
3.5 standard deviations.

2.2. Measurements made with the high-speed technique

In order to adapt the WET data for searching at low frequencies,
the standard procedure to reduce WET photometry needed to
be extended. For data obtained with multichannel photometers,
sky subtraction was performed on a point-by-point basis after an
adjustment of the sensitivity ratios of the different photometer
channels. For two-channel photometers the background mea-
surements were interpolated. After the background corrections
were applied, the data were edited and incorrect data points elim-

inated. With the high-speed technique such editing is necessary,
since the measurements are made continuously and include even
those times when the telescope is moving away from the star.

Since FG Vir varies with a relatively high amplitude and
the possibility of tube sensitivity drift could not always be ruled
out, extinction corrections are not straightforward. A synthetic
light curve predicted from the three-star data was subtracted
from the variable star data substantially decreasing the vari-
ance of the data. Bouguer diagrams of these residuals and the
comparison star data were examined for variable extinction or
tube drift, and an appropriate extinction coefficient was deter-
mined for each night. In cases where trends in the residuals
due to atmospheric or equipment problems remained, an addi-
tional polynomial fit was subtracted from the data. The two data
sets from Poland showed substantial transparency variations and
scintillation noise (caused by the high air masses at which the
measurements were obtained), so that the polynomial fit was
replaced by a spline fit determined from the channel 2 data. We
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Fig. 1a and b. Multisite photometry of FG Vir obtained during the 1993 campaign. AV is defined to be the magnitude difference (variable -
comparison stars) normalized to zero. The open circles refer to measurements obtained with the three-star technique, while the filled circles are
averages of continuous (high-speed) measurements. The fit of the ten-frequency solution derived in this paper is shown as a solid curve. Note
the excellent agreement between the measurements and the fit
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Fig. 2. B — V variations of FG Vir obtained during six nights. The
solid curve represents the fit obtained with the dominant frequency of
12.72 c/d

found that the Polish data reduced in this manner could be used
for low-frequency analyses (but not for high frequencies).

The final data were converted to Heliocentric Julian date
(HJD) and summed into 5 minute bins for the low-frequency
analysis.

The observed variability of FG Vir obtained during the 1993
campaign with both the three-star (open circles) and high-speed
techniques (filled circles) is shown in Fig. 1 together with the

. predicted ten-frequency fit derived below. The color variations
are presented in Fig. 2.

3. Pulsation frequencies up to 30 c¢/d

The pulsation frequency analyses were performed with a pack-
age of computer programs with single-frequency and multiple-
frequency techniques (program PERIOD, Breger 1990a), which
utilize Fourier as well as multiple-least-squares algorithms. The
latter technique fits a number of simultaneous sinusoidal varia-
tions in the magnitude domain and does not rely on prewhiten-
ing. For the purposes of presentation, however, prewhitening
is required if the low-amplitude modes are to be seen. There-
fore, the various power spectra are shown as a series of panels,
each with one or two additional frequencies removed relative to
the panel above. The analyses were performed using the tradi-
tional units of magnitude. We note that for the small amplitudes
present in FG Vir any differences between using intensity and
magnitude variations are negligible.
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Fig. 3. Power spectrum of FG Vir in the 0 to 30 ¢/d range using the new
multisite measurements obtained with the three-star technique (data
sets ABC). This technique alternates measurements of FG Vir with
those of two comparison stars. The spectra are shown before and after
applying multiple frequency solutions

One of the most important questions in the examination of
multiperiodicity concerns the decision of which of the detected
peaks in the power spectrum can be regarded as variability in-
trinsic to the star. Due to the presence of nonrandom errors in
photometric observations and because of observing gaps the
predictions of standard statistical false-alarm tests give answers
which are considered by us to be overly optimistic. In a previous
paper (Breger et al. 1993) we have argued that a ratio of ampli-
tude signal/noise = 4.0 provides a useful criterion for judging
the reality of a peak. Subsequent comparisons have confirmed
that this restrictive limit of 4.0 cannot be lowered significantly
for typical photometric data. This means that peaks below sig-
nal/noise values of 3.5 should be regarded with suspicion, al-
though some of them may be intrinsic to the star.

In the present study the noise was calculated by averaging
the amplitudes (oversampled by a factor of 20) over 10 c/d re-
gions centered around the frequency under consideration. The
rather large range of 10 c/d was chosen in order to deempha-
size the effects of a single additional pulsation mode on the
computed noise level. The curves shown in the diagrams of the
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Fig. 4. Power spectrum of FG Vir in the 0 to 30 c/d range using all the
new multisite measurements (data sets ABCD). The spectra are shown
before and after applying multiple frequency solutions

power spectra entitled “significance limits” are smoothed fits of
the power values corresponding to amplitude signal/noise ratios
of 4.

As a first step we should restrict the analysis to the data
obtained with the three-star technique because of the relative
accuracy in the low-frequency domain given by the regular ob-
serving of comparison stars. This corresponds to data sets ABC.
Of course, the spectral window of the partial data is not as clean
as that for the three-star and high-speed data together. Neverthe-
less, the uncertainties caused by 1 c/d aliasing are quite small for
the main frequencies of pulsation. This is demonstrated at the
top of Fig. 3, which shows the spectral window pattern based on
the times of available measurements. The next panels show the
power spectra of the data before and after subtraction of one,
three, five and seven frequencies. We note that the star pulsates
with a dominant frequency at 12.72 c¢/d (147 pHz) and at least
eight additional frequencies. Seven frequencies can already be
regarded as certain.

However, an additional important result of the frequency
analyses of the data obtained with the three-star technique is

M. Breger et al.: The § Scuti star FG Vir. I

the absence of variability below 9 c/d. This means that the high-
speed data, for which measurements of comparison stars had not
been obtained with the same photometer channel, can now be
included. Addition of the high-speed data lowers the noise level
in the power spectrum and also improves the spectral window.

Figure 4 shows the power spectra of all the 1993 campaign
data before and after subtracting the best one, three, five, seven
and nine-frequency solutions. These nine frequencies can be
regarded as well-established and should be free of 1 c/d alias-
ing. The best multi-frequency solution obtained with PERIOD
is listed in Table 2. We have also repeated the analysis with the
inclusion of the 53 hours of MPB data obtained during 1992
(called data set E). The resulting power spectrum looks essen-
tially identical to the power spectrum of the 1993 data alone
shown in Fig. 4 and is consequently not presented as a sepa-
rate diagram. Nevertheless, the existence of a data set obtained
a year earlier significantly improved the frequency resolution.
The last two decimal places listed in Table 2 were determined
from comparing the 1992 and 1993 data sets. In spite of the
improved resolution, the large gap between the observations
causes annual aliasing (Af = 1/365 c/d = 0.0027 c¢/d = 0.032
1Hz). While we have selected the values which gave the lowest
residuals between the measurements and the prediction, the val-
ues of the frequencies with smaller amplitudes may be affected
by annual aliasing.

4. Pulsation frequencies larger than 30 c¢/d

In this frequency range the long-term stability of the photo-
metric equipment and the atmospheric conditions over several
hours become less important, so that the regular observations
of two comparison stars with the same photometer channel are
not essential. Consequently, the high duty cycle of the high-
speed observations with their essentially continuous coverage
of FG Vir, makes these observations very important. On the
other hand, those three-star measurements with relatively lower
accuracy (data set C) can be omitted, since they do not improve
the signal/noise ratio in the high frequency range. The analyses
of our new data were then repeated while including data set E.

Figure 5 shows the power spectrum in the 30 to 100 c/d
range. In order to avoid power leakage from the lower frequen-
cies found in the previous section, we have prewhitened the best
low-frequency solution for each data set. The power spectrum
shows significant power only in the 30 - 40 c/d region. Of these
peaks, (only) the frequency at 34.12 c/d is significant according
our adopted signal/noise criteria. The amplitude of fio derived
from the ABD data alone is 0.80 mmag, in agreement with the
0.84 mmag derived from the larger ABDE set. The associated
amplitude signal/noise ratio of 4.7 makes the identification as
a frequency intrinsic to the star quite easy. In order to exclude
the possibility that the peak is caused by systematic errors in a
particular data set, solutions with locked phase were made for
each individual data set A to E. The restriction of fixed phase re-
duced the number of free parameters for these solutions to only
one, viz. the amplitude. We find that the frequency is dominant
in four of the five data sets (A, B, D and E), and absent in the
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Table 2. Multiple-frequency V-filter solution for FG Vir

Frequency Qvalue Amplitude (1993)'  Epoch (HID)  Amplitude?

c/d pHz days mmag S/N 2449000+ mmag S/N
fi, 12,7162 1472 0.027 224 856 72.2369 220 916
fo, 19.8679 230.0 0.017 44 15.2 72.2882 44 16.4
fi, 12,1542 1407  0.028 44 16.9 72.2808 4.1 17.0
fa, 242312 2805 0.014 4.0 14.2 72.2752 42 15.4
fs 9.6562 111.8  0.036 3.7 14.4 72.2301 3.8 15.6
fo» 9.1962 1064  0.037 3.0 11.6 72.2604 2.8 11.4
fr, 21.0576 2437  0.016 3.0 10.2 72.2980 2.7 9.7
fs, 234063 2709  0.015 2.6 9.0 72.2700 24 8.5
fo, 20.2878 2348  0.017 2.3 79 72.2617 2.0 7.4
fio, 341159 3949  0.010 0.6) (3.2 72.3036 0.8 4.7

Residuals +3.7 +38

! Data sets ABCD

2 Data sets ABDE (see text)
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Fig. 5. Power spectrum of FG Vir in the 30 to 100 c/d range, after prewhitening the nine frequencies in the low-frequency 9 to 24 c/d region. The
power spectra before and after prewhitening the frequency at 34.12 c/d are shown. See the text for the definition of the different combined data
sets. The lower panel corresponds to data restricted to our 1993 multisite campaign and confirms that no further significant peaks are present
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relatively noisy data set C. This also affects the value derived for
the combined data set ABCD and we have bracketed the value
of the amplitude (0.64 mmag) listed in Table 2.

No other peaks in the 0 to 100 c¢/d (0 to 1160 Hz) range
exceed the significance limit adopted for our studies. Some of
the peaks evident in the data below of the significance level
are probably real and intrinsic to the star, but we cannot make
definite decisions concerning individual peaks. Table 3 lists the
most promising of the additional peaks. Most of the additional
peaks are in 19 - 27 ¢/d (220 - 313 pHz) range. We note that the
frequency of the peak at 11.19 c/d corresponds to (fi + f5)/2,
but the astrophysical interpretation of this numerical agreement
should wait until the existence of this peak has been confirmed
with a higher level of significance. Additional photometric stud-
ies of sufficient length to lower the noise level should be able to
examine the richness of the pulsation modes of this § Scuti star.

The large number of additional peaks in the 19 - 27 c/d
region increases the computed noise figure for this frequency
region. If some of these peaks are real, the noise will have been
overestimated for this region. Since it is uncertain which of
the peaks are intrinsic to the star, the computed noise figure
cannot be lowered. This explains in part why in this frequency
range peaks with amplitudes of 0.9 mmag are not statistically
significant, while at higher frequencies pulsation modes with
smaller amplitudes can already be detected reliably.

5. Steps towards identifying the pulsation modes

The identification of the observed frequencies of pulsation with
particular pulsation modes requires the knowledge of the basic
parameters of the star. The values of narrowband photometry
adopted here take into account the misprint of the definition
of [¢;] in Eggen (1971), see the notes below Table I in Breger
(1979). The new ¢, average, therefore, differs slightly from those
listed in the uvbyp catalogs, e. g. Hauck & Mermilliod (1990).
The measurements by Eggen (1971), Olsen (1983) and Olsen
& Perry (1984) give the following average values for FG Vir:
b —1y=0.160, m; = 0.180, ¢; = 0.840 and 3 = 2.766.

The calibrations given by Crawford (1979) indicate no in-
terstellar reddening and My = 1.71. The uvby photometry can
also be used to derive the Ti¢r and log g values. We adopt the
values derived by MPB with a slight adjustment to account for
the increased ¢; value. The relative shift was calculated by using
the Kurucz (1991) models. We find T = 7500 £ 150K, log g
=3.89 £0.15.

The values of the pulsation constants () can be estimated
from the following equation:

log Q; = —6.456 + log P; + 0.5log g + 0.1 My + log Tess .

The observed @ values, listed in Table 2, range from 0.010
(&4 0.002) to 0.037 (£ 0.007) d (for details on the error esti-
mate for this method see Breger 1990b). This generally unavoid-
able uncertainty in the @ values is caused by the uncertainty of
the photometry and its calibrations. It is this uncertainty which
makes an identification of the observed frequencies with spe-
cific pulsation modes based on the values of the frequencies

M. Breger et al.: The 6 Scuti star FG Vir. I

Table 3. Additional promising peaks for FG Vir

Frequency  Amplitude (1993)!  Amplitude?
c/d pHz  mmag S/N mmag S/N
11.19 1295 0.8 3.1 0.8 33
19.23 2225 0.8 3.0 0.9 34
21.48 248.6 0.7 2.5 0.8 35
24.19  280.0 0.8 3.0 0.9 34
26.33 304.8 0.7 2.9 0.9 3.6
40.29 466.3 0.5 3.0 0.5 3.0
! Data sets ABCD

2 Data sets ABDE (see text)

alone impossible. Additional information for this identification
is provided by (i) an examination of amplitude ratios and phase
differences between measurements at different wavelengths (see
Garrido et al. 1990; Watson 1988; Balona & Stobie 1980), (ii)
spectroscopic analyses, (iii) recognition of measured frequency
patterns with those from computed models. Here we can apply
all three techniques.

The color variations were measured during six nights of this
campaign. These data are sufficient to derive reliable phase shift
and amplitude ratio values for (only) the primary frequency.
The uncertainty can be estimated by calculating the effect on
the phase and amplitude of using only the primary frequency
(instead of all ten frequencies) and by calculating the effects of
using only six nights of V' data as opposed to the whole V' data
set. For the primary frequency, fi, we find

Color phase shift, ¢g_v — ¢y =—10.4 £+ 2°.

Amplitude ratio, Ag_y /Ay = 0.33 £ 0.03, where the listed
errors are estimates of internal errors.

A comparison of the observed negative color phase shift with
the models of Watson (1988) and Garrido et al. (1990), scaled
to B — V, excludes the possibility of radial pulsation (¢ = 0)
for fi (12.7 c/d). Both £ =1 and 2 are possible. However, from
spectroscopy, MPB identified f; with radial pulsation. These
contradictory results cannot be resolved at this stage. MPB also
suggested that two other observed modes (9.7, 19.9 ¢/d) are non-
axisymmetric and a fourth mode (24.2 c/d) is axisymmetric.
They determined vsini = 21 km s~! and estimated i ~ 30°
from their spectroscopic data. This leads to a rotational period
of 2.8 d, or Q ~ 0.36, which can be included for calculations of
rotationally split m modes.

6. Pulsation models

A powerful tool to assist with mode identifications is given by
the calculation of stellar models, especially when the uncer-
tainty in the @, £ and m values are considered. Such models
should include the effects of convective overshooting and al-
low for a nonuniform rotation rate. We have calculated a series
of equilibrium stellar models and their oscillation frequencies.
The range of models takes into account the uncertainties of the
observationally determined input parameters in log Tef, log g
as well as the chemical composition parameters, X and Z, and
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Table 4. Preliminary mode identifications (Model A)
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Observed frequency Modetype n £

m  Predicted frequency

c/d pHz c/d pHz
9.20 106 g 5 2 1 927 107
9.66 112 g 4 2 -2 984 114
12.15 141 g 3 2 1 1215 141
12.72 147 p 1 0 0 1267 146
19.87 230 p 2 2 -1 1990 230
20.29 235 p 30 0 12033 235
21.06 244 p 3 1 1 2119 245
23.41 271 p 3 2 0 2354 272
24.23 281 p 4 0 0 2426 281
34.12 395 p 6 1 1 3424 396

the rotation rate, §2. Some additional information on the physics
of the models can be found in Dziembowski & Goode (1992)
and Dziembowski & Pamyatnykh (1991).

A good tactic for stars such as FG Vir is to look first for
possible identifications of the observed periodicities with radial
modes. For these modes, effects of rotation and convective over-
shooting are relatively unimportant and may be ignored initially.
Furthermore, the period ratios of radial modes are relatively in-
sensitive to variations of the parameters adopted for the models.
The preliminary model of FG Vir was selected from a family of
stellar main-sequence models with Teee = 7500K, X = 0.7, Z =
0.02, without convective overshooting. The stellar mass was
considered as an adjustable parameter within the observed un-
certainty range of logg = 3.89 4 0.15. In the model selected,
three radial modes have frequencies within £ 0.05 c/d of the
observed frequencies. The model (Model A) has the following
mean parameters: M = 1.80Mg,log L = 1.13,logg=4.01.

In Table 4, the identifications of all ten observed periodici-
ties are given. The rotational splitting was calculated assuming
Urot = 46.3 km/s and a uniform rotation rate. All nonradial
modes, except for fig, are of a dual nature. Their identification
as a p or g mode follows the rule adopted by Dziembowski &
Pamyatnykh (1991), which is based on the nature of the modes
on the ZAMS, where the two types of modes are well sepa-
rated in frequency. With such a definition, p modes are modes
that are partially trapped the acoustic propagation zone i.e, in
the outer envelope. Their frequencies decrease during the main-
sequence evolution approximately oc R~'%. On the other hand,
the g modes penetrate the deep interior and their frequencies
increase during the evolution. In the present model, which is in
an advanced phase of core hydrogen burning (X, = 0.22), the
g1 mode occurs between p3 and p4 at £ = 1 and between pg and
p7atf=2.

All identified modes were found to be unstable in the
model. Their frequencies span almost the whole frequency range
in which the model shows instability. However, the observed
modes represent only 10 % of all the unstable modes with £ <
2. There are two wide frequency ranges (13 to 19, 25 to 33 c¢/d)
in which no mode is observed to be excited to a detectable level.

This selection of which modes are excited by the star presents
a challenge to the nonlinear theory of stellar oscillations.

The mode identification based on model A is in agreement
with the constraints provided by the spectroscopic determina-
tions (radial overtone, one axisymmetric and two nonradial non-
axisymmetric modes) given by MPB. In spite of this consistency
it must be pointed out that both the model adopted for FG Vir
as well as the mode identification given in Table 4 must still
be regarded as preliminary and that alternative identifications
of the peaks should be considered as well. In the previous sec-
tion, the color phase shift indicated that f; could be a dipole or
quadrupole (rather than a radial) mode. This could be modelled
with M = 1.98 M, log g = 3.86. In that model, f; would be
identified with py, £ = 1 and f4 with pg, £ = 0. The different
model and mode identification would not substantially change
the conclusions of the present paper, but demonstrate the need
towards observationally identifying additional pulsation modes
in order to make the model selection more unique.

Efforts towards achieving an accurate fit of the calculated
and measured frequencies should yield constraints on the inter-
nal structure and rotation of the star. FG Vir is one of the most
promising of the known § Scuti stars for seismic probing of the
stellar interior due to the relatively slow rotation and the large
number of detectable modes. Of particular interest are data on

. g modes, which probe the deep interior.
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