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Abstract. Evidence for high order nonradial pulsation
(NRP) has been discovered in the A Boo star HD 111604.
Analysis of a limited number of spectra of the Na I D lines
indicate that the mode of oscillation, |m|, is approximately
20 and NRP features circumnavigate the star every 0.71
days. Current models suggest that these objects should be
near the ZAMS, and the detection of nonradial pulsation
in at least one member of the class presents the exciting
possibility of performing a direct measurement of its evo-
lutionary state to test this hypothesis.
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1. Introduction

Spectral peculiarities among the A-type stars now appear
to be the norm. A collection of A stars with similar tem-
peratures and surface gravities can form a veritable zoo,
with no two appearing the same. One may appear to have
“normal” abundances, another may show characteristics
of the magnetic Ap stars, yet another those of the classi-
cal Am stars, and still another may have very weak metal
lines. The latter is an example of the A Bootis class of
objects.

The Ap and Am phenomena are now generally thought
to be reasonably well understood. Unfortunately, the
weak-lined A Boo stars are proving to be somewhat more
difficult to explain. Gray’s (1988) definition of this class
of about two dozen stars is as follows: they have Ca II
K and metallic-line spectral types near AQ, weak Mg II
A4481, and hydrogen lines with cores typical of early to
late A-type stars. Relative to the Balmer cores, the K-
line and metallic-line types are too early, and the stars
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appear metal weak. He also suggests that there may be
two distinct subgroups, with one subgroup having pecu-
liar hydrogen profiles. From their small space velocities,
surface gravities near the ZAMS, binarity, high vsin ¢, and
colours, the A Boo stars appear to be population I stars
with abundances more characteristic of population II ob-
jects. Gerbaldi and Faraggiana (1993) provide a recent
review and a list of members of the class.

Several ideas have been put forward in the last few
years to explain the A Boo phenomenon. Venn and Lam-
bert’s (1990) observation that the abundances of elements
in three A Boo stars are similar to interstellar gas depleted
by formation of grains has led to a promising model devel-
oped by Charbonneau (1991) and Turcotte and Charbon-
neau (1993) in which the A Boo stars are accreting mass
at a rate on the order of 10~13M yr~!. In their scenario,
Turcotte and Charbonneau (1993) suggest that the A Boo
stars still possess a remnant of the accretion disc from
which they formed and they are able to make several pre-
dictions. First, the model successfully shows that under-
abundances will occur only in stars with a narrow range
of temperatures similar to those of the known A Boo stars.
Secondly, the abundance anomalies will disappear in 10°
years because of circulation currents, so all of the A Boo
stars should be essentially on the ZAMS. Finally, given the
short lifetime of the abundance peculiarities the accretion
must be occurring in the current epoch.

In order to search for direct evidence of circumstel-
lar material associated with the A Boo stars, we recently
completed a high resolution spectroscopic survey of the
Na I D lines of all of the A Bootis stars observable from
the Canada-France-Hawaii Telescope (CFHT). During the
course of this investigation we have serendipitously discov-
ered one of the first known cases of spectrum variability
among the class (Bohlender, in preparation, discusses an-
other example). In what follows below we show that HD
111604 (HR 4875), classified as a A Boo star by Gerbaldi
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& Faraggiana (1993) based on the appearance of its UV
spectrum, is a nonradial pulsator. This first spectroscopic
confirmation of pulsation in a A Boo star presents us with
the exciting prospect of a direct method of determining
the evolutionary state of at least one member of the class.

2. Observations

The spectra discussed here were obtained on 1995 March
18 UT with the CFHT and the f/8.2 coudé spectro-
graph. The instrument configuration included the red mir-
ror train, objective, Richardson slicer, and folding flat, the
600 1/mm mosaic in first order, and the front-side illumi-
nated Loral3 2048 x 2048 CCD with 15um pixels. The
central wavelength was approximately 5892A. The stel-
lar data have been reduced in a conventional manner with
IRAF!. A gaussian fit to several lines in Th/Ar wavelength
calibration exposures obtained before and after the stellar
exposures give FWHM corresponding to a spectral reso-
lution of about 0.22A. Because the relative humidity was
near 0% there is essentially no contamination of this spec-
tral region by telluric features.

The first 8 min exposure of HD 111604 suggested the
presence of several interstellar features in the Na I D lines
of the star, but this seemed unusual since we estimated
the star to have a distance on the order of 100 pc. Given
this distance and its high galactic latitude we can expect
very little in the way of interstellar absorption, and al-
most certainly not multiple interstellar absorption features
(Welsh et al. 1994). As a result, we took a second expo-
sure and saw evidence for some variability in these “shell”
features. A sequence of several exposures taken over an
hour is shown in Fig. 1, as well as the residuals which
result after subtracting the mean spectrum from the indi-
vidual exposures. The blue-to-red progression of travelling
bumps in the spectra is readily seen.

A closer examination of Fig. 1a shows what appears to
be a sharp, stationary component in each of the Na I D
lines. The average spectrum shown at the bottom of Fig.
1b tends to smooth out the variable features and the sta-
tionary features become much more prominent. They are
likely weak interstellar absorption lines, but the possibil-
ity exists that HD 111604 may also have a circumstellar
shell. A detailed discussion of the complete Na I D line
survey will be presented elsewhere (Bohlender & Gonza-
lez, in preparation), so we will not pursue this question
any further in the present paper.

Before proceeding we would like to note that Weiss
et al. (1994) have incorrectly identified HD 111604 as the
variable star DQ Her. A brief examination of the SIMBAD
database will show that HD 111604 is most emphatically
not related to this nova.

1 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Uni-
versities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation.
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Fig. 1. a) A sequence of spectra of the Na I D lines of the
A Boo star HD 111604. Time advances towards the bottom
of the figure and the relative intensity scale is indicated. The
dashed lines follow the redward motion of a prominent NRP
feature in each component of the doublet. A possible interstel-
lar or circumstellar feature is marked by the arrow. b) Resid-
nals from the mean spectrum, shown at the bottom, of HD
111604. The intensity scale of the residuals is the same as for
the mean spectrum. The mean spectrum reduces the visibil-
ity of the NRP and shows the presence of an interstellar or
circumstellar feature more clearly.

3. Discussion

The spectrum variability of HD 111604 is remarkably sim-
ilar to that seen in rapidly rotating 6 Scuti stars (e.g.,
Walker et al. 1987, Kennelly et al. 1991, Kennelly et al.
1992). The é Scuti stars are unstable to nonradial stellar
oscillations driven by the x mechanism and described by
the three quantum numbers: n (the radial order), £ (the
nonradial degree), and m (the azimuthal order). The os-
cillations introduce velocity perturbations of the stellar
rotation profile to produce variations in the line profile
shapes (Vogt & Penrod 1983), and by analyzing a series
of Doppler-broadened line profiles, modes and frequen-
cies can be determined. The line-profile variations of HD
111604 are particularly reminiscent of that of T Peg for
which multiple modes with £ as high as 16 have been de-
tected using a two-dimensional Fourier analysis (Kennelly
et al. 1992). We therefore suggest that HD 111604 displays
the first known case of NRP in the A Boo class. How-
ever, with the current limited set of data we can not com-
pletely rule out photospheric abundance inhomogeneities
as the source of the spectrum variations, or even, as the
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referee noted, orbiting inhomogeneities in a possible ac-
cretion flow around the star.

For a single hour of data, a two-dimensional Fourier
analysis similar to that performed on 7 Peg would almost
certainly be considered an over-interpretation. Instead, we
derive a rough estimate for the principle mode of oscilla-
tion, assuming £ = |m| (i.e., a sectoral mode), and its
period using the method of Walker et al. (1987). That is,
we calculate the mode |m| as

|m| = 27 (vsini)/(a, At) (1)

where vsins is the projected rotational broadening, a, is
the average acceleration of the oscillation subfeatures at
the line center, and At is the average delay between suc-
cessive subfeatures crossing the line center (i.e., the ap-
parent period of oscillations as measured in the observer’s
frame). The time necessary for a wave to circumnavigate
the star is then

P = |m|At. (2)

If the rotational velocity were large compared to the phase
velocity of the wave then the period P would provide an
estimate of the rotation period of the star. However, for
rapidly rotating é Scuti stars at least, the ratio between
the rotation frequency and oscillation frequency is small,
typically /v = 0.08 (Kennelly 1995).

In Fig. 1 the passage of one subfeature is followed from
frame to frame in each of the Na I D lines of HD 111604.
From such features we measure values of a, = 1650
kms~'day~! and At = 0.0354 days. We have also car-
ried out a spectrum synthesis of the mean Na I D line
profiles and find vsini = 1854 5 kms™!, in good agree-
ment with the value of 183 kms™! given by Gerbaldi and
Faraggiana (1993). Equations 1 and 2 then give |m| ~ 20
and P = (.71 days.

The success of the Turcotte and Charboneau (1993)
model requires that the A Boo stars be on or close
to the ZAMS. We can use available uvby8 photometry
(Hauck & Mermilliod 1995) to derive the surface gravity
and effective temperature of HD 111604. First, we use
Crawford’s (1979) calibration for A-type stars to deter-
mine that HD 111604 has éc; = 0.248 and émy = 0.0553.
This then gives (b — y), = 0.123 and E(b — y) = —0.011.
The star thus appears to be unreddened. Balona’s (1994)
calibration is then used to find T.;; = 7770 K, logg =
3.33, L/Lo = 44, My = 0.53, R = 3.7TRp, and M =
1.1Mg. These values suggest that HD 111604 is an evolved
object, with My close to that expected for a star of spec-
tral type A3 III. Given V = 5.896, we then find that the
distance to the star is d ~ 120 pc.

Some caution should be used before drawing any con-
clusions about the evolutionary status of HD 111604,
and hence the validity of the Turcotte and Charbonneau
(1993) model, from the above discussion. Our analysis of
the uvbyB photometry of HD 111604 completely ignores
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the effects of the star’s spectrum peculiarity on its magni-
tudes and color indices. In the introduction we noted that
the A Boo stars seem to divide into two groups: those with
normal hydrogen-line profiles (NHL) and those with pecu-
liar hydrogen-line profiles (PHL) (Gray 1988). The PHL
stars in Gray’s (1988) list have B values 0.05 — 0.07 mag
smaller than normal early-A V stars. These objects also
tend to have the largest (b—y) values. The (b—y) = 0.112
of HD 111604 suggests that this star is also likely a PHL
A Boo star, in which case the star’s H3 line index, and
hence the derived luminosity, is likely strongly affected by
its spectral peculiarity. The rapid rotation of HD 111604
might also be expected to affect the surface gravity and,
as a result, the luminosity of the star (Crawford 1979).
Clearly there is a great deal of doubt as to the evolution-
ary status of HD 111604 at the present time.

4. Conclusion

In this paper we have reported the first evidence for non-
radial pulsation in a A Bootis star. HD 111604 has high
order (|m| ~ 20) NRP and the NRP features cross the line
centers approximately every 0.0354 days. A simple anal-
ysis of the limited set of spectra and uvby8 photometry
can not definitively determine the evolutionary state of
the star because of uncertainties in its intrinsic colors. A
detailed spectrum analysis of the star should help remove
some of this uncertainty.

The nonradial pulsation in HD 111604 also could pro-
vide us with a direct method of evaluating the evolution-
ary state of at least one member of the A Boo class, and as
a result, confirm or refute the validity of the Turcotte and
Charbonneau (1993) idea of an accretion origin for these
stars. This possibility arises because the oscillation prop-
erties of a star change as the star evolves. The frequency
of the acoustic modes (trapped in the outer envelope) de-
creases (roughly as R~1%), while numerous gravity modes
(trapped in the interior) become free to propagate as a
result of the development of a steep gradient in chemi-
cal composition outside the stellar core (e.g. Dziembowski
[1995]). Although the interaction of the gravity and acous-
tic modes is thought to introduce difficulties for the iden-
tification of low-degree modes, the zone of propagation of
the high-degree acoustic modes (i.e., the likely origin of the
variations displayed in Fig. 1) is well-separated from the
interior, so these modes should remain uncontaminated
by gravity mode variations and may lead to easier iden-
tification. We therefore encourage more extensive (multi-
site) observations in order to determine the complete mode
spectrum of HD 111604. Comparison of the measured fre-
quencies with theoretical values expected for a given mass
star as a function of age should then give a reasonable
indication of the evolutionary status of the star.

HD 111604 is obviously very closely related to the
6 Scuti stars. The very fact that HD 111604 lies in the
6 Scuti instability strip and is variable, unlike classical
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Fig. 2. The location of the A Boo stars (e) in the (b—y) — My
color-magnitude diagram. A-type stars for which Kennelly
(1994) has detected spectrum variations are also indicated
(4+). The dashed lines indicate the photometrically determined
boundaries of the § Scuti instability strip. The location of HD
111604 is labelled.
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Am stars in the same region of the H-R diagram, may also
be indirect evidence for the rather exotic accretion origin
of these objects. The so-called “parameter free” diffusion
model (see Michaud [1991] for a recent review) is quite
successful in explaining the peculiarities observed in the
classical Am stars. It also explains the mutual exclusion of
the 6 Scuti and Am phenomena. In the latter objects the
He II convection zone, which provides the driving mecha-
nism for pulsation in A-type stars, diffuses downward out
of the outer envelope shortly after the star’s formation.
As a consequence, Am stars are not pulsationally unsta-
ble. The fact that HD 111604 is pulsating then indicates
that its peculiar abundances can not arise from diffusion
processes identical to those occurring in the Am stars.
Could other A Boo stars be nonradial pulsators? HD
111604 is certainly not the first example of a variable A
Boo star. Gray (1988) draws attention to several mem-
bers of the class that might be photometric variables and
Weiss et al. (1994) have recently reviewed the known pho-
tometrically variable A Boo stars. HD 111604 itself is also
a low-amplitude photometric variable (Provin 1953). In
Fig. 2 we show the location in the (b — y) — My color-
magnitude diagram of all of the A Boo stars listed by Ger-
baldi and Faraggiana (1993) which have published uvbyf
photometry. Again, we use Crawford’s (1979) calibration
to determine My, ignoring any influence the peculiar hy-
drogen lines of the A Boo stars might have on 3, and hence
My . Also indicated are the A-type stars with NRP dis-
covered by Kennelly (1994) as part of his survey of line
profile variations in stars in the § Scuti instability strip. A

total of 15 of 21 A Boo stars, including HD 111604, lie in
the photometrically determined é Scuti instability strip.
A recent but very limited survey we have carried out has
resulted in at least four other cases of low-level spectrum
variability, most likely caused by NRP, in A Boo stars.
We therefore have the prospect of determining the evo-
lutionary status of a substantial number of the class and
hopefully insert one more piece into the peculiar A-star
puzzle.

Acknowledgements. This research has made use of the Simbad
database, operated at CDS, Strasbourg, France. We also grate-
fully acknowledge the allocation of CFHT discretionary time
by the Directors of the CFHT for carrying out this program,
and useful comments provided by the referee.

References

Balona L., 1994, MNRAS 268, 119

Charbonneau P., 1991, ApJ 372, L33

Crawford D. L., 1979, AJ 84, 1858

Dziembowski W.A., 1995, in Ulrich R.K., Rhodes E.J., Jr.,
Dappen W. (eds.) GONG’94: Helio- and Astero-Seismology
from the Earth and Space. PASPC 76, 586

Gerbaldi M., Faraggiana R., 1993, in Dworetsky M.M., Castelli
F., Faraggiana R. (eds.) Peculiar Versus Normal Phenom-
ena in A-Type and Related Stars, Proc. IAU Coll. 138.
PASPC 44, 368

Gray R.O., 1988, AJ 95, 220

Hauck B., Ballereau D., Chauville J., 1995, A&AS 109, 505

Hauck B., Mermilliod M., 1995, in preparation

Kennelly E.J., 1994, Ph.D. Thesis, University of British
Columbia

Kennelly E.J., 1995, in Ulrich R.K., Rhodes E.J., Jr., Dappen
W. (eds.) GONG’94: Helio- and Astero-Seismology from the
Earth and Space. PASPC 76, 568.

Kennelly E.J., Walker G.A.H., Hubeny I., 1991, PASP 103,
1250

Kennelly E.J., Walker G.A.H., Merryfield W.J., 1992, ApJ 400,
L71

Michaud G., 1991, in Michaud G., Tutukov A. (eds.) Evolution
of Stars: The Photospheric Abundance Connection, Proc
TAU Symp. 145. Kluwer, Dordrecht, p. 111

Provin S.S., 1953, ApJ 118, 489

Turcotte S., Charbonneau P., 1993, ApJ 413, 376

Venn K.A., Lambert D.L., 1990, ApJ 363, 234

Vogt S.S., Penrod G.D., 1983, ApJ 275, 661

Walker G.A.H., Yang S., Fahlman G.G., 1987, ApJ, 320, L139

Weiss W.W., Paunzen E., Kuschnig R., Schneider H., 1994,
A&A 281, 797

Welsh B.Y., Craig N., Vedder P.W., Vallerga J.V., 1994, ApJ
437, 638

This article was processed by the author using Springer-Verlag
IATEX A&A style file L-AA version 3.

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/abs/1996A%26A...307L...9B

