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ABSTRACT

High-dispersion (2.4 A mm™?), ultrahigh signal-to-noise ratio (3000:1) Reticon spectra of Vega revealed two
distinct types of profiles. The strong lines exhibit classical rotational profiles with enhanced wings, but the
weak lines have distinctly different, flat-bottomed profiles. Using ATLAS9 model atmospheres and SYNTHE
synthetic spectra, Vega has been modeled as a rapidly rotating, pole-on star with a gradient in temperature
and gravity over the photosphere. By fitting to the flat-bottomed line profiles of Fe 1 44528 and Ti 11 14529,
we find least-squares fit values of Vsini=21.8+02 km s™', polar T, =9695+25 K, polar
log g = 3.75 £ 0.02 dex, V., =245+ 15 km s~ !, and inclination 5°1 + 093. The variations in T, and log g
over the photosphere total 390 K and 0.08 dex, respectively. Assuming V sin i = 21.8 km s~ an independent
fit to the observed continuous flux from 1200 to 10,500 A produced a similar set of values with polar T,¢ =
9595 + 20 K, polar log g = 3.80 + 0.03 dex, and inclination 620 + 027.

Subject headings: stars: atmospheres — stars: early-type — stars: individual (« Lyrae)

1. INTRODUCTION

Astronomers have repeatedly studied Vega (« Lyrae = HD
172167 = HR 7001), arguably the next most important star in
the sky after the Sun. It has been used extensively as a primary
and secondary spectrophotometric standard in the near-
infrared, optical, and ultraviolet regions (Hayes 1985; Bohlin et
al. 1990) and as a comparison star for elemental abundance
studies of A- and B-type stars. However, studies of its elemen-
tal abundances show that it is metal-weak by —0.6 dex
(Adelman & Gulliver 1990) compared to the Sun. Infrared
measurements indicate that it is surrounded by a circular shell
or disk (Aumann et al. 1984). Further, its apparent diameter is
larger than expected for a minimally rotating A0 V star
(Hanbury Brown et al. 1967). Its weak line profiles as seen in
high signal-to-noise (S/N) spectra are clearly flat-bottomed,
resulting in a trapezoidal appearance, while the strong lines
exhibit normal rotationally broadened profiles (Gulliver et al.
1991). Elste (1992) suggested that the differing profiles can be
explained in principle by a center-to-limb variation of their
equivalent widths plus a latitude-dependent photospheric
structure.

Castelli & Kurucz (1994, hereafter CK) compared blanketed
LTE models for Vega calculated with the new ATLAS9 and
ATLASI12 codes (Kurucz 1993) with the observed energy dis-
tribution and Balmer line profiles. Their preferred model had
T, = 9550 K, log g =3.95, and a microturbulent velocity
& = 2km s~ ! for a metallicity [M/H] = —0.5.

When one uses spectral synthesis techniques with their
model, one finds that the weak lines do not have the observed
profiles. To see whether we can explain the appearance of the
weak lines as well as the observed disk, we turn to a possibility
suggested by Gulliver et al. (1991), namely, that we are observ-
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ing Vega nearly pole-on. Gray (1985, 1988) also proposed this
possibility based upon Vega’s excessive luminosity. In such a
model we might expect that the flat-bottomed profiles would
result from a temperature gradient over the photosphere due
to its rapid rotation. Also, if the rotation is sufficiently rapid,
the anomalous diameter and the presence of a shell are more
plausible.

2. OBSERVATIONS

Vega was observed with the Dominion Astrophysical Obser-
vatory 1.2 m telescope using the coudé spectrograph and an
1872 pixel bare Reticon with 15 um pixels. The portion of the
spectrum of Vega discussed here extends from 4487 to 4553 A
in wavelength steps of 0.035 A and has a mean S/N of 3300 for
the continuum regions after the co-addition of two spectra. A
scattered light correction of 4% (Fletcher 1990) was applied to
the co-added spectrum. A digitized instrumental profile of the
spectrograph plus Reticon was constructed by co-adding nine
intensity-weighted lines from the comparison spectrum. The
resultant FWHM was 0.081 A. The comparison star, o Peg,
which was treated in a similar manner, had a mean S/N of 750.

3. MODELING

As the first step in the modeling process, a grid of 63
ATLAS9 models was calculated from T, = 7500 K to Ty =
11,500 K in steps of 500 K and from logg = 3.00 to
log g = 4.50 in steps of 0.25 for a metallicity [M/H] = —0.5
and ¢ = 1 km s~ *. These models used the improved continuum
opacities, increased line opacities, and finer sampling of the
latest opacity distribution functions of Kurucz (1993). The
metallicity and microturbulence were chosen to ensure consis-
tency between the available scaled solar abundance opacity
distribution tables of Kurucz and the calculated model atmo-
spheres. Although Adelman & Gulliver (1990) found a mean
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underabundance of —0.6 dex and & = 0.6 km s~ !, the abun-
dance difference is less than the quoted errors, and the differ-
ence in microturbulence has negligible impact on the weak
lines modeled here. Indeed, the synthetic profiles for the strong
lines suggest that & = 1.0 km s~ ! is more realistic.

For each T, and log g point in the above grid a synthetic
intensity spectrum was calculated for 114480-4580 using the
SYNTHE program (Kurucz & Avrett 1981). The line param-
eters used were those provided with SYNTHE supplemented
by the critically compiled iron peak gf-values of Fuhr, Martin,
& Wiese (1988) and Martin, Fuhr, & Wiese (1988).

Since the model parameters would be dependent upon the
gf-values, it was particularly important to establish these inde-
pendently and as accurately as possible using the narrow-lined
(V sin i = 5.8 kms™ 1), A11V, slightly metal-rich star o Peg. To
correct the significant discrepancies between the synthetic and
observed line profiles, astrophysical gf-values were determined
for 31 weak lines in the region from 4519 to 4540 A. In adjust-
ing the gf-values of the lines within this region, an ATLAS9
model was first calculated for T, = 9600 K, log g = 3.60, and
& =1km s~ ! (Adelman 1988). Then repeated synthetic spectra
were produced using the abundances of Adelman (1988), the
gf-values being adjusted until a satisfactory fit was achieved.

Although the flat-bottomed, weak lines are observed
throughout the spectrum of Vega (Gulliver et al. 1991), the
region from 4519 to 4540 A was selected because it contained
the two best unblended examples, Fe 1 14528 and Ti 11 14529.
Fortuitously, this same region also contains three examples of
the normal, rotationally broadened profiles, Fe 11 14520, Fe 11
24522, and Ti u 44534. Only Fe 1 14528 and Ti i1 14529 are
used to model Vega, because the modeling process is extremely
time-consuming and program array sizes already exceed 50
Mb.

Because of uncertainty in the value of ¢ for o Peg, the gf-
values of the three strong lines Fe 1 14520, Fe 11 44522, and
Tinn 14534 were adjusted to fit the observed Vega profiles
using the model derived below, including ¢ = 1 km s~ '. The
adjustments for the tabulated values of the Fe 1 lines were
small, —0.05 and —0.03 dex, respectively, while that for the
Ti 11 line was relatively large at —0.34 dex.

Specific intensity line spectra were evaluated for the 17
values of yu = 1.0 to 0.01 normally used in ATLAS9 and
sampled every 0.01 A from 4519 to 4540 A for the 63 models.
The variation in line strength with temperature can be demon-
strated using the central intensity of the line profile at 4 = 1.0
(the variation with log g is negligible). In the top panel of
Figure 1 this dependence is shown for log g = 3.75 for four
lines. The rate of change of central intensity with T deter-
mines whether a given feature in the spectrum of Vega will
appear flat-bottomed or not. If Vega is a rapidly rotating,
pole-on star, then there exists a temperature gradient from the
hotter pole (near the center of the disk) to the cooler equator
(near the stellar limb). For the weak lines the lower tem-
peratures at the equator/limb result in an enhanced contribu-
tion to the outer edges of the profiles, ie, a “limb
strengthening.” For the strong lines there is little variation in
line strength with temperature. Moreover, from the greater
slope for Fe 1 44528 compared with that for Ti i 14529, the
former can be expected to be a more sensitive indicator. These
conclusions are confirmed in the bottom panel of Figure 1, in
which the variation of equivalent width with u is shown for the
Vega model at inclination 0°0 and an equator-on, slowly rotat-
ing model. The pole-on model is illustrated because equivalent
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FiG. 1.—Upper panel: Variation in line profile central intensity at u = 1.0
with T, for the synthetic spectral features due to Fe 1 14520 (solid line), Fe 1
14522 (dashed line), Fe 1 14528 (dotted line), and Ti 11 44529 (dash-dot line) for
log g = 3.75. The vertical lines indicate the model temperature limits. Lower
panel: Variation of equivalent width with p for the same lines, shown for a
pole-on star (1) with polar T, = 9695 K, polar log g = 3.75, and V,, = 245 km
s~ and an equator-on star (2) with T,;; = 9500 K, log g = 3.71,and V,, = 22.6
km s~ ! (only Fe 144528 and Ti 11 14529 are shown).

width is dependent only on p. For the pole-on case the accen-
tuation of the limb contribution for Fe 1 14528 and Ti 11 14529
is striking. The variation for Fe 1 14520 and Fe 1 14522 is
much smaller and similar in both cases to the pole-on model
shown. )

For the analysis of the continuous energy distributions a
separate input file of continuum specific intensity generated by
ATLAS9 at the standard 17 values of p from 1.0 to 0.01 and
1141 wavelengths from 506 A to 160 um for the 63 models was
used. Either this continuous flux input file or the specific inten-
sity line spectrum file is processed by a program, ROTATION,
which generates a model having as free parameters V sin i,
inclination, polar T, and polar log g. The line spectrum data
is also convolved with a digitized instrumental profile. The
physical model is based on the formulation given by Collins
(1963). In performing the Gaussian quadrature, T,¢, log g, and
u are calculated at each surface integration point with suc-
cessive parabolic interpolations being performed to generate
intensity as a function of wavelength. Initially a simple coarse
grid search for a minimum in the mean square fit to the obser-
vations was made. Then, with these starting values, the routine
CURFIT (Bevington 1969, p. 237) was used to minimize the
mean square deviations.

To check the uniqueness of the adopted solution in each
case, extensive grids were calculated to explore the multidi-
mensional surface in detail. These grids were run for inclina-
tions 3°-10°, polar T, = 9450-9850 K, and polar log g =
3.50-4.20 with step sizes of 0°1, 25 K, and 0.02 dex, respec-
tively, assuming a constant ¥ sin i = 21.8 km s~ *. These grid
searches confirmed the validity of both solutions. They also
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established that the solution derived from the line spectra was
well determined but that from the continuous spectrum was
less so.

4. RESULTS

Two nearly independent, similar solutions were found for
the line spectrum and the continuous spectrum. The line spec-
trum produced the more definitive solution for a fit to the
4528-4530 A region. A minimum of 2.54 x 10”7 in the mean
square (observed minus calculated spectrum) deviation was
found for the best-fit parameter values. Such a mean square
deviation corresponds to a S/N of about 2000:1, about 60% of
the observed S/N. The best-fit parameters were inclination 5°1,
polar T, = 9695 K, polar log g = 3.75,and V sin i = 21.8 km
s~ 1. The mean values over the photosphere were T, = 9500 K
and log g = 3.71, with equatorial minima of T ¢ = 9300 K and
log g = 3.67. The corresponding equatorial velocity was V,,, =
245 km s~ 1, with a ratio of equatorial to polar radii of 1.041.
The continuous spectrum yielded a solution with a minimum
of 8.05 x 10~ ° with parameter values inclination 6°0, polar
T = 9595 K, and polar log g = 3.80 for a fixed V sin i = 21.8
km s~ ! In this case the mean values over the photosphere
were T, = 9460 K and log g = 3.78, with equatorial minima
of T,;; = 9325 K and log g = 3.75. The corresponding equato-
rial velocity was V,,, = 210 km s~ ! with a ratio of equatorial to
polar radii of 1.028.

The result of the fit to the 4528-4530 A region is shown in
Figure 2, along with a best fit generated by assuming a slowly
rotating, equator-on model for which T, =9505 K,
log g = 3.69, and V sin i = 23.7 km s~ . The difference in the
quality of the fit is obvious; quantitatively the mean square
deviation for the equator-on profile is 5.13 x 10~7, double the
2.54 x 1077 of the pole-on case. As predicted, Fe 1 14528 is a
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FiG. 2.—(a) Observed line profiles (solid line) for the 4528-4530 A features
due to Fe 1 14528 and Ti 1 14529. Also shown are the best fit for the rapidly
rotating pole-on model (dashed line) with inclination 5°1, polar T, = 9695 K,
log g =3.75,and V sin i = 21.8 km s~ ! and the best fit for a slowly rotating
equator-on model (dotted line) with T, =9540 K, log g =3.76, and
V sin i = 23.7 km s~ !. (b) The same two profiles as in (a), plus the slowly
rotating, equator-on model of Castelli & Kurucz (1994) (dotted line) with
T« = 9550K, log g = 3.95,and V sin i = 21.8 kms™".
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FiG. 3—Observed Fe 11 14522 line profile (solid line) with the rapidly rotat-
ing pole-on model (dashed line) and two slowly rotating equator-on models,
one with T, = 9500 K,log g = 3.71, ¥V sin i = 22.6kms™',and £ = 1kms™!
(dotted line) and one using the model of Castelli & Kurucz (1994) with £ = 2
km s~ (dash-dot line).
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more sensitive discriminator than Ti 1 14529. Figure 2 also
shows an equator-on profile generated by ROTATION with
T = 9550 K, log g = 3.95 (the CK model parameters) and
V sin i = 21.8 km s~ !. This equator-on model results in an
even less satisfactory fit to the observations.

To confirm that the pole-on model also reproduces the
normal rotationally broadened profiles for other lines, Figure 3
shows the observed and calculated profiles for the unblended
line Fe m A4522. The calculated profiles are for the pole-on
model and two equator-on models, the first generated by
ROTATION with T = 9500 K, log g =3.71, V sin i = 22.6
km s7!, and £ =1 km s~ !, and the second generated by
SYNTHE using the CK model parameters with ¢ = 2km s 1.
The pole-on model fits the observations very well except for
the far wings and a thin section about —7 km s~ ! from line
center. The slight excess absorption in the wings is not an
instrumental effect and, given its prevalence in other lines
(Gulliver et al. 1991), must be intrinsic to the star. The feature
to the blue of line center is also observed in the Fe 11 44520 and
Ti 11 A4534 profiles and could conceivably be due to an atmo-
spheric anomaly. The equator-on, ¢ = 1 km s~ ! profile is very
similar to the pole-on case, although slightly deeper. The
equator-on model requires a larger V sin i to achieve the same
broadening. The equator-on, ¢ =2 km s~ ! profile is clearly
unsatisfactory.

With the exception of the assumption that V sin i = 21.8 km
s~1, an independent solution was determined by fitting the
observed continuous flux H, in ergs cm~% s~ ! Hz™! normal-
ized to 1.0 at 5556 A. The ultraviolet observations are from
IUE as reported by Bohlin et al. (1990) from 1200 to 3300 A,
sampled at steps of 1.2 and 1.8 A for the short- and long-
wavelength ranges, respectively, with a resolution of about 6 A.
Internal standard deviations were 5.4% and 4.1%, respectively.
From comparison with white dwarf model atmospheres,
Bohlin et al. estimated systematic external errors in the IUE
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FiG. 4—(a) Comparison of the ultraviolet IUE observations of Bohlin et al.
(1990) (dots), the best-fit rapidly rotating pole-on model (solid line) for
V sin i = 21.8 km s !, inclination 6°0, polar T = 9595 K, and log g = 3.80,
and the Castelli & Kurucz (1994) model (dashed line). (b) Comparison of the
continuum visual observations of Hayes (1985) (dots) and the same two
models. The Balmer and Paschen lines have been removed throughout because
of incompatibilities.

flux calibration to be less than 15%. It was necessary to scale
the IUE flux values by a factor of 0.97 in the same manner as
CK to agree with the visual observations at 3300 A. The visual
observations are the mean energy distribution of Hayes (1985)
compiled from several sources and sampled at steps of 25 A
The accuracy of the mean energy distribution is estimated by
Hayes to be of order 1.0%—1.5%.

The best fit to the observed continuous spectrum from 1200-
10,500 A is shown in Figure 4 along with the CK model calcu-
lated using ATLAS9 and model data kindly supplied by F.
Castelli. The quality of fit for the pole-on model is very good,
with a mean square deviation of 8.05 x 10~ over the entire
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range. For the CK model the mean square deviation is
1.08 x 1074, 35% higher. Visually the two models reproduce
the observations equally well except in the region 2850-3700
A, where the pole-on model has an advantage.

Of the two slightly different solutions presented here, that
due to the line spectrum, inclination 5°1, polar T, = 9695 K,
polar log g = 3.75,and V sin i = 21.8 km s, is deemed to be
the better choice for two reasons. First, the quality of the data
is better by more than an order of magnitude. Second, the line
spectrum is more sensitive to the choice of model parameters.
The determination of the errors which should be assigned to
these four parameters is not straightforward. Although formal
errors are calculated as part of the fitting process, their values
of +£0°3, +25 K, +0.02 dex, and +0.2 km s~ !, respectively,
are not believed to be realistic estimates. From the fine grid
searches used to check for alternative solutions, more conser-
vative error estimates for the line spectrum are +0°5, +25 K,
+0.05 dex, and +0.2 km s~ !, respectively. Realistic errors for
the continuous spectrum are estimated at double these values.
Within these errors both solutions are in agreement.

Although the mean T, = 9500 + 25 K is in good agreement
with the best fit T, =9550 K of CK, the mean
log g = 3.71 £+ 0.05 is significantly different from the best fit
log g = 3.95 of CK. Since an excellent fit is achieved to both
spectral lines and a very similar solution is found for the con-
tinuous spectrum, it is not possible to attribute this difference
in log g to any error in the line parameters, say, for example,
the gf-value for either line. Of course log g is normally deter-
mined by a fit to the observed Ha, H, and Hy profiles of
Peterson (1969). This method is now being pursued using
ROTATION.
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