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ABSTRACT

Near-infrared (2.2 um) long baseline interferometric observations of Vega are presented. The stellar
disk of the star has been resolved, and the data have been fitted with a limb-darkened stellar disk of
diameter ®;, = 3.28 + 0.01 mas. The derived effective temperature is T, = 9553 + 111 K. However, the
residuals resulting from the stellar disk model appear to be significant and display organized structure.
Instrumental artifacts, stellar surface structure, stellar atmosphere structure, and extended emission/
scattering from the debris disk are discussed as possible sources of the residuals. While the current data
set cannot uniquely determine the origin of the residuals, the debris disk is found to be the most likely
source. A simple debris disk model, with 3%-6% of Vega’s flux emanating from the disk at r <4 AU,

can explain the residuals.

Subject heading : circumstellar matter — infrared: stars — stars: fundamental parameters —
stars: individual (Vega) — techniques: interferometric

1. INTRODUCTION

Vega (¢ Lyrae = HD 172167 = HR 7001, A0V, d = 7.76
pc) is arguably one of the most important stars in astro-
physics. It has been used extensively as a spectro-
photometric absolute flux standard in the optical,
ultraviolet (Hayes 1985; Bohlin et al. 1990), and infrared
(Cohen et al. 1992). Vega is one of the few main-sequence
stars for which an angular diameter measurement has been
made (@, = 3.24 + 0.07; Hanbury Brown, Davis, & Allen
1974), and Vega has been used as a template for our funda-
mental understanding and modeling of stellar atmospheres
(e.g., Kurucz 1979; Dreiling & Bell 1980; Castelli & Kurucz
1994).

In addition to the importance of Vega for stellar astro-
physics, Vega has been fundamental to our understanding
of exozodiacal and extrasolar planetary systems. Aumann
et al. (1984) reported that IRAS had detected an infrared
excess above what was expected for the stellar photosphere
at A = 12 um. The infrared excess has been attributed to a
circumstellar disk believed to be a denser analog of our own
zodiacal cloud.

Many questions regarding the debris disks around other
stars remain unanswered. How much total mass is located
within the disks? What is the morphology of the disks?
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What is the size distribution of the dust grains? What is the
composition of the dust? What is the lifetime of the disks?
Are the debris disks leftovers of active planet formation?

The intensity contrast between the stellar photosphere
and the disk makes observing the disk at short wavelengths
(4 £ 10 um) difficult. As a result, most of the work on the
debris disk properties of Vega (and other Vega-like sources)
has been performed at far-infrared, submillimeter, and milli-
meter wavelengths. These observations have coarse spatial
resolution, and the wavelengths are relatively insensitive to
smaller, hotter grains located close to the star. Consequent-
ly, the data are biased to cooler and larger grains located in
the outer portions of the debris disk (r = 50-100 AU),
where the equilibrium temperature is T < 100 K (Backman
& Paresce 1993), and comparatively little is known about
the inner regions of debris disks (r < 10 AU).

Dust grains located within a few AU of the star are
expected to contribute most significantly at 1 < 10 um,
either through emission or scattering. Some Vega-like stars
do indeed show near-infrared excesses with hot dust
(T ~ 500-1500 K) located within a few AU of the star (e.g.,
Sylvester, Skinner, & Barlow 1997). Vega-like sources with
near-infrared excesses may be younger than sources that
exhibit only longer wavelength (4 = 10 um) excesses.

Previous work is inconclusive regarding the presence of a
near-infrared excess associated with Vega. Stellar atmo-
sphere models have consistently underestimated the mea-
sured infrared (4 2 2 um) flux of Vega (Mountain et al.
1985; Leggett et al. 1986a). However, Leggett et al. (1986b)
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compared the near-infrared colors of Vega with 25 B and A
stars and found the colors of Vega to be consistent with
these stars within the uncertainties (a few percent). This led
Leggett et al. (1986b) to suggest that perhaps stellar atmo-
sphere models are incorrect and that the models underesti-
mate the photospheric infrared flux of A-type stars. Bessell,
Castelli, & Plez (1998) comment it is difficult to understand
where the current stellar atmosphere models for A-type
stars fail, as the dominating H opacity in A stars is thought
to be very well understood. Finally, Mégessier (1995)
reviews the optical and near-infrared calibrations of Vega
up through 1995 and critically examines the various cali-
bration methods. Mégessier (1995) finds that Vega is appar-
ently brighter in the near-infrared than a normal AQV star
by ~0.04 mag (3.5%) at K, with an increasing excess as the
wavelength increases. Thus, as well studied as Vega is, it is
unclear whether or not it has an excess at 4 < 10 um.

If the disk is detectable, either as emission or scattering,
at 4 <10 pm, this would have important implications
regarding the dust temperature, size distribution, composi-
tion, and overall morphology of the debris disk surrounding
Vega, and Vega-like stars, in general. Unfortunately, the
apparent near-infrared excess relative to current stellar at-
mosphere models is of the same order of magnitude as the
flux calibration uncertainties (2%—-4%; Leggett et al.
(1986a)), and it is difficult to determine from photometry
alone if Vega truly has a near-infrared excess.

In this paper, the possible near-infrared excess associated
with Vega has been investigated via another method inde-
pendent of photometry: infrared interferometry. Vega was
observed over two seasons with the Palomar Testbed Inter-
ferometer (PTI, Colavita 1999), in an attempt to ascertain if
the debris disk around Vega is detectable by PTI at 2.2 um.
The interferometric experiment does do not rely upon
precise infrared photometry, but rather on the capability of
the interferometer to detect spatial structure (i.e., whether or
not there is any extended emission beyond the stellar
photosphere).

The details of the observations and data reduction are
discussed in § 2, and in § 3 the results and analysis are
discussed. Overall, the observed visibility curve is domi-
nated by the resolved stellar disk (as expected). However,
after modeling the data with a stellar photospheric disk,
significant residuals, which display organized structure,
remain. The possible sources of the residuals, including
instrumental artifacts, stellar surface structure, stellar atmo-
spheric structure, and extended emission/scattering from
the debris disk, are explored.

2. OBSERVATIONS AND DATA REDUCTION

PTI is located at Palomar Observatory and is equipped
with two 40 cm siderostats separated along a 110 m north-
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south baseline.®> Observations of Vega were made in the
K-band (2.2 um) on nine nights over two observing seasons:
1999 May 24-25 and November 4, and 2000 May 09 and
July 1, 4-6, and 26. The K filter used is a good match to the
CIT photometric system (Colavita 1999; Elias et al. 1982;
1983) and is sampled in five spectral channels (R ~ 20) cen-
tered at A, = 2.009, 2.106, 2.203, 2.299, 2.396 um. The spec-
tral channel photons are sent through an optical fiber,
which behaves like a spatial filter restricting the field of view
of the fringe tracker to 1” (Gaussian FWHM). PT1 is, there-
fore, effectively insensitive to emission on scales of several
arcseconds or larger. The fringe contrast or the squared
visibility (V'?) of the source brightness distribution projected
on the sky is the resulting observable of the interferometer.

Vega, along with calibration sources, was observed 2-5
times during each night, and each observation was approx-
imately 130 seconds long. The calibration of the Vega V2
data, on a channel-to-channel basis, is performed by esti-
mating the interferometer system visibility (V'2,) using cali-
bration sources with model angular diameters and then
normalizing the raw Vega visibility by V2, to estimate the
measured V2 (Mozurkewich et al. 1991; Boden et al. 1998).
Uncertainties in the system visibility and the calibrated
target visibility are inferred from internal scatter among the
data in a scan, the uncertainties associated with the predict-
ed calibrator diameters, and standard error-propagation
calculations.

The calibrators used are main-sequence stars with pre-
dicted unresolved angular sizes of less than 0.75 mas: HD
166620 (K2V), HD 166014 (B9.5V), and HD 168914 (A7V).
Calibrating the three calibration objects against each other
produced no evidence of systematic errors, with all objects
delivering reduced V* = 1. A summary of the calibrators is
given in Table 1.

The data collected on the various nights were sorted by
projected baseline and wavelength and were averaged via a
uncertainty weighted mean. The uncertainties of the means
were estimated from the variance of the input data. The
reduced data set contains a set of four data points per spec-
tral channel, and is displayed in Figure 1. The apparent
discrete spatial frequency sampling is a direct result of the
spectral sampling of the K-band filter. Vega transits nearly
overhead at PTI; consequently, the projected baseline on
the sky changes by only a few percent. Thus, the spatial
frequency sampling (B/4) in Figure 1 is dominated by the
spectral channels and not by changes in the projected base-
line. Also shown in Figure 1 are separate uncertainty
weighted means for the data collected in 1999 and the data
collected in 2000.

3 PTI can also be reconfigured for a 85 m northwest baseline, not
utilized in this experiment.

TABLE 1

CALIBRATION SOURCES

[ Distance from Vega
Source (mas) (deg) Spectral Type Notes
HD166620...... 0.74 + 0.08 53 K2V Primary calibrator
HD166014...... 0.66 + 0.10 11.7 B9.5V
HD168914...... 0.41 + 0.20 104 ATV

2 The estimated angular diameters come from photometric fits.
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F1G. 1.—Top: Normalized visibility curve for Vega. The open circles
represent data averaged as a function of baseline, regardless of year of
acquisition. The 1999 data (open squares) and the 2000 data ( filled circles)
data, averaged by wavelength, are shown. The @y, = 3.24 mas uniform
disk and the ®;, = 3.28 mas limb-darkened disk models are overplotted
and are nearly indistinguishable. Bottom: The residuals of the limb-
darkened disk model for the baseline averaged data are shown. The hori-
zontal line marks the zero level, and the dashed line is a linear fit to the
residuals.

In addition to the standard visibility calibrators, Altair
was also observed on the same nights as Vega (only during
the 2000 season). The Altair observations are described in
detail by van Belle et al. (2001). In many ways, Altair is the
near-perfect comparison star for Vega.

Altair is located in the same part of the sky as Vega,
making it observable on the same nights. Altair is of similar
spectral type (A7IV-V) to Vega, which helps minimize com-
parison difficulties that may arise from differences in the
spectral slopes across the broad K-band filter. Altair is of
similar brightness (V' = 0.77, K = 0.26 mag) and angular
size (3.4 mas; van Belle et al. (2001)) to Vega. Because the
signal-to-noise ratio of the observations is dependent upon
both the brightness and the angular size of a source, the
similar brightnesses and angular sizes yield similar data
quality. Finally, Altair is not known to have an infrared
excess (e.g., Dunkin, Barlow, & Ryan 1997; Kuchner,
Brown, & Koresko 1998). Thus, the visibility curve for Vega
can be compared to that of a resolved and uncontaminated
stellar profile of similar spectral type, brightness, and
angular size.

Altair is, however, rotating at a substantial fraction of its
critical velocity and is viewed at a high inclination (i ~ 40°—
60°; Jordahl 1972; van Belle et al. 2001). As a result, Altair
presents an (on-sky) elliptical stellar disk. In the analysis
here, only the north-south baseline data for Altair has been

Spatial Frequency [MA]

F1G. 2—Top: Normalized visibility curve for Altair. The open circles
represent data averaged as a function of baseline as was done for Vega
(Fig. 1). The ®yp = 3.42 mas uniform disk model is overplotted. Bottom:
The residuals of the uniform disk model are shown. The horizontal line
marks the zero level.

utilized, which is relatively insensitive to the oblateness of
the photosphere, and is well represented by a single angular
diameter. A detailed summary of the interferometric data
and analysis for Altair is presented by van Belle et al. (2001).
van Belle et al. (2001) averaged the data over wavelength,
but here, the wavelength information has been maintained
to ensure a proper comparison to Vega.

The Altair data are shown in Figure 2. Because Altair is
located at a declination which is 30° lower than Vega, the
magnitude of the projected baseline changes more signifi-
cantly for Altair than for Vega. Thus, the changing project-
ed baseline, coupled with the spectral sampling, results in a
more uniformly distributed sampling of the spatial fre-
quencies than what is associated with the Vega data.

3. DISCUSSION

3.1. Apparent Stellar Disk

The simplest interpretation of the data shown in Figure 1
is to assume that only the stellar photospheric disk contrib-
utes to the observed visibility function. A source that pre-
sents a uniform disk of angular size ®yp will yield a
visibility curve of the form

7 |:2J1(7E(B/’1)®UD):|2 , (1)
m(B/2)®yp

where J, is the Bessel function of first order, B is the magni-

tude of projected baseline vector, 4 is the wavelength of the

observations, and @y, is the apparent stellar uniform disk
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angular diameter. The visibilities were fitted under the
assumption that the structure is independent of wavelength
within the K filter.

The best-fit angular diameter was found by evaluating
equation (1) with a range of angular diameters (@yp =
0.1-10 mas, A@y = 0.001 mas). The y? was calculated for
each test value, and the best fit was determined by mini-
mizing the y2. The uncertainty was estimated via a Monte
Carlo simulation in which the data points were randomly
adjusted by their individual uncertainties, and the data were
refitted. The simulation was performed 5000 times, and the
final uncertainty was estimated from the standard deviation
of the best-fit angular diameters. The best-fit uniform disk
diameter was found to be ®yp = 3.24 + 0.01 mas, with a
reduced y2/v ~ 2.7. Based upon the probability distribution
og x?, there is less than 1% chance of exceeding such a large
X/
While limb darkening in A stars at 2.2 um is expected to
be relatively low (e.g., Claret 2000), assuming that the star
is a simple uniform disk will cause an underestimation of
the true, limb-darkened disk size of the star. Adapted
from Hanbury Brown et al. (1974), the visibility function
for a linear limb-darkened stellar disk model can be
parameterized as

I A
R e =
( 2 2

(1 — p)J,[n(B/A)O1p] ()] [m(B/A)O 5] 2
X{ "B | m(BAO, } > @

where y; is the linear limb-darkening coefficient (4, 5 ,m ~
0.15 for Vega; Claret (2000)), j, is the spherical Bessel func-
tion of first order, and ®,, is the apparent stellar limb-
darkened disk angular diameter. Hanbury Brown et al.
(1974) estimate that a linear approximation to limb dark-
ening has less than 0.5% uncertainty in the determination of
the stellar disk size, as long as the data sample the first lobe
of the Bessel function (as our data do). A more complicated
limb-darkening model (e.g., a quadratic) could be applied;
this would contribute additional Bessel function terms
(both normal and spherical), but at ever decreasing contri-
bution. The added terms most significantly alter the visibil-
ity function beyond the primary lobe (i.e., past our data
sampling).

Evaluating ©;, over the range of 0.1-10 mas (A®, =
0.001 mas), equation (2) was sampled in a similar manner to
equation (1). The best-fit limb-darkened stellar disk diam-
eter was determined to be ®; = 3.28 + 0.01 mas, with a
reduced x2/v ~ 2.7, no better than the uniform disk model.

The best uniform disk and limb-darkened disk models
are shown in Figure 1. On the scale of the plot, the two
models are nearly indistinguishable. The observations
sample the visibility curve along the first lobe of the Bessel
functions; however, most of the power associated with limb
darkening occurs near the first null and beyond (ie., at
higher spatial frequencies; Hanbury Brown et al. (1974)).
Thus, our data are relatively insensitive to limb darkening,
except as a matter of scaling (e.g., Hanbury Brown et al.
1974). The apparent angular diameter of the stellar disk for
Vega is underestimated by a factor of ~1.2%, when a
uniform disk model is assumed. The angular diameter mea-
surement of Vega presented here represents the most precise
size estimate of Vega to date. Previously, Hanbury Brown
et al. (1974) measured the A = 0.44 um angular size of Vega
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and derived a limb-darkened stellar diameter of 3.24 + 0.07
mas, which agrees with our measurement within their
uncertainties.

Coupled with knowledge of the bolometric flux of the
star, the measured angular diameter yields the effective

temperature:
F, 1/2

Ty = 2341(@%2{') 3)
where F,, is the bolometric flux in units of 108 ergs cm ™2
s~1, and Oy is the mean Rosseland (photospheric) angular
diameter in mas. Estimating ®; with the derived ®, , the
bolometric flux for Vega (F,, = 2983 + 120 x 10® ergs
cm~2 s~ !; Alonso, Arribas, & Martinez-Roger (1994))
yields an effective temperature of T = 9553 + 111 K.#
Recent atmosphere models by Castelli & Kurucz (1994)
indicate that Vega has a temperature in the range of T =
9550-9650 K.

While our results are in general agreement with previous
work, the reduced y2/v ~ 2.7 (for either of the stellar disk
models) is not very good. The residuals (Fig. 1, bottom
panel) show that the uniform disk and limb-darkened disk
models overestimate the visibility at lower spatial fre-
quencies and underestimate the visibility at higher spatial
frequencies. If the residuals are a result of the underesti-
mation of the limb-darkening coefficient, increasing its
value should decrease the residuals. In order to significantly
improve the quality of the fit (y?/v ~ 1), the limb-darkening
coefficient would need to be an unrealistic u, = 1. This
value is 7 times larger the anticipated near-infrared limb-
darkening coefficient, and is twice as large as the optical
coefficient. It is unlikely, therefore, that simply underesti-
mating the limb-darkening coefficient is the source of the
residuals.

Over half of the data points are located greater than 1 ¢
away from the best-fit models. But perhaps more suggestive
is the fact that the residuals appear linear as a function of
spatial frequency. A linear, uncertainty-weighted, least-
squares fit was performed to the residuals, which is shown
in the bottom panel of Figure 1. The slope of the residuals is
nonzero at the 6 ¢ level (slope = 0.0018 + 0.0003), suggest-
ing that the residuals shown in Figure 1 are significant. But
from where do they originate?

3.2. Instrumental Artifacts

The first test was to determine whether the residuals
could be an artifact introduced into the data from either the
hardware or the data reduction process. The 1999 data and
the 2000 data were compared to search for possible system-
atic errors introduced by the hardware. In Figure 1, the
1999 data and the 2000 data, both averaged as a function of
wavelength, are overplotted to determine whether there was
a systematic difference between the two observing seasons.
The two data subsets agree extremely well with each other.
In fact, their agreement is even more remarkable when it is
noted that the optics for PTI were disassembled, recoated,
and reassembled over the 1999-2000 winter. Given the
agreement between the 1999 and 2000 data, and the fact
that PTI is realigned nightly, it is difficult to understand

4 The uncertainty in the derived effective temperature is dominated by
the uncertainty in the bolometric flux.
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how the residuals could be produced by the hardware in
such a consistent manner.

A second possibility is that the residuals are introduced
into the data during the reduction process. To test for this,
the Altair data were reduced in a manner similar to how the
Vega data were reduced. The Altair data are shown in
Figure 2 with a best-fit uniform disk of @y, = 3.42 + 0.02
mas, and the residuals of the model fit are shown in the
lower panel of Figure 2. The uniform disk fit for Altair is
very good (x*/v ~ 0.8 ), and the model residuals do not
appear to display the same organized structure as is seen in
the Vega data. Thus, the same processing techniques did
not appear to create the same type of residuals observed for
Vega. Based upon the above analyses, it is difficult to under-
stand the Vega model residuals in terms of instrumental
effects.

3.3. Stellar Surface Features

While stellar spots are not expected on a hot star such as
Vega, it is possible that surface features are present, and the
stellar disk would no longer be illuminated uniformly. The
observed visibility curve would then be altered, in compari-
son to a uniform disk or limb-darkened disk model. It is
conceivable, therefore, that the residuals are a result of star
spots on the surface of Vega.

To test for this, the limb-darkened disk plus star spot
model developed by van Belle et al. (2001) was adapted and
applied to the Vega data. The model is a limb-darkened
disk of diameter 3.28 mas with a randomly placed bright
spot which covers 25% of the stellar surface. The resulting
visibility curve is shown in Figure 3 and is compared to the
data and the 3.28 mas LD curve from Figure 1.

The spots are on a smaller spatial scale than the stellar
photospheric disk, thus contributing the majority of their
power at spatial frequencies higher than where the data are
located. That is, the spots affect mostly the location of the
first null and the amplitude of the secondary lobes.

Near the location of the data, stellar surface features do
affect the visibility curve on the scale of the residuals.
However, as can be seen in the Figure 3, a single spot merely
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Fi1G. 3—Normalized linear-log visibility curve for Vega. The solid
curve represents the ®;, = 3.28 mas limb-darkened model from Fig. 1.
The dashed curve represents the same limb-darkened model, but with a
surface spot covering 25% of the stellar disk. Inset : Detailed version of the
plot with scaling set to that of the visibility curve shown in Fig. 1.
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shifts the visibility curve without significantly changing the
slope of the curve. Thus, a single spot can not reproduce the
visibility curve observed for Vega. It is possible that a suite
of spots in the correct combination could reproduce the
residuals observed in the data.

The good agreement between the 1999 and 2000 data
implies that the stellar surface features on Vega would have
to persist over the period of 7 months or would have to
reappear in such a way as to reproduce nearly the exact
same visibility curve. So while, in principle, stellar surface
features could produce the observed visibility curve
residuals, this possibility is viewed as unlikely given the
good agreement of the data separated by over 7 months.

3.4. Stellar Atmosphere Structure

As described in § 2, the data spectrally sample the K-band
filter at five different wavelengths (2.009, 2.106, 2.203, 2.299,
and 2.396 um, AA = 0.096 um), but the V2 data were fitted
under the assumption that the stellar structure is indepen-
dent of wavelength across the K filter. In principle, the data
may be sampling different temperatures (layers) within the
stellar atmosphere, and this might be the source of the
residuals. To test for this, the limb-darkened model in equa-
tion (2) was applied to the data as a function of wavelength.

For each of the five wavelengths within the data, it is
assumed that the limb-darkening coefficient is the same
(u; = 0.15), and the apparent limb-darkened stellar disks as
a function of wavelength are derived. To ensure that the
assumption of grey opacity across the K filter is an ade-
quate approximation, an additional experiment was per-
formed. As a function of wavelength, the limb-darkening
coefficient was adjusted until the derived stellar disk
equaled (to within the uncertainties of the fitting) 3.28 mas,
(the stellar diameter that best matched the data set as a
whole). The limb-darkening fitting required a monotoni-
cally decreasing limb-darkening coefficient with a full range
of 15009 um =020 to p, 396 ,.m = 0.05. However, for a
10,000 K star, a linear limb-darkening coefficient of u, =
0.20 corresponds to a wavelength between the J (1.25 um)
and H (1.65 um) photometric bands, and u, = 0.05 corre-
sponds to a wavelength 4 > 2.2 um (Claret, Diaz-Cordovés,
& Giménez 1995). Thus, the range of required limb-
darkening coefficients appears extreme, and the assumption
of gray opacity across the K filter is deemed adequate for
the test of whether atmospheric structure is being sampled
by the interferometer.

The derived wavelength-dependent limb-darkened stellar
diameters are shown in Figure 4. At 2.009 um, the apparent
limb-darkened disk diameter is ©, g9 um = 3.24 + 0.03
mas, and at 2.396 um, the apparent disk size is @, 396 ym =
3.33 + 0.04 mas—a size increase of ~3% across the
K-band filter. The overall trend is represented by a linear fit
of the form

Oyp = (2.8 + 0.2 mas) + <0.21 +0.01 %)z . @
While the angular diameter trend across the K-band filter

is apparently linear, the parametric fit fails to predict rea-
sonable wavelength-dependent limb-darkened diameters in
two ways. First, the linear relationship indicated by equa-
tion (4) predicts an optical (4 = 0.44 um) limb-darkened
stellar diameter of 2.9 mas—5 ¢ smaller than the measured
limb-darkened diameter (A = 0.44 um, @, = 3.24 + 0.07
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Fi1G. 4—Apparent limb-darkened disk sizes for Vega shown as a func-
tion of wavelength. The dashed line represents the angular diameter of the
limb-darkened model in Fig. 1 (®, = 3.28 + 0.01 mas), and the dotted line
represents the limb-darkened angular diameter obtained at 4 = 0.44 ym
(®.p = 3.24 + 0.07 mas; Hanbury Brown et al. (1974)).

mas; Hanbury Brown et al. 1974). The optical size measure-
ment of Vega should be sensitive to only the stellar photo-
sphere. Dust emission at optical wavelengths is highly
unlikely, and optical polarization studies have detected no
polarization as would be expected for optical scattering
(Mauron & Dole 1998; Bhatt & Manoj 2000). Second, the
above linear relationship can not hold over all wavelengths
as it predicts an infinite angular size at infinite wavelength.
It is, of course, possible that because the data sample only a
small range in wavelength, the relationship only appears to
be linear, but it is difficult to reconcile such a linear progres-
sion across the K filter with the good agreement between
the measured 0.44 ym and 2.009 um angular diameters.

Is a 3% apparent size increase across the K filter even
feasible for a T; ~ 9600 K main-sequence star? To answer
this question, a NextGen stellar atmosphere model (T, =
9600 K, log g = 4.0, [M/H] = 0.0) by Hauschildt, Allard, &
Baron (1999) was utilized. By assuming that at any given
wavelength, the stellar atmosphere is probed to an optical
depth of 7, = %, the originating temperature layer within
the star can be estimated by equating the observed flux F
to (3)B,(T). Convolving the spectral channels with the at-
mosphere model and solving for the temperature in an iter-
ative fashion, the originating temperature is converted into
a stellar radius via the temperature versus radius relation-
ship of the atmosphere model. The flux across the K filter is
found to arise from stellar radii located within 0.05% of
each other—a value significantly smaller than the 3%
implied by Figure 4 and equation (4).

The above analysis suggests that radial sampling of the
stellar atmosphere across the K filter cannot explain the
observed visibility function. It is cautioned, though, that the
models by Hauschildt et al. (1999) are plane parallel atmo-
sphere models, and Vega is suspected to be fast rotator
(v sin i = 245 km s~ '), viewed nearly pole-on (i ~ 5°-6°;
Gulliver, Hill, & Adelman 1994; Heinrichsen, Walker, &
Klass 1998), potentially complicating the above analysis.
However, work by Jordahl (1972) indicates that a fast
rotator viewed pole-on would appear merely as a heavily
limb-darkened stellar disk, and would not substantially
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affect the slope of the visibility curve at spatial frequencies
located within the first null. An underestimated limb-
darkening coefficient as the source of the residuals was
already explored in § 3.1, and an unrealistic limb-darkening
coefficient (u; = 1) was required to reproduce the observed
visibility function.

Finally, the Altair data do not appear to show the same
residuals that are displayed in the visibility curve of Vega.
As Altair is of slightly later spectral type (A7IV-V) than
Vega (AOV), one might expect that atmospheric structure
would be more evident in Altair than in Vega. This is appar-
ently not the case indicating either that the residuals are not
a result of atmospheric structure or that the nearly edge-on
view of Altair (i ~ 45°-60°; Jordahl (1972); van Belle et al.
(2001)) has hidden the atmospheric structure.

Sampling of the radial stellar atmospheric structure
across the K-band filter appears unlikely as the source of
the observed residuals, as this requires a 3% increase in the
apparent stellar disk across the K filter alone. Further, the
apparent stellar disk versus wavelength relationship pre-
dicts an optical size much smaller than what is observed.
However, the stellar atmospheric structure, rotational
velocity, and on-sky orientation of Vega are not fully under-
stood (e.g., Castelli & Kurucz 1994; Gulliver et al. 1994),
and given the limited sample of the visibility function, atmo-
spheric structure cannot be fully excluded as the origin of
the residuals.

3.5. Debris Disk Contribution

Current far-infrared and submillimeter observations indi-
cate that the debris disk around Vega extends out to 20"—
40" and is apparently viewed nearly face-on (Backman &
Paresce 1993; Heinrichsen et al. 1998; Mauron & Dole
1998). The disk contains a total mass of M, ~ 0.5 Myon
and has an infrared luminosity of Ly ~ few x 107 3L
(Backman & Paresce 1993). The disk has not previously
been confirmed at wavelengths shorter 4 <20 um, but as
discussed in § 1, stellar atmosphere models have consistent-
ly underestimated the measured near-infrared (A 2 2-5 ym)
flux of Vega. Altair does not have a detectable infrared
excess at any wavelength (Cheng et al. 1992; Backman &
Paresce 1993; Kuchner et al. 1998), and the residuals in the
Vega data are not matched in the Altair data. Can the
debris disk be responsible for the residuals observed in the
2.2 ym visibility function of Vega?

To test whether the debris disk can alter the stellar disk
visibility function in such a way as to reproduce the
observed curve, a simple model was created. The model
consists of a central, limb-darkened (u,) star of angular
diameter ®;p, surrounded by a uniform intensity ring
viewed face-on. The true disk is, of course, not likely to be
uniformly illuminated, but adding a more elaborate inten-
sity distribution increases the complexity of the model,
which is already difficult to constrain with the current data
set. Additionally, more complex geometries introduce struc-
ture at higher spatial frequencies, and the data, located
along the first lobe of the Bessel function, are largely insen-
sitive to higher frequency complexities.

The model ring has an inner radius r; and an outer radius
r,, and it contributes a fraction f to the total flux of the
system. The uniform ring can be approximated by the sub-
traction of a smaller disk of angular diameter ®; oc 2r; from
a larger concentric disk of angular diameter ®, oc 2r,. The
resulting visibility function is simply an addition of the
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components weighted by their relative flux contributions:

2 _ { a-n [(1 — 1) 1[(B/A)Oyp]
(1= 1/2) + (,/2) (B/2)®Lp

(#2)j1[(B/A)Op] .
2(B/1)O.5 :| (stellar disk)

Jy(n(B/A)®,) . J\(n(B/AO) [*] . :
+|:2f (B/1)O, —2f «(B/1)O, ] }(unlform ring) .

©)

The outer radius (r,) of the model disk was set to 075
(4 AU), the HWHP radius of the field of view of the fringe
tracker. The true disk extends well beyond this point, but
PTI is insensitive to such extended emission. If the disk
contributes to the visibility function, as measured by PTI,
the disk must extend to within ~4 AU of the star. Modeling
of the longer wavelength infrared excess (4 = 10 um) does
not require the presence of dust grains located so close to
the star, but the observations also do not exclude such a
possibility (Aumann et al. 1984; Backman & Paresce 1993).
The inner radius (7;) of the model ring was set by the radius
at which the dust grains are expected to sublimate (7}, ~
1500 K). Assuming pure blackbody grains, the sublimation
radius of the grains can be estimated by

2
rR L°'5<ﬁ> AU, (6)

dust

where r is in AU, T, is in K, and L is in L,. For Vega,
L =~ 54 L, which sets the inner radius of the disk to r; ~
0.25 AU (O; ~ 64 mas).

The stellar disk (®.p) was constrained by the tem-
perature range of current atmosphere models for the stellar
photosphere of Vega and equation (3). The highest estimate
of the effective temperature for Vega is T, <9700 K
(Dreiling & Bell 1980), which corresponds to a stellar diam-
eter limit of ®; = 3.19 mas. Apart from this lower limit
restriction on the stellar size, the stellar disk diameter (©, )
and the fractional contribution (f) of the disk (the only free
parameters allowed) were adjusted (A®;p, =0.01 mas,
Af = 0.5%) until the y* was minimized.

The best match to data was found with a stellar diameter
of ®p, = 3.20 mas and a disk contribution of f = 5%. The
resulting visibility function is shown in Figure 5, where it is
compared to the data and the ®;, =328 mas limb-
darkened stellar disk. The resulting fit has a reduced y?/
v~ 14 (LD disk model, y%/v ~2.7). An estimate of the
uncertainties associated with the model parameters was
made by finding the models that yielded a y2/v ~ 1.7. Based
upon the probability distribution of y*> and the number of
degrees of freedom, there is approximately a 5% chance of
exceeding such a x2/v. The two “bounding” models have
parameters of (f= 3%, @ p =3.22 mas) and (f= 6%,
O, p = 3.2 mas). These models are displayed in Figure 5.

While the star + ring model does not match perfectly to
the data (and given the simplicity of the model, a perfect
match was not anticipated), a small 5% flux contribution of
the uniform ring has adjusted the slope of the visibility
curve in precisely the manner required to reduce the
residuals. In contrast to the limb-darkened star model, the
star + ring model does not overestimate and underestimate
the visibility at lower and higher spatial frequencies.
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F1G. 5—Normalized visibility curve for Vega. The dashed curve is the
stellar limb-darkened model from Figure 1. The solid curve represents the
stellar disk+ 5% uniform ring model (y?/v ~ 1.4). The dotted curve and
the dash-dot curve represent estimated limits to the star+ uniform ring
models (x%/v ~ 1.7).

With the disk parameters (®; and ®,) fixed, the stellar
diameter and the disk flux contribution are fairly well con-
strained. The disk radii were increased and decreased by a
factor of 100 with no significant change in the results. Even
if the inner radius of the disk is allowed to be at the stellar
limb (~ 3.2 mas), a minimum disk contribution of 2%-3% is
always needed to account for the observed residuals. If all of
the parameters are adjusted simultaneously (®;p, ©;, ®,, f),
a “near perfect” solution can be found, but all of the pa-
rameters play against each other, and a single unique solu-
tion is not found. Interestingly, the star+ring model
appears to be most sensitive to the flux contribution f of the
disk rather than the radii of the ring. This is likely an indica-
tion that the disk edges are “ outside ” the normal size sensi-
tivity of PTI (~4 mas), but still detectable by the
interferometer.

Is this simplistic model realistic? The derived stellar
diameter of 3.2 mas is in reasonable agreement with the
optical limb-darkened diameter ©., = 3.24 + 0.07
(Hanbury Brown et al. 1974). As mentioned above, the
optical size measurement of Vega should be sensitive to
only the stellar photosphere. Using equation (3), the implied
effective temperature for an angular diameter of 3.2 mas is
T.¢; = 9670 K, within the range of currently accepted values
for the effective temperature of Vega. Thus, the model yields
a reasonable stellar diameter.

The f = 5% flux contribution of the debris disk is approx-
imately a factor of 2 larger than the excess predicted by
atmosphere models (e.g., Mountain et al. 1985), and a factor
of 1.5 larger than the excess deduced by Mégessier (1995).
Thus, a 5% flux contribution, while not an outrageous
requirement, is marginally larger than what is expected
from current observations and models. However, the
f = 3% lower limit for the infrared excess is certainly within
the current photometric uncertainties of Vega. How much
dust mass is required to produce a 3%—6% infrared excess
at2.2 um?

If it is assumed that (1) the grains emit as blackbodies, (2)
the grains are at a single equilibrium temperature (7},,), (3)
the grains are spherical and the size distribution can be
approximated with a single size (a ~ 10-20 ym), and (4) the
average grain density is pgu ~ 3 g cm ™3, the dust mass
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needed to produce a 3%-6% 2.2 um excess can be esti-
mated. A (upper limit) dust temperature of Ty, ~ 1500 K
implies a necessary dust mass of only M, ~ 1075 My,
If a lower temperature of 500-700 K is used (e.g., Sylvester
et al. 1997), a dust mass of My, ~ 1073 My, is required.
Aumann et al. (1984) suggested that as much as 10~ 3 of the
emitting grain area (which is proportional to the grain mass
for a single grain density and size) could be at 500 K and
not violate the limits set by the IRAS observations. Thus, a
rough estimate of the dust mass necessary to produce the
inferred 2.2 um excess is within the limits of current models
for the debris disk.

It is cautioned that the model of a stellar disk surrounded
by a uniform ring is not intended to imply that the disk
surrounding Vega is a uniform ring of material. The model
was created to test whether extended structure around the
central star could reasonably explain the observed residuals
in the visibility function of Vega. More complete spatial
frequency sampling is necessary to constrain a more
complex (realistic) disk model. The presented results imply
that the debris disk is a viable explanation.

4. SUMMARY

Near-infrared (2.2 um) interferometric observations of
Vega have been obtained. The resulting visibility data have
been modeled with a 3.28 + 0.01 mas diameter limb-
darkened stellar disk. After subtraction of the stellar disk
model, residuals within the data appear organized and sig-
nificant. Four possible sources of the residuals are discussed
in detailed: instrumental artifacts, stellar surface features,
stellar atmospheric structure, and the surrounding debris
disk.

Emission/scattering from the debris disk is found to be
the most likely explanation. A simple star + uniform ring
model was developed to simulate the effect of the debris
disk upon the visibility function. A 3%-6% flux contribu-
tion from dust located within r < 4 AU can alter the stellar
disk visibility function in precisely the manner that is

observed. The interferometric observations appear to be
mostly sensitive to the relative flux contribution of the disk
and not to the geometry of the disk. If the source of the disk
contribution is emission from warm dust, a (blackbody)
dust mass of ~107% My, at Ty ~ 500-700 K could
account for the apparent contribution.

Our findings are very intriguing but inconclusive. Infra-
red polarization and/or infrared interferometric obser-
vations, which have better u-v plane coverage than those
obtained with PTI, are required to verify and explain the
results obtained here. The infrared capabilities of interfer-
ometers currently under construction (e.g., Keck Interfer-
ometer, CHARA, or the VLTI) would be invaluable to this
project. If the debris disk has indeed been detected at 2.2
um, this has important consequences towards our under-
standing of Vega, its debris disk, and debris disks in general.
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5 http://huey.jpl.nasa.gov/palomar/ptimembers.html.
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