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ABSTRACT
We obtained small-aperture (4AÈ5A diameter) infrared (2È20 km) photometry of 10 early-type main-

sequence stars with infrared excesses from circumstellar dust. These systems possibly exemplify the b
Pictoris phenomenon. We observed them with either the NASA Marshall Space Flight Center bolometer
array camera (““ Big Mac ÏÏ) or the Infrared Telescope Facility 2È30 km single-channel bolometer system.
Measurements were obtained in the KL MNQ Ðlters and the narrowband (*j B 1 km) 10 km ““ silicate ÏÏ
Ðlters. We Ðtted Kurucz photospheric models to the photometric data to determine excess-emission
spectra. We report the nondetection of small-aperture circumstellar dust emission from HR 10 and 21
LMi. We conÐrmed previous nondetections of near-infrared or 10 km excess emission from 68 Oph, a
PsA, and HR 4796A. We did not detect prominent silicate emission from any of the sources. The spectra
of c Oph, p Her, HR 2174A, b UMa, and f Lep show weak 10 km excesses. We Ðtted simple models to
these data, together with IRAS excess Ñuxes, to determine plausible distributions of temperature and
density of circumstellar dust grains. SigniÐcant quantities of these grains around HR 2174A, f Lep, and
b UMa are at temperatures similar to terrestrial material in the solar system.
Key words : circumstellar matter È dust, extinction È infrared radiation È stars : early-type

1. INTRODUCTION

There are more than 100 main-sequence stars of all spec-
tral types with IRAS excesses et al.(Aumann 1984 ; Aumann

& Gillett &1985 ; Gillett 1986 ; Backman 1987 ; Walker
Wolstencroft & Paresce Among1988 ; Backman 1993).
them, b Pictoris (A5 V) and other systems show excess emis-
sion in the IRAS 12 km bandpass. These excesses are thus
accessible for ground-based follow-up through the atmo-
spheric 10 km ““ window.ÏÏ This spectral region includes fea-
tures of solids such as the 8È13 km silicate feature and the
7.7, 8.6, and 11.2 km polycyclic aromatic hydrocarbon
(PAH) features. Spectroscopy of solids in b Pic and similar
systems o†ers a means to study directly the mineralogy,
particle sizes, and spatial distribution of dust grains around
the stars. The mineralogy in these systems can be compared
with that of dust around evolved stars, pristine interstellar
dust, and solar system dust. Determination of the composi-
tion and structure of Vega-like dust disks has wide-ranging
implications for the evolution of disks in young stellar
objects, star and planet formation, and the origins of the
solar system.

Observations of dust at 10 km let us probe material
around other stars at temperatures similar to terrestrial
material in our solar system. These observations will be
relevant to the eventual search for Earth-like extrasolar
planets, and how this dust will interfere in such searches
(Backman 1998).

& hereafter obtained narrow-Telesco Knacke (1991, TK)

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
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tics and Space Administration.

band (*j B 1 km) photometry of b Pic in several of the
““ silicate ÏÏ Ðlters spanning the 8È13 km region. They dis-
covered a 10 km silicate emission feature from b Pic. Within
the limitations of narrowband photometry, the circumstel-
lar silicate feature of b Pic strongly resembled the feature
observed in comet Halley & Ryan and(Campins 1989)
possibly in Kohoutek et al.(Merrill 1974). Knacke (1993)
and et al. subsequently obtained 10 kmAitken (1993)
intermediate-resolution (R\ j/*j B 50) spectroscopy of b
Pic, conÐrming the similarity of the silicate feature to those
in comets Halley, BradÐeld 1987s, and Levy 1990 XX (see

Lynch, & Russell for a review on cometaryHanner, 1994
silicate spectroscopy). The 10 km silicate feature of b Pic
and the aforementioned comets extends from D8 to 12.5
km and shows a main peak at D9.5 km and a secondary
peak at 11.3 km. The 11.3 km peak in these sources is
attributed to crystalline olivine (e.g., & RyanCampins 1989 ;

et al. et al.Knacke 1993 ; Hanner 1994).
Telesco, & hereafterFajardo-Acosta, Knacke (1993,

obtained 2È20 km narrowband photometry of 51FTK)
Oph (B9.5 V). The photometry of 51 Oph showed a promi-
nent 10 km silicate emission feature, possibly resembling
that in b Pic Subsequent 10 km ground-based spectra(TK).
(RB 50) of 51 Oph & Butner et al.(Walker 1995 ; Sylvester

et al. showed a1996 ; Fajardo-Acosta 1996 ; Russell 1998)
silicate emission feature as broad as b PicÏs with a main
peak near 9.5 km. The 51 Oph spectrum measured by
Fajardo-Acosta and Russell et al. also showed an 11.3 km
peak, attributed to crystalline olivine. The presence of this
peak and the above interpretation were conÐrmed by spec-
troscopy at RB 200 with the Infrared Space Observatory
(ISO) Short Wavelength Spectrograph, by et al.Waelkens
(1996).
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It is not yet known how commonly other main-sequence
stars emit b PicÈlike 10 km silicate features. Ten-micron
spectra of systems such as HD 98800, K5 V (Skinner,
Barlow, & Justannont & Becklin1992 ; Zuckerman 1993),
and SAO 26804 (K2 V; et al. show weakSkinner 1995)
silicate features that are difficult to characterize. The 10 km
silicate feature of the A9/F0 V star SAO 184124 et(Sylvester
al. does not resemble that in b Pic. It shows only the1996)
9.5 km peak and is more similar to the interstellar silicate
emission feature modeled by & Lee The 10Draine (1984).
km spectra of other main-sequence stars show 7.7, 8.7, and
11.3 km emission features attributable to carbonaceous
material. Examples of such systems are the B9 V star SAO
186777 et al. the F8 V stars SAO 26804(Sylvester 1996),

et al. and SAO 206462 & Walther(Skinner 1995) (Coulson
and the B9 V star HD 100546 et al.1995), (Waelkens 1996).

The 11.3 km feature of the latter is also partially attribut-
able to crystalline olivine et al.(Waelkens 1996).

In order to draw general conclusions about the 10 km
emission in main-sequence stars, high signal-to-noise ratio
(S/N) spectra of more systems are needed for further com-
parisons. To support such observations, we conducted a 10
km narrowband (*j B 1 km) photometric survey of the
excess emission of main-sequence stars. Our survey com-
plements broadband (*jD 10 km) photometric searches
with ISO for excesses from main-sequence stars, such as the
25È180 km observations by et al. of a LyrHabing (1996)
(A0 V) and g Lup (F5 IVÈV), among other sources. The
results of our survey will aid in the preparation and inter-
pretation of higher resolution ground- and space-based
follow-up 10 km spectroscopy work. The 8È12 km spectro-
scopic observations (RD 200È1000) of 51 Oph and HD
100546 with ISO et al. exemplify the kind(Waelkens 1996)
of data for sources with bright 10 km excesses, greater than
D10 Jy, that are becoming available. For the present survey
we selected systems presumably similar to b Pic. The stars
are of early spectral type (B and A), they have modest 12 km
IRAS excesses (\1 Jy), and in some cases they show epi-
sodic UV and optical redshifted absorption lines suggesting
plasma infall onto the star, as in the case of b Pic (Lagrange-

Vidal-Madjar, & Ferlet among others). It hasHenri, 1988,
not always been determined whether the observed IRAS
excesses from these systems are due to circumstellar
material or to background sources contaminating the large
IRAS beam. The IRAS Faint Source Survey and the
ADDSCAN/SCANPI software have, in some instances,
strengthened the possibility that the infrared excesses of
some of these stars are from circumstellar material. Only in
a few cases is 10 km photometry available to corroborate
putative detections of circumstellar dust by IRAS.

Our ground-based small-aperture mid- and near-infrared
photometry survey presented here serves three purposes :
Ðrst, it can conÐrm that IRAS excesses originate from
within the immediate vicinity of the stars ; second, it allows
us to quantify the amount of circumstellar material emitting
in the infrared ; and third, observations in the narrowband
10 km silicate Ðlters, and subsequent intermediate-
resolution spectroscopy, can lead to the identiÐcation of
silicate emission (or other prominent emission features, such
as those from PAHs).

2. OBSERVATIONS

In we summarize our selection of sources andTable 1,
previous observational evidence that merited their inclusion

in our observing list. The excess Ñux densities of our targets
near 10 km (where the silicate feature was searched for) were
initially estimated from their IRAS 12 km Ñuxes and the
V [ [12] relations for normal O, B, and A stars (Waters,
Cote� , & Aumann Visual magnitudes were corrected1987).
for interstellar reddening (as explained in before° 3.1)
applying the above relations. In some cases ground-based
K and N photometry was available to corroborate or reÐne
the excesses (see references to The assumption hereTable 1).
was that K[N \ 0 (within D0.06 mag, based on photo-
metric statistical uncertainties) for A0ÈG2 main-sequence
stars & Probst Atmospheric(Johnson 1966 ; Aumann 1991).
models for a Lyr (A0 V) and a CMa (A1 V), of comparable
spectral type to our late B- and A-type sources, predict that
K[N \ 0 within 0.01 mag et al.(Cohen 1992).

Observations were conducted at the NASA Infrared
Telescope Facility (IRTF) in 1992 September, 1993 MarchÈ
April, and 1993 July. For the September set, we used the
mid-infrared bolometer array camera (““ Big Mac ÏÏ), devel-
oped at NASA Marshall Space Flight Center. For the 1993
observations, we used the 2È30 km IRTF bolometer system.
We observed a total of 10 Vega-type stars during the three
runs. In we summarize the list of targets, theirTable 2,
observation dates, and the instrument utilized.

The Big Mac camera consists of an array of 20 germa-
nium bolometers (5] 4 in R.A.] decl.), each pixel sub-
tending (R.A.] decl.). Targets were placed in a3A.9 ] 4A.2
particularly sensitive pixel of the array, and the other 19
pixels were used to monitor and subtract certain com-
ponents of sky and telescope noise that were correlated
among the pixels No attempt was made to spatially(TK).
resolve the sources with the array. The chopping frequency
during Big Mac observations was 10 Hz, and the chopper
throw was 15A. The measured beam diameter during the
IRTF bolometer observations was 5A (FWHM). The IRTF
bolometer data were taken with a chopping frequency of 13
Hz and a chopper throw of 10A.

Photometric data were obtained in the intermediate-
bandpass ““ silicate ÏÏ Ðlters spanning the 8È13 km region and
broadband 10 and 20 km Ðlters listed in In addi-Table 3.
tion, we obtained near-infrared photometry at K (2.2 km), L
(3.45 km), and M (4.80 km) during observations with the
IRTF bolometer. Photometric standards were chosen from
the IRTF Photometry Manual based on(Tokunaga 1986)
their proximity to the targets. For the absolute Ñux cali-
bration we assumed that the Ñux density values of a Lyr in
the IRTF Photometry Manual correspond to zero magni-
tude in the mid-infrared bandpasses. The magnitudes of
other standards in the above reference are available only in
the broadband N and Q Ðlters (Table 3, bottom). If a Lyr
was measured sufficiently close in time and/or air mass to
other standards, then these were calibrated against the
former in all Ðlters. To interpolate zero-magnitude Ñuxes
from the IRTF bolometer bandpasses to the Big Mac band-
passes in we assumed a 104 K blackbody energyTable 3,
distribution.

Extinction coefficients for Big Mac photometry were
obtained from UT 1992 September 9 observations of a Lyr,
whose air mass ranged from 1.3 to 1.9. These coefficients
were then applied to the data of all three nights in 1992
September. We did not measure extinction coefficients at
10.3 km. For IRTF bolometer photometry, we obtained
nightly extinction coefficients from observations of a Lyr
and/or k UMa. On UT 1993 April 6 we did not obtain
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TABLE 2

LOG OF IRTF OBSERVATIONS

HR Name UT Dates of Observation Instrumenta

1998 . . . . . . f Lep 1992 Sep 7, 8, 9 Big Mac
1993 Apr 4 IRTF bolo

10 . . . . . . . . 1992 Sep 8 Big Mac
8728 . . . . . . a PsA 1992 Sep 7, 8 Big Mac
6168 . . . . . . p Her 1993 Apr 1, 4 IRTF bolo
3974 . . . . . . 21 LMi 1993 Apr 1 IRTF bolo
6629 . . . . . . c Oph 1993 Apr 2, 3 IRTF bolo
4796 . . . . . . 1993 Apr 3, 5 IRTF bolo
2174 . . . . . . 1993 Apr 4, 5 IRTF bolo
4295 . . . . . . b UMa 1993 Apr 6 IRTF bolo
6723 . . . . . . 68 Oph 1993 Jul 26 IRTF bolo

a ““ IRTF bolo ÏÏ refers to the single-channel 2È30 km facility bolom-
eter system at the IRTF, and ““ Big Mac ÏÏ to the NASA MSFC mid-
infrared array camera.

extinction data, so we applied the weighted mean of the
extinction coefficients from UT 1993 April 1, 2, and 3, which
are the highest quality data sets. We did not obtain extinc-
tion data for the July data, and that photometry is uncor-
rected. In the July and 10.3 km September uncorrected
measurements, the targets and standards were located 0.2
air masses apart. Extinction corrections, if available, would
have been D2%, smaller than statistical errors of andZ3%
absolute calibration errors (see below).

Tables and list resulting Ñux densities, measured with4 5
the IRTF bolometer and Big Mac, respectively, for the 10
sources. Quoted Ñux density errors include 1 p statistical
errors and absolute calibration uncertainties of ^6% at
2È12.5 km and ^10% at 20 km.

3. ANALYSIS

3.1. Photospheric Energy Distribution
To determine the amount of excess emission from dust in

the total Ñux densities quoted in Tables and the photo-4 5,
spheric energy level needs to be determined precisely. A
simple approach would be to Ðt a blackbody to the near-

TABLE 3

FILTER BANDPASSES

j0 *j (FWHM)
(km) (km)

Big Mac :a
8.8 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.9
9.8 . . . . . . . . . . . . . . . . . . . . . . . . . . 1.0
10.3 . . . . . . . . . . . . . . . . . . . . . . . . . 1.0
11.7 . . . . . . . . . . . . . . . . . . . . . . . . . 1.1
12.5 . . . . . . . . . . . . . . . . . . . . . . . . . 1.2
10.8 (N) . . . . . . . . . . . . . . . . . . . . 5.3

IRTF bolometer :b
2.2 (K) . . . . . . . . . . . . . . . . . . . . . . 0.42
3.45 (L ) . . . . . . . . . . . . . . . . . . . . . 1.05
4.80 (M) . . . . . . . . . . . . . . . . . . . . 0.57
7.8 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.7
8.7 . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2
9.8 . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2
10.3 . . . . . . . . . . . . . . . . . . . . . . . . . 1.3
11.6 . . . . . . . . . . . . . . . . . . . . . . . . . 1.3
12.5 . . . . . . . . . . . . . . . . . . . . . . . . . 1.2
10.1 (N) . . . . . . . . . . . . . . . . . . . . 5.1
20.0 (Q) . . . . . . . . . . . . . . . . . . . . 9.0

a From et al. and C. M.Telesco 1988, TK,
Telesco 1991, private communication.

b From ObserverÏs ManualIRTF 1986.

infrared Ñuxes. The photospheric spectra at mid-infrared
wavelengths (D10 km) will be on their Rayleigh-Jeans tails,
so at those wavelengths any blackbody at T º 3000 K
would be a good model.

However, the photospheric spectral shape will start to
deviate from a Rayleigh-Jeans tail at near-infrared (2È5 km)
and shorter wavelengths. Hence the photospheric Ðt in the
near-infrared will depend on temperature, even though the
shape at D10 km will not. In addition, the photospheric
spectrum conceivably deviates from a blackbody if a more
realistic energy distribution is adopted. com-Kurucz (1992)
puted model atmospheres for G, F, A, B, and O stars that
included the e†ects of line opacities from almost 106 lines.
The hydrogen lines of the Paschen series appear clearly in
model spectra at 0.8È1.4 km, and those of the Brackett
series appear at 1.5È1.6 km. The Paschen and Brackett dis-
continuities at 0.8 and 1.5 km, respectively, will a†ect the
near-infrared photospheric spectral shape. Continuous
absorption by H~ will be signiÐcant at infrared wavelengths
above 1.6 km, and particularly signiÐcant in stars with
T \ 7000 K. For hotter stars, the continuous absorption
from the ionization of neutral hydrogen will predominate ;
absorption by free-free transitions will increase with wave-
length, just as for H~ absorption.

In view of these e†ects, we decided to model the photo-
spheric Ñux with synthetic spectra from the Kurucz (1992 ;
R. L. Kurucz 1993, private communication) model atmo-
spheres, instead of with featureless blackbody spectra. We
used a database of model atmospheres and programs to
generate synthetic spectra supplied by R. L. Kurucz (1993,
private communication). In most cases we used models with
solar composition (metallicity) : [Z/H]\ 0.0. To Ðt the
e†ective temperature and surface gravity, which are the
other two parameters needed to specify a Kurucz model
spectrum, we tried various Ðts to visual and UV photom-
etry. We normalized the Kurucz models to near-infrared
K and L Ñuxes (with the exception of HR 10, for which there
was no near-infrared photometry available), because if they
are normalized at V , for instance, too much near-infrared
photospheric Ñux results for some of the stars, beyond the
upper limit of the observational uncertainties.

The discrepancy between near-infrared observations and
Kurucz models Ðtted at V possibly arises from uncertainties
in the absolute calibration of a Lyr, our primary photo-
metric standard. The absolute calibration of a Lyr lies
above a solar-metallicity model Ðt at 5000Kurucz (1979) Ó,
by 4%È8% in the near-infrared A more(Tokunaga 1986).
recent model of a Lyr with less than solar metallicity
([Z/H \ [0.5 ; et al. also liesKurucz 1991 ; Cohen 1992)
below KL M photometric observations (Tokunaga 1986
and references therein) by factors of D5%È13%. This model
is also lower (D1%È3%) than the a Lyr near-infrared Ñux
densities compiled by & Tokunaga It is pos-Hanner (1991).
sible that a Lyr shows a near-infrared excess from very hot
dust, as discussed by et al. et al.Blackwell (1986), Cohen

and an anonymous referee. et al. and(1992), Leggett (1986)
& Brett Ðnd that the near-infrared colors ofBessell (1988)

other A0 stars are similar to those of a Lyr. et al.Legget
Ðnd that model emission from A stars at KL M is(1986)

always lower than observations. Hence it is possible that the
near-infrared excesses of other A stars are similar to the
excess of a Lyr.

The calibration of sources without near-infrared excesses,
against a Lyr, can yield apparent near-infrared deÐcits with
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TABLE 4

IRTF BOLOMETER PHOTOMETRY

j0 Fl(tot) Fl(dust) j0 Fl(tot) Fl(dust)
(km) (Jy) (Jy) (km) (Jy) (Jy)
(1) (2) (3) (1) (2) (3)

68 Oph: HR 4796A:
2.20 (K) . . . . . . 12.5^ 0.76 . . . 2.20 . . . . . . . . . . 3.06^ 0.18 . . .
10.1 (N) . . . . . . 0.853^ 0.066 0.134 3.45 . . . . . . . . . . 1.32^ 0.080 . . .

21 LMi : 4.80 . . . . . . . . . . 0.776^ 0.051 . . .
2.20 . . . . . . . . . . 15.4^ 0.93 . . . 7.8 . . . . . . . . . . . 0.369^ 0.037 0.067
3.45 . . . . . . . . . . 6.90^ 0.41 . . . 9.8 . . . . . . . . . . . 0.115^ 0.046 . . .
4.80 . . . . . . . . . . 3.94^ 0.24 0.30 10.1 (N) . . . . . . 0.270^ 0.026 0.087
7.8 . . . . . . . . . . . 1.54^ 0.10 . . . 10.3 . . . . . . . . . . 0.233^ 0.024 0.057
8.7 . . . . . . . . . . . 1.26^ 0.088 . . . 11.6 . . . . . . . . . . 0.225^ 0.070 0.086
9.8 . . . . . . . . . . . 1.00^ 0.067 . . . 12.5 . . . . . . . . . . 0.253^ 0.027 0.133
10.1 (N) . . . . . . 0.927^ 0.072 . . . HR 2174A:
10.3 . . . . . . . . . . 0.882^ 0.062 . . . 2.20 . . . . . . . . . . 4.36^ 0.27 . . .
11.6 . . . . . . . . . . 0.794^ 0.058 0.132 3.45 . . . . . . . . . . 2.00^ 0.13 . . .
12.5 . . . . . . . . . . 0.561^ 0.054 . . . 4.80 . . . . . . . . . . 1.07^ 0.078 . . .
20.0 (Q) . . . . . . 0.348^ 0.048 0.122 7.8 . . . . . . . . . . . 0.650^ 0.094 0.231

p Her : 10.1 (N) . . . . . . 0.321^ 0.034 0.068
2.20 . . . . . . . . . . 14.5^ 0.87 . . . 10.3 . . . . . . . . . . 0.435^ 0.055 0.191
3.45 . . . . . . . . . . 6.36^ 0.38 . . . 12.5 . . . . . . . . . . 0.382^ 0.085 0.216
4.80 . . . . . . . . . . 3.53^ 0.21 . . . 20.0 (Q) . . . . . . 0.408^ 0.226 0.342
7.8 . . . . . . . . . . . 1.45^ 0.10 . . . b UMa:
8.7 . . . . . . . . . . . 1.09^ 0.076 . . . 2.20 . . . . . . . . . . 71.6^ 4.3 . . .
9.8 . . . . . . . . . . . 1.02^ 0.072 0.132 3.45 . . . . . . . . . . 31.2^ 1.9 . . .
10.1 (N) . . . . . . 0.882^ 0.056 . . . 4.80 . . . . . . . . . . 17.2^ 1.0 . . .
10.3 . . . . . . . . . . 0.791^ 0.061 . . . 7.8 . . . . . . . . . . . 6.90^ 0.41 . . .
11.6 . . . . . . . . . . 0.778^ 0.063 0.142 8.7 . . . . . . . . . . . 5.77^ 0.35 . . .
12.5 . . . . . . . . . . 0.677^ 0.069 0.128 9.8 . . . . . . . . . . . 4.62^ 0.29 . . .
20.0 (Q) . . . . . . 0.388^ 0.060 0.172 10.1 (N) . . . . . . 4.20^ 0.26 . . .

c Oph: 10.3 . . . . . . . . . . 4.42^ 0.27 0.41
2.20 . . . . . . . . . . 23.1^ 1.4 . . . 11.6 . . . . . . . . . . 3.48^ 0.26 0.31
3.45 . . . . . . . . . . 9.97^ 0.60 . . . 12.5 . . . . . . . . . . 2.82^ 0.22 . . .
4.80 . . . . . . . . . . 5.60^ 0.34 . . . f Lep:
7.8 . . . . . . . . . . . 2.04^ 0.13 . . . 2.20 . . . . . . . . . . 27.7^ 1.9 . . .
8.7 . . . . . . . . . . . 1.80^ 0.12 . . . 3.45 . . . . . . . . . . 12.4^ 0.9 . . .
9.8 . . . . . . . . . . . 1.56^ 0.13 . . . 4.80 . . . . . . . . . . 6.85^ 0.49 . . .
10.1 (N) . . . . . . 1.46^ 0.088 0.11 7.8 . . . . . . . . . . . 3.22^ 0.25 0.52
10.3 . . . . . . . . . . 1.47^ 0.099 0.17 8.7 . . . . . . . . . . . 2.60^ 0.24 0.42
11.6 . . . . . . . . . . 1.15^ 0.082 0.12 9.8 . . . . . . . . . . . 2.15^ 0.14 0.42
12.5 . . . . . . . . . . 1.16^ 0.069 0.27 10.1 (N) . . . . . . 2.06^ 0.13 0.43
20.0 (Q) . . . . . . 0.561^ 0.098 0.212 10.3 . . . . . . . . . . 2.03^ 0.18 0.46

11.6 . . . . . . . . . . 1.63^ 0.13 0.39
12.5 . . . . . . . . . . 0.94^ 0.14 . . .
20.0 (Q) . . . . . . 1.04^ 0.15 0.62

NOTE.ÈPhotometric measurements with the 2È30 km IRTF bolometer system; gives thej0central Ðlter wavelength (see is total Ñux density, and is Ñux density afterTable 3), Fl(tot) Fl(dust)
subtraction of a photospheric continuum.

respect to Kurucz models. We think that we saw this e†ect
in some of our spectra when we Ðrst tried normalizing
Kurucz models at V . In our new normalization at K or L ,
the photospheric Ñux is an adequate compromise Ðt to UV
and UBV Ñuxes, within their errors. By normalizing at K or
L we could still see whether there was any noticeable excess
in the M Ñux, but we could not have detected any at K or L .

Observed UV spectrophotometric Ñuxes were obtained
from et al. who estimated a 20% absoluteThompson (1978),
calibration uncertainty. Visual photometry (UBV ) is from

et al. absolutely calibrated as described inJohnson (1966),
We took the absolute calibration uncer-Johnson (1965).

tainty of UBV Johnson photometry to be D3%.
We corrected the UV, visual, and near-infrared Ñuxes for

interstellar reddening e†ects. The color excess wasE
B~Vestimated in most cases by comparing B[V from Johnson

et al. or & Jaschek with the intrinsic(1966) Ho†leit (1982)
color of the starÏs spectral type(B[V )0 (FitzGerald 1970) ;
the spectral type was usually obtained from the SIMBAD

database. The & Mathis extinction law wasSavage (1979)
then used to obtain the wavelength-dependent extinction in
magnitudes, Aj.The dereddening process will introduce errors arising
mostly from uncertainties in the color excess TheE

B~V
.

& Mathis extinction law itself couldSavage (1979) Aj/EB~Valso introduce errors ; these are larger toward UV wave-
lengths (4%È8%) and negligible in the visual, as determined
by comparing the extinction laws of & MathisSavage

& Savage et al. and(1979), Bless (1972), Nandy (1976), Code
et al. In the near-infrared the dereddening correction(1976).
is so small (D1% at K and L and zero at M) that it will not
add any signiÐcant errors on top of the calibration uncer-
tainty of 6% (see above). At UV wavelengths, the cali-
bration uncertainty is already so large (20%) that we can
also neglect dereddening errors. The 1 p statistical errors
quoted by et al. are typically D1%. TheThompson (1978)
statistical errors in the visual are 1.4%È2.4% et al.(Johnson

We conclude that in the UV the total error (including1966).
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TABLE 5

IRTF BIG MAC PHOTOMETRY

j0 Fl(tot) Fl(dust)
(km) (Jy) (Jy)
(1) (2) (3)

HR 10 :
10.8 (N) . . . . . . 0.153^ 0.014 . . .

a PsA:
8.8 . . . . . . . . . . . 19.2^ 1.4 . . .
10.3 . . . . . . . . . . 15.8^ 1.0 . . .
10.8 (N) . . . . . . 13.2^ 0.81 . . .
11.7 . . . . . . . . . . 12.7^ 1.2 . . .
12.5 . . . . . . . . . . 10.7^ 1.6 . . .

f Lep:
8.8 . . . . . . . . . . . 2.88^ 0.26 0.75
9.8 . . . . . . . . . . . 2.00^ 0.22 0.27
10.3 . . . . . . . . . . 1.84^ 0.14 0.27
10.8 (N) . . . . . . 1.91^ 0.12 0.48
11.7 . . . . . . . . . . 1.56^ 0.17 0.34
12.5 . . . . . . . . . . 1.11^ 0.16 . . .

NOTE.ÈPhotometric measurements with the
NASA MSFC bolometer array camera (Big
Mac). See for explanation of columnTable 4
headings ; is as inj0 Table 3.

statistical, calibration, and dereddening uncertainties) is
D20%; in the visual (UBV ) it is 4%È6%, and in the near-
infrared we have already quoted it in Tables and4 5.

In we show the UV, UBV , and near-infraredFigure 1,
photometry of f Lep, together with the best-Ðt Kurucz

R. L. Kurucz 1993, private communication) model(1992 ;
spectrum for K and log g \ 4.0. In the sameTeff \ 9250
Ðgure we include our mid-infrared photometry to see how
variations in the adopted photospheric continuum might
a†ect the inferred mid-infrared excess. Figure 1 also shows
two blackbody continua ; as expected for the Rayleigh-
Jeans approximation, they are indistinguishable beyond 3.5
km. However, these two blackbody spectra already di†er
from each other and from the Kurucz model by D6% at 2.2
km (K Ðlter). A Ðt of the photosphere at K with a blackbody
would thus have been unsatisfactory. The Kurucz model
adequately matches all of the near-infrared data (K, L , and
M Ðlters). In addition, there is a perceptible di†erence
between the blackbody and Kurucz model spectra at mid-
infrared wavelengths ; the formerÏs Ñuxes are D2% higher at
10 km, and nearly 5% higher at 12 km. Hence, a photo-
spheric model with a blackbody continuum would under-
estimate the amount of excess at D10 km by the above
amounts. In stellar systems with weak infrared excesses,
such as the ones in this survey, these di†erences are rele-
vant ; this is the main reason for our choosing the Kurucz
models.

In Figures we show similar Ðts of photospheric2È10,
continua to the UV and UBV photometry of the sources in

besides f Lep (with the exception of HR 2174A, forTable 1
which no UV spectrophotometry was available). Again,
their near-infrared data (K, L , and M bandpasses in Tables

and are used to further constrain photospheric Ñuxes.4 5)

FIG. 1.ÈUV, visual, and infrared photometry of f Lep. A R. L. Kurucz 1993, private communication) synthetic photospheric spectrumKurucz (1992 ;
(solid line) was Ðtted in the near-infrared (2È5 km) to our IRTF bolometer Ñuxes ( Ðlled circles) and further constrained by UV photometry from etThompson

Ðlled squares) and visual (UBV , asterisks) photometry from et al. Error bars include 1 p statistical errors and absolute calibrational. (1978, Johnson (1966).
errors, as explained in the text. The Kurucz model has K, surface gravity log g \ 4.0, and solar metallicity ([Z/H]\ 0.0). Two blackbodyTeff \ 9250
photospheric continua are also shown for comparison. We also show our measured broadband Ðlter measurements at N and Q (open circles ; the N
measurement is more visible in bottom), and IRAS 12, 25, and 60 km Ñuxes (open squares). The IRAS 100 km Ñux (arrow) is quoted as a 3 p upper limitFig. 16,
in the IRAS PSC. We use the same symbols for photometric points in Figures unless otherwise indicated. IRAS photometry is usually from the IRAS2È10,
PSC, except as noted ; for f Lep 12, 25, and 60 km IRAS points are co-added photometry from & ProbstAumann (1991).
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FIG. 2.ÈUV, visual, and infrared photometry of 68 Oph, and a R. L. Kurucz 1993, private communication) synthetic photosphericKurucz (1992 ;
spectrum; see for details. Triangles are unreddened JHKL M photometry by et al.Fig. 1 Waters (1995).

FIG. 3.ÈVisual (V ) and infrared photometry of HR 10, and Kurucz photospheric model (with parameters derived by Grady, & BruhweilerCheng, 1991
from UV and visual Ñuxes ; thus we only show V ). IRAS Ñuxes were obtained by Cheng et al. with the ADDSCAN software.



1 10 100

10

100

1000

Thompson et al. (1978)

Johnson et al. (1966)

Koorneef (1983)

IRTF Big Mac

IRTF Big Mac (broadband)

IRAS (Gillett 1986)

F
lu

x 
D

en
si

ty
 (

Jy
)

Log(g) = 4.0
[Z/H] = 0.0
E(B-V) = 0.01

1 10

1

10

F
lu

x 
D

en
si

ty
 (

Jy
)

Log(g) = 4.0

[Z/H] = 0.0

E(B-V) = 0.00

Thompson et al. (1978)

Johnson et al. (1966)

IRTF / Bolo

IRTF / Bolo (broadband)

21 LMi

FIG. 4.ÈUV, visual, and infrared photometry of a PsA, and a R. L. Kurucz 1993, private communication) synthetic photospheric spectrum.Kurucz (1992 ;
IRAS Ñuxes are from Near-infrared data are from et asterisks) and triangles). The rest of the symbols are asGillett (1986). Johnson al. (1966, Koorneef (1983,
explained in Fig. 1.

FIG. 5.ÈUV, visual, and infrared photometry of 21 LMi, and Kurucz photospheric model
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FIG. 6.ÈTop, UV, visual, and infrared photometry of p Her, and
Kurucz photospheric model ; bottom, expanded plot of mid-infrared and
IRAS photometry.

The relevance of near-infrared data in setting an upper limit
to photospheric Ñux can be seen in Figures and for f1, 5, 10
Lep, 21 LMi, and b UMa, respectively. In these cases the
Kurucz model Ñux is slightly above the UV photometric
Ñuxes. Lower e†ective temperatures would have improved
the UV Ðts, but then the model Ñuxes would be above the
near-infrared observations. We at Ðrst suspected a problem
with the near-infrared data, but we have conÐrmed that it
agrees with previous photometric data by other authors
(discussed in ° 3.2).

We compared our determination of stellar parameters
(mainly e†ective temperature, since most models we used
had log g B 4) of b UMa, a PsA, and 68 Oph with those by

& Morossi & DworetskyMalagnini (1990), Smalley (1995),
and et al. For 68 Oph, et al.Waters (1995). Waters (1995)
Ðtted a Kurucz model with K and log g \ 4.0 toTeff \ 9500
optical and UV photometry. They used toE

B~V
\ 0.05

deredden their data. We used and derivedE
B~V

\ 0 Teff \9000 K in reasonable agreement with Waters et al.Ïs(Fig. 2),
model.

Malagnini & Morossi determined and appar-Teff, EB~V
,

ent angular diameters of Ðeld stars by Ðtting Kurucz models
to visual spectrophotometry. Together with trigonometric
parallaxes, these determinations allowed Malagnini &
Morossi to locate the stars in the H-R diagram, where com-
parison with theoretical models then yielded surface gravi-
ties (and masses). In this way they derived for a PsA Teff \9720 K, and log g \ 4.43. Their is exces-E

B~V
\ 0.10, E

B~Vsively high for this nearby star (7.0 pc distant). If this E
B~Vis used to deredden a PsAÏs photometry, the UV Ñuxes and

inferred will be relatively high for the starÏs spectral typeTeff(A3 V). We instead obtained as explainedE
B~V

\ 0.01,
earlier in this subsection, and our best-Ðt Kurucz model has

FIG. 7.ÈUV, visual, and infrared photometry of c Oph, and Kurucz photospheric model. Triangles are near-infrared (JKL M) photometry by etLeggett
al. (1986).
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FIG. 9.ÈVisual (UBV ) and infrared photometry of HR 2174A, and Kurucz photospheric model. UV Ñuxes were not available. We also plot near-infrared
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FIG. 10.ÈTop : UV, visual, and infrared photometry of b UMa, and
Kurucz photospheric model. Also plotted are near-infrared (JK) photo-
metry by et asterisks) and Q broadband photometry byJohnson al. (1966,

triangle). For clarity, our broadband (N), IRAS 12 km,Tokunaga (1984,
and TokunagaÏs broadband (N) measurements are not shown in this panel.
Bottom : Detailed plot of mid-infrared (D7È20 km) photometry, including
data points not shown in the top panel.

K and log g \ 4.0. & DworetskyTeff \ 8500 Smalley (1995)
determined of a PsA from its apparent angular diameterTeffand integrated Ñux (UV to infrared). They obtained Teff \K, in good agreement with our value.8760 ^ 310

For b UMa we Ðnd K and log g \ 4.0,Teff \ 9500
whereas Malagnini & Morossi found K and logTeff \ 9700
g \ 4.09, quite in accordance with our values. b UMaÏs
color excess is very close to zero (either in our or in Malag-
nini & MorossiÏs determination). Without the constraint of
near-infrared photometry, our would have been lower.TeffOur model Ðts are within the uncertainties of UV photom-
etry (Figs. except for some cases at the shortest UV1È10),
wavelength point (e.g., In most other cases, the Ðt toFig. 1).
UV data is good while the model Ñux is close to the near-
infrared photometry. Grady, & BruhweilerCheng, (1991)
determined the photospheric continuum of HR 10 with the
same method we described here, so we simply use their
result in Figure 3.

The photospheric temperatures we derived in FiguresTeffare uncertain by about ^250 K. Variations of this1È10
magnitude in yield Kurucz model Ñuxes still within theTefferrors of UV and visual photometry in Figures 1È10.

3.2. Comparison with IRAS and Other Infrared Photometry
In order to verify the spectrophotometric data we have

obtained, and the photospheric energy distributions we
inferred, we have searched the literature for previous infra-
red photometry of these sources (discussed in for each° 4.1
case). We also obtained the IRAS Ñuxes of these sources
from the Point Source Catalog, Version here-IRAS 2 (1988,
after PSC). Depiction of our data together with IRAS and
other mid- and near-infrared Ñuxes will not only allow us to
put our mid-infrared photometry in perspective ; we will also
test for possible systematic errors in our Ñux levels, particu-
larly in the near-infrared, where the photospheric levels
were constrained. Comparing our Ñuxes with those in the
larger IRAS beam can also give us some insight into the
spatial extent of the circumstellar dust regions in these
systems.

We corrected the IRAS PSC data for nonzero bandwidth
e†ects (color correction). To apply the color correction, an
assumption must be made about the spectral energy dis-
tribution (SED) of the source. In the literature on Vega-like
stars, it is often assumed that the SED is that for a 10,000 K
blackbody at the IRAS wavelengths. However, this is not
necessarily the case for stars with infrared excesses of com-
parable magnitude to the photospheric Ñux. The IRAS
Explanatory hereafter ES) tabulatesSupplement (1988,
color correction factors for blackbody and power-law forms
for the SED, as a function of uncorrected PSC Ñux ratios.
We obtained the correction factors for most of our sources,
except as noted in assuming either form of SED in the° 4.1,
ES. This choice of SED does not make a di†erence greater
than D5% in the correction factors from the ES.

4. RESULTS AND DISCUSSION

We subtracted the photospheric energy distributions in
Figures from our observed infrared Ñux densities, and1È10
the resulting excesses are quoted in Tables andFl(dust) 4 5
(col. [3]). If the Ðtted photospheric Ñuxes were slightly
above our observed mid- or near-infrared Ñuxes (but still
within the observational errors) then this is indicated by
ellipsis dots in Tables 4 and 5 (col. [3]).

Figures and Tables and show that none of the1È10 4 5
sources in our present study exhibit any signiÐcant excess in
the near-infrared (1È5 km). At mid-infrared wavelengths we
detected excess emission from some sources, but we did not
detect the silicate emission feature in any of them. In this
section we discuss salient features exhibited by our and
other observersÏ mid-infrared photometry, in the few
instances where the latter is available. Our data generally
constitute the Ðrst detailed mid-infrared SED determination
for these sources, unless otherwise indicated.

4.1. Notes on Individual Sources and Models of
Excess Emission

Some of the sources in our small-aperture photometric
survey showed mid-infrared excesses, as discussed below. We
attempted to Ðt their excesses with model emission from
multitemperature circumstellar dust. We did not consider
model disk geometries for the dust. There is no deÐnitive
observational evidence that the dust around our sources is
distributed in disks. We instead considered spherical shell
models of the dust around these sources. The parameters of
the dust shell models are their inner and outer radial
boundaries, and and the exponent c of radial depen-r1 r2,dence of volume number density of dust grains. That is, this
density varies as rc, where r is radial distance from the star.
We modeled the Ñux from the portion of the dust shells
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within our 5A observation beam. The gives moreAppendix
details on the shell models.

If we had considered disk instead of shell models, we
would have obtained roughly the same results on mid-
infrared model Ñux density, spatial extent and and(r1 r2),total surface area of dust grains A Ñat disk (with(° 4.3).
constant thickness perpendicular to the disk plane) and
with density exponent c] 1 will yield the same model
results (in the above sense) as a shell with exponent c. A
wedge-shaped (Ñaring) disk with thickness proportional to r
and with density exponent c will yield the same results as a
shell with the same c (see Appendix).

In our models the radiative equilibrium temperatures of
dust grains do not depend on particle sizes, because we
assumed all dust grains to be blackbodies. It is possible that
small grains, with wavelength-dependent emissivities, could
yield better model Ðts to some of the excesses. However, we
did not consider models of this kind, because of the low S/N
of the data we are attempting to Ðt.

We next discuss the photometric data individually for all
sources and the dust shell models for those sources with
detected excesses.

68 Oph.ÈAt mid-infrared wavelengths we obtained only
one measurement through the broadband N Ðlter. Other
measurements were not possible, because of adverse atmo-
spheric conditions. In any case, the N-Ðlter point is consis-
tent with the IRAS 12 km point in showing no(Fig. 2)
mid-infrared excess. The IRAS PSC 25, 60, and 100 km
points are quoted as 3 p upper limits. Ratios of these uncer-
tain Ñuxes are not very reliable descriptors of the SED,
needed for color correction We color-corrected these(° 3.2).
data simply by assuming a 104 K blackbody SED, in order
to compare them with similarly corrected data by etWaters
al. They obtained co-added IRAS photometry by(1995).
using the IRAS GYPSY system et al.(Wesselius 1992).
Their measured 12 and 25 km Ñuxes, and upper limits to 60
and 100 km Ñuxes, agree within the plotted errors with the
IRAS PSC Ñuxes and upper limits in et al.Figure 2. Waters

concluded that 68 Oph does not show signiÐcant(1995)
excess at 12 and 25 km from circumstellar dust. Waters et
al. also obtained JHKL M photometry of 68 Oph, plotted in
Figure 2 (triangles). We added a 6% absolute calibration
uncertainty to the statistical errors quoted by Waters et al.
(1%È7%). These data agree quite well with our 2.2 km mea-
surement (Fig. 2) and with the Ðtted photospheric contin-
uum.

HR 10.ÈBecause of the faintness of this source (its IRAS
12 km Ñux is 0.29 Jy) and weather conditions, we could
measure it only at 10.8 km with the Big Mac broadband
Ðlter. From we immediately see that there is noFigure 3
excess at 10.8 km in a D4A-diameter region around HR 10.
The IRAS 12 km excess of D0.16 Jy (from data by etCheng
al. thus originates in a more extended region. Cheng1991)
et al. argued that the IRAS Ñuxes of this source were consis-
tent with free-free emission, plus a small contribution from
circumstellar dust. Free-free emission from plasma around
the star would arise from within a few stellar radii. Our
ground-based data do not conÐrm a circumstellar plasma
or dust origin for this emission.

a PsA.ÈOur photometry at D10 km is consistent with
the IRAS 12 km measurement, color-corrected by Gillett

in showing no excess from warm dust All of(1986), (Fig. 4).
our photometric points lie at the photospheric(Table 5)
level, within the errors. This result is not surprising, given

that the IRAS excess of a PsA can be modeled as arising
from blackbody grains at temperatures of up to 100 K,
located beyond 28 AU Our observations(Gillett 1986).
sampled material within 2A from the star (or 14 AU at the
distance of 7.0 pc to a PsA). Still, we searched for a weak
excess at 10 km because the IRAS 12 km Ñux lies somewhat
above the model Ñux from blackbody grains (Fig. 1 of
Gillett 1986).

21 & Probst found that 21 LMiL Mi.ÈAumann (1991)
showed not only a [12][ [60] IRAS excess, but also a
K [ [12] excess. They could not measure this star with a
small aperture at N but encouraged observers to carry out
this observation. We report that this star did not show
signiÐcant excess in a 6A aperture at D10 km (see Fig. 5).
Only the 11.6 km point in our spectrum is above the contin-
uum (at the 2 p level). The IRAS 12 km excess is possibly
due to contamination by another source in the 45A ] 270A
IRAS beam used by & ProbstAumann (1991).

p (top) shows our narrowband measure-Her.ÈFigure 6
ments of p Her, together with UV and visual photometry,
and our estimated continuum. The bottom panel shows in
more detail our mid-infrared observations, including broad-
band (N and Q) and IRAS Ñuxes. In we haveFigure 11,

FIG. 11.ÈExcess Ñuxes of p Her, after subtraction of the photospheric
continuum in Symbols for data points have the same meaning as inFig. 6.
Fig. 6, but error bars here do not include absolute calibration uncer-
tainties. Top : Two single-temperature blackbody dust models are shown.
The solid line is a 37 K cold dust model intended to Ðt the far-infrared
IRAS data. The dashed line is a 300 K warm dust model to Ðt the D12È20
km data. Bottom : Model Ñux from a shell of blackbody grains, extending
from r \ 1 to 2500 AU from the star, with number density decreasing as
r~0.9, as observed in a 5A beam (solid line) or in a 270A IRAS-like beam
(dashed line).
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subtracted the photospheric continuum shown in Figure 6.
Taken together, these data provide no evidence for an
excess at wavelengths shorter than 10 km. On the other
hand, the ground-based data at 11.6 and 12.5 km agree
closely with the IRAS data and may reveal an excess at
D12 km (at the 2 p level). At 20 km and beyond, both IRAS
data and ours indicate an excess increasing with wave-
length. However, a single blackbody cannot account even
for the IRAS excess Ñuxes alone. It seems as if the 12 km
excess arises from warmer dust than that responsible for
excesses at 25 km and longer wavelengths. In Figure 11 (top)
we depict two blackbody continua to model cold and warm
dust. A 300 K blackbody is a marginal Ðt to the D12È25 km
data points, and a 37 K blackbody Ðts IRAS data points
beyond 25 km. et al. obtained a meanOudmaijer (1992)
color temperature of 95 K from the 12, 25, 60, and 100 km
IRAS Ñuxes. The agreement between ground-based and
IRAS data points at D12 km implies that warm dust is
conÐned within 5A from the star. The small or zero excess
Ñux at D7È10 km implies there is probably an inner ““ hole ÏÏ
in the dust region around p Her.

We also attempted to Ðt the excess Ñuxes of p Her with
emission from a dust shell model bottom) of the(Fig. 11,
kind described earlier in this section. lists the modelTable 6
parameters and c for p Her and other sources withr1, r2,excesses. In the p Her shell model the number density of
blackbody grains decreases as r~0.9. The shell extends from
1 to 2500 AU from the star. Two observing apertures (5A
and 270A diameter) were simulated to see the di†erences
between ground-based and IRAS data. The 270A aperture
size is comparable to the longest dimension of the various
IRAS rectangular beams in the four IRAS bandpasses. The
models were optimized by visual inspection of their Ðts to
the data, but the uncertainty in the excess (or lack thereof )
at wavelengths shorter than 12 km prevents us from claim-
ing that they are either unique or satisfactory Ðts. We can
conclude from the models shown in that theFigure 11
excess of p Her starting at 12 km is not associated with a
single blackbody, and even multitemperature distributions
of blackbody grains are not an optimum Ðt to the data. It
could be the case that a two-component disk or shell model
Ðts the data. But the complexity of these models (see

Gillett, & Witteborn for the case of b Pic)Backman, 1992
and the modest S/N of our data again prevent Ðrm conclu-
sions.

c shows photometry of c Oph and itsOph.ÈFigure 7
estimated continuum. It is difficult to make the case for an

TABLE 6

MODELS OF SYSTEMS WITH EXCESSES

DUST SHELL MODELSb

r1 r2 Areac
NAME L dust/L *

a (AU) (AU) c (cm2)

p Her . . . . . . . . . . . 6.6 ] 10~5 1 2500 [0.9 2] 1028
c Oph . . . . . . . . . . . 8.9 ] 10~5 1 2500 [0.8 4] 1026
HR 2174A . . . . . . 1.3] 10~3 0.5 2500 [1.5 4] 1027
b UMa . . . . . . . . . 3.0] 10~5 1 2500 [1.8 1] 1025
f Lep . . . . . . . . . . . 1.7 ] 10~4 0.5 1000 [1.6 9] 1025

a Fractional dust luminosity.
b Models of circumstellar shells of blackbody grains. Shells bounded by

inner and outer radial distances from the star, and respectively. Totalr1 r2,volume number density of dust grains varies as rc.
c Geometric cross-sectional area of all dust grains that would be

observed in a 5A beam, in the shell models.

excess at wavelengths ¹10 km. However, starting at D11
km there is deÐnite evidence of an excess roughly increasing
with wavelength toward the far-infrared. It is signiÐcant
that our 11.6 and 12.5 km ground-based Ñuxes in a 5A aper-
ture agree within the errors with the 12 km IRAS Ñux. Such
is also the case for our 20 km measurement and the 25 km
IRAS Ñux. The dust region emitting at 12 and 25 km must
be conÐned to within 5A from the star (or D130 AU at the
distance of 26 pc to c Oph).

We Ðrst attempted to Ðt the infrared excess Ñuxes (in Fig.
with a single-temperature blackbody function. It proved12)

difficult to do this even for the IRAS data alone. A compro-
mise Ðt was found with a blackbody at 65 K (not shown).

et al. obtained a mean IRAS color tem-Oudmaijer (1992)
perature of 80 K, quite in accordance with our value. The
excess spectrum of c Oph looks very similar to that of p
Her, discussed above. The color temperatures of Oudmaijer
et al. are very similar in the two cases, and so should be the
results of our model Ðts.

We next tried to Ðt the excess Ñuxes of c Oph with model
emission from a shell of blackbody grains We(Fig. 12).
found that a density distribution n(r) P r~0.8 for this shell
produced a compromise Ðt. The shell extends from 1 to
2500 AU. The model is very similar to that of p Her (Table

This model purported to Ðt the data at wavelengths º116).
km. The model Ñux is from a 270A aperture (Fig. 12, dashed
line), to approximate the size of an IRAS beam, as described
above for the case of p Her. We also modeled the Ñux in a 5A
aperture (solid line) to represent ground-based data. Figure
12 shows that model Ñux in the two apertures is nearly
identical at wavelengths ¹25 km, consistent with our
earlier assessment that this Ñux is conÐned within 5A.

HR 4796A.ÈHR 4796 is a triple system in which we
observed its component HR 4796A (A0 V). is theFigure 8
UV to far-IR spectrum of HR 4796A, together with its
photospheric continuum. This Ðgure summarizes in detail
the infrared observations of HR 4796A obtained to date.
The error bars include absolute calibration uncertainties of
^6% at 2È12.5 km for ground-based data. The data by

et al. did not originally include absolute cali-Jura (1993)
bration errors, but we have added these in the plotted near-
infrared points. The error bars of the IRAS data are as
tabulated in the IRAS PSC. The 20.0 km broadband (Q
Ðlter) Ñux of et al. was quoted without uncer-Jura (1993)
tainty, but we estimate the absolute calibration error to be
^10%. We subtracted the photospheric spectrum in Figure
8 from the observed Ñuxes, and the resulting excesses are
shown in where the error bars include only sta-Figure 13,
tistical uncertainties and not absolute calibration errors.
The practically null excess at D10 km in the narrowband
silicate Ðlters is consistent, together with the IRAS points,
with a featureless blackbody at T \ 110 K, which is the
IRAS color temperature quoted by The IRASJura (1991).
12 km point lies above the ground-based data. The reason
could be that the wider IRAS Ðlter passband samples some
of the rising Ñux longward of 12 km Alternatively,(Fig. 8).
the IRAS 12 km Ñux could be interpreted as consistent with
ground-based data since it di†ers from them within only
1 p. The ground-based 20.0 km and IRAS 25 km points are
consistent with emission from the 110 K blackbody
described above. Therefore, the 20.0 km and IRAS 25 km
Ñuxes arise from the same area. et al. reached aJura (1993)
similar conclusion and found that the 20 km Ñux is conÐned
within a beam.5A.4
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FIG. 12.ÈExcess Ñuxes of c Oph after subtraction of the photospheric continuum in we use a similar key to data point symbols. Error bars do notFig. 7 ;
include absolute calibration uncertainties. We show the model Ñux from a shell of blackbody grains extending from 1 to 2500 AU with number density
decreasing as r~0.8 AU. Solid line, 5A beam; dashed line, 270A IRAS-like beam.

FIG. 13.ÈExcess Ñuxes of HR 4796A after subtraction of the photospheric continuum in we use a similar key to data point symbols. Error bars doFig. 8 ;
not include absolute calibration uncertainties. We show the model Ñux from a blackbody at 110 K, which was found by et al. to be a good Ðt toJura (1993)
the IRAS and Q photometry.
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The absence of dust hotter than D110 K around HR
4796A led Jura et al. to conclude that there is(1993, 1995)
an inner hole of radius greater than 40 AU in this system.
The dust around HR 4796A could be distributed in a disk
or shell, extending from AU, with very steep radialr1[ 40
decrease of volume number density (large negative c
exponent). The material at would dominate the excessr1SED, which would be that of the single-temperature black-
body already described. The grains located beyond 40 AU
have radii greater than 3 km; smaller grains would be
ejected by radiation pressure et al. These(Jura 1995).
authors proposed that dust grains closer than 40 AU from
the star coalesced into macroscopic objects, possibly
planets. Grains beyond 40 AU must also have undergone
coalescence, since they are larger than typical interstellar
grains et al.(Jura 1995).

In the HR 4796 stellar system, two of its components, HR
4796A and HR 4796B (DM4 preÈmain sequence), form a
physical pair et al. The estimated age of HR(Jura 1993).
4796B (and therefore also of HR 4796A) is D(8 ^ 2) ] 106
yr Hartmann, & Barrado y Navascues This(Stau†er, 1995).
age estimate places the HR 4796A circumstellar system in
an earlier evolutionary stage than those of b Pic or other
main-sequence stars.

HR 2174A.ÈHR 2174 is a 29A binary system; obser-
vations here are of the brighter component, HR 2174A.
IRAS PSC data in (quoted as 3 p upper limits atFigure 9
25, 60, and 100 km) were corrected using a 104 K blackbody
energy distribution, just as in the case of 68 Oph. The
photospheric continuum (Fig. 9) was estimated by Ðtting a
Kurucz model to visual and near-infrared data since no UV
Ñuxes were available. If there were a near-infrared excess,

we would miss it with this method. But the slope from our
K, L , and M photometry (Fig. 9) is consistent with a purely
photospheric spectrum in the near-infrared. We compared
these Ñuxes with H, K, and L photometry by Allen (1973),
who used an unspeciÐed aperture. His L measurement is
considerably higher than ours (nearly 40%). Allen quoted
that photometry with high statistical uncertainties of 0.1
mag. On the other hand, we measured HR 2174A on two
nights, so we believe our near-infrared measurements to be
much more reliable. If one Ðtted the photospheric contin-
uum at AllenÏs Ñuxes then one would infer a photo-(Fig. 9),
spheric temperature below 8000 K, inconsistent with this
starÏs spectral type (A3 V).

Despite the faintness of this source, we detected an excess
at 10 km. The uncertainty of our D10È20 km data is high,
but within the errors the 12.5 and 20.0 km points agree with
the 12 and 25 km IRAS points, respectively. The 7.8 km Ñux
is considerably above the continuum, thus suggesting that
very warm dust is around HR 2174A. In weFigure 14,
subtracted the photospheric continuum to obtain the excess
spectrum. Neither the IRAS excesses alone nor ours can be
Ðtted with a single-temperature blackbody. The excess
emission is more likely from multitemperature dust. The 12,
25, and 60 km IRAS data can be marginally Ðtted with
model Ñux from a shell of blackbody grains extending from
1 to 2500 AU, with volume number density Pr~1.2. A 270A
aperture was used for the model Ñuxes (Fig. 14, dashed line).
A better Ðt to the D10 km narrowband measurements
comes from grains in a similar shell extending from 0.5 to
2500 AU from the star, with more steeply decreasing
number density Pr~1.5 This model spectrum(Table 6).
(Fig. 14, solid line) is from a 5A aperture. The conclusion that

FIG. 14.ÈExcess Ñuxes of HR 2174A after subtraction of the photospheric continuum in Solid line, model Ñux in a 5A aperture from a shell ofFig. 9.
blackbody grains, extending from 0.5 AU to 2500 AU, and with number density Pr~1.5 ; dashed line, model Ñux in a 270A IRAS-like beam from a shell
extending from 1 to 2500 AU, with a Ñatter density distribution Pr~1.2.
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we draw from these models is that a substantial quantity of
dust grains might be located very close to HR 2174A in
order to produce the high excess Ñux at wavelengths as
short as 7.8 km.

b UMa.ÈFrom (top) we see that our near-Figure 10
infrared measurements are in close agreement with J and K
photometry by et al. and so is our photo-Johnson (1966),
spheric continuum Ñux level. Our mid-infrared photometry
is shown in detail in the bottom panel. In the same Ðgure we
also plot our measurements in the broadband N Ðlter, the N
and Q measurements by and the IRASTokunaga (1984),
PSC 12 km point. Figure 10 shows that our 10.3 and 11.6
km points, and the broadband N point of Tokunaga, indi-
cate a small excess between 10 and 12 km, which reappears
again at D20 km. The IRAS 12 and 25 km data agree with
the ground-based photometry, within the errors. Although
b UMaÏs mid-infrared Ñuxes seem to be as close to the con-
tinuum as those of 21 LMi, the latterÏs spectrum showed
only one point (11.6 km) above the continuum. b UMaÏs
spectrum could plausibly exhibit a very weak silicate emis-
sion feature, but this inference must be made with great
caution due to the smallness of the excess. showsFigure 15
the possible excess Ñuxes of b UMa, including IRAS data.

A single blackbody cannot Ðt all of the IRAS excess
Ñuxes. The 7È12 km ground-based data cannot be Ðtted
with a blackbody at T D 500 K, because the 10 km peak of
the emission is too narrow. We attempted to Ðt the data in

(top) with emission from a shell model, asFigure 15
described above. The parameters of the model are r1\ 1
AU, AU, and c\ [1.8 Figure 15 (top)r2\ 2500 (Table 6).
shows model emission spectra from within 5A and 270A
beams. These models are a compromise Ðt to ground-based
and IRAS data. The latter are not Ðtted well at 60 or 100
km.

We could speculate on the presence of a weak 10 km
silicate feature, superposed on a broader continuum, in the
excess spectrum of b UMa. The 7.8, 12.5, and 20.0 km
ground-based Ñuxes are well Ðtted by a 180 K blackbody
(Fig. 15, bottom). We take it as the underlying dust contin-
uum. Presumably the grains producing the silicate feature
would be very small (radius less than 1 km) in order for
most of the excess 10 km Ñux to arise from silicate emission.
Only D5% of the 10 km Ñux would arise from blackbody
grains at 180 K.

f L ep.ÈThis star exhibits the largest 10 km excess of any
in our survey & Probst had found(Fig. 1). Aumann (1991)
that only f Lep and b Pic, out of a sample of 55 A, F, G, and
K stars with an IRAS 12 km excess greater than 0.3 mag,
exhibited 10 km (N) excesses in ground-based, small-
aperture measurements. From K and N measurements by

& Probst we estimated that the D10 kmAumann (1991)
excess of f Lep was D0.28 Jy, about 13% of its total Ñux.
Tables and (col. [3]) show that this estimate is quite4 5
consistent with that from our 10 km photometry and the
Kurucz model in (top) shows, in addi-Figure 1. Figure 16
tion to our photometry, near-infrared (JHKL ) dereddened
measurements by & Probst (we applied theAumann (1991)
dereddening and absolute calibration ourselves) and IRAS
color-corrected Ñuxes. The near-infrared Ñuxes of Aumann
& Probst are D15% higher than ours. This is mainly(1991)
because the photometry of Aumann & Probst mimics that
in a 2@ aperture, much more extended than our 5A beam. The
former aperture was used as an analog of the 12 km IRAS
beam and can include Ðeld stars in the vicinity of the source.

Still, there is marginal agreement within the total (statistical
and calibration) errors between our and Aumann &
ProbstÏs photometry. We also compared the two sets of
mid-infrared measurements of f Lep obtained with Big Mac
(1992 September) and the IRTF bolometer (““ Bolo ÏÏ) (1993
April) at the IRTF (see Fig. 16, bottom). The narrowband
Ðlter sets of the two instruments are not identical. Therefore
we did not combine the two data sets, in order to avoid
spectral distortions. Both Big Mac and IRTF bolometer
spectrophotometry suggest a relative Ñux increase at D11
km with respect to points at D10 or 12 km. The data at
D8È9 km also seem relatively high in both data sets (Fig.
16, bottom) with respect to the underlying continuum (Fig.
16, top) and 10 km data. This can be seen more clearly in

which shows the photometry of f Lep after sub-Figure 17,
traction of the photospheric continuum. In Figures 16 (top)
and 17, for clarity we have not plotted the Big Mac photo-
metry. The two data sets are consistent, yet the IRTF
bolometer photometry was obtained under better atmo-
spheric conditions, so we rely on the latter for further com-
ments. The shape of the spectrum we described, and the fact
that the 20 km excess (Fig. 17) lies above the 10 km one
could plausibly suggest the presence of silicate emission,
which typically shows two peaks, at 10 and 20 km. The high
excess Ñux level at 7.8 km could arise from very hot(Fig. 17)
grains.

We modeled the excess of f Lep as from a dust shell
extending from 0.5 to 1000 AU from f Lep. The(Table 6)

number density of grains decreases steeply with radial dis-
tance r, as r~1.6. This model thus relies on hot grains to
produce some of the short-wavelength (D8 km) excess. In

we show the model Ñux. The Ðt to IRAS data (orFigure 17,
to ours) is marginal, but much better than what any single-
temperature blackbody could achieve. We modeled the Ñux
in two apertures (5A and 270A ; see Fig. 17) to simulate our
small aperture and the IRAS one, respectively. We see that
none of the models can reproduce the slope at 7È10 km
together with longer wavelength points. We note that our
20 km point and the 25 km IRAS one agree closely. On the
other hand, the 12 km IRAS point is higher than our small-
aperture data, although within the absolute calibration
uncertainties (plotted in the disagreement is prob-Fig. 1)
ably not signiÐcant. We found the same relations for the HR
4796A data (discussed above).

4.2. Fractional Dust L uminosity
A useful parameter to characterize circumstellar dust

systems is the fractional dust luminosity, It is theL dust/L *
.

ratio of integrated excess Ñux emitted from dust,
to integrated Ñux emitted from the star alone,/0=dlFl(dust),

in the absence of circumstellar material, /0=dlFl(phot).
Values of for our sources are listed in Tables andFl(dust) 4

(col. [3]). At IRAS wavelengths, values are the5 Fl(dust)
IRAS Ñux densities (Figs. minus Values of1È10) Fl(phot).

are those of the dereddened photospheric modelsFl(phot)
plotted in Figures 1È10.

& Gillett argued that a mean opticalBackman (1987)
depth of circumstellar dust grains is given by the fractional
dust luminosity The fractional dust luminosityL dust/L *

.
would exactly equal the optical depth for a spherical dust
shell conÐguration. In the case of a Ñaring disk, the optical
depth along the disk plane would equal the fractional dust
luminosity times 4n/), where ) is the solid angle subtended
by the disk as seen from the star (D. Backman 1994, private
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FIG. 15.ÈTop : Excess Ñuxes of b UMa after subtraction of the photo-
spheric continuum in Solid line, model Ñux in a 5A aperture from aFig. 10.
shell of blackbody grains, extending from 1 to 2500 AU, and with number
density Pr~1.8 ; dashed line, similar model Ñux in a 270A IRAS-like beam.
Bottom : A 180 K blackbody is Ðtted to the 7.8 and 12.5 km excess Ñuxes, to
investigate whether emission features (such as from silicates) are super-
posed on this dust continuum.

communication). The fractional dust luminosity is a useful
parameter because it allows comparison of dust properties
of di†erent stars, irrespective of the stellar characteristics.
That is, and & NishidaAumann (1985) Sadakane (1986)
showed that the large relative number of A and B stars with
dust detections was partly a stellar luminosity selection
e†ect. The optical depth as deÐned above can eliminate this
bias.

The fractional dust luminosities of our measured sources
can let us place the properties of their circumstellar dust
regions in perspective with other, comparable systems.
Although 25% of A-type main-sequence stars have

& Gillett only a frac-L dust/L *
[ 5 ] 10~6 (Backman 1987),

tion, D2 ] 10~3, have et al.L dust/L *
[ 10~3 (Jura 1993).

Examples of main-sequence stars with areL dust/L *
[ 10~3

49 Cet, b Pic, HR 4796A, 51 Oph, and HD 98800 et al.(Jura
& Becklin as determined from pre-1993 ; Zuckerman 1993),

vious near-infrared and IRAS photometry.
We computed the fractional dust luminosities ofL dust/L *sources in our small-aperture photometry survey that

exhibited excess emission at 10 km. These sources are p Her,
c Oph, HR 2174A, b UMa, and f Lep. computedJura (1991)

for HR 4796A based on IRAS data.L dust/L *
D 5 ] 10~3

The bulk of the excess of HR 4796A is at IRAS wavelengths
For the rest of our selected sources, lists(Fig. 13). Table 6

FIG. 16.ÈTop : Expanded plot of the infrared Ñuxes of f Lep. In addi-
tion, we include near-infrared (JHKL ) photometry by & ProbstAumann

triangles), summed over a 2@ Ðeld of view to mimic the 45A ] 270A(1991,
IRAS beam. We included a 6% absolute calibration uncertainty in the
plotted error bars of this JHKL photometry. Big Mac Ñuxes are not shown
for clarity. Bottom : Comparison of f Lep IRTF mid-infrared photometry
obtained with Big Mac (open symbols) and the IRTF bolometer ( Ðlled
symbols). Error bars do not include absolute calibration uncertainties ;
error bars of broadband (N) Ñuxes (squares) are the same size as the
symbols shown.

their which range from 3.0] 10~5 (for b UMa) toL dust/L *
,

1.3] 10~3 (for HR 2174A). These values conÐrm that the
excesses of these sources are moderate. b UMa is a member
of the Ursa Major Stream, and its inferred age (D2.7] 108
yr) corresponds roughly to the era of heavy bombardment
and planet construction in our solar system et(Witteborn
al. The largest values of ([ 10~3) can be1982). L dust/L *related to the presence of large quantities of circumstellar
dust in the youngest systems or to infrared excesses from
hot dust. The star 51 Oph has a large fractional dust lumi-
nosity, namely, & BecklinL dust/L *

D 4 ] 10~2 (Zuckerman
due to its prominent near-infrared excess from D10001993)

K dust Cote� , & Geballe Taylor,(Waters, 1988 ; Dougherty,
& Clark Among the sources in our survey, HR1991 ; FTK).
2174A and f Lep emit hot dust excesses at relatively short
wavelengths (D8 km, as seen in Figs. and14 17,
respectively). Consequently, HR 2174A and f Lep have the
largest fractional dust luminosities in our sample, apart
from HR 4796A, which is thought to be about 8 ^ 2 Myr
old (see previous section) and hence might possess a thick
disk characteristic of young, preÈmain-sequence systems.

et al. determined for 22 main-Sylvester (1996) L dust/L *sequence stars and found values ranging from 1.8 ] 10~5 to
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FIG. 17.Èf Lep excess Ñuxes after subtraction of the continuum in or the top panel of data point symbols are as deÐned there. Error bars ofFig. 1 Fig. 16 ;
ground-based data do not include absolute calibration uncertainties. Solid line, model Ñux in a 5A aperture from a shell of blackbody grains extending from
0.5 to 1000 AU from the star, with number density Pr~1.6 ; dashed line, similar model Ñux in a 270A aperture to mimic that used by & ProbstAumann (1991).

0.64. These authors state that values of L dust/L *
[ 0.25

imply additional sources of infrared luminosity, other than
thermal reprocessing by dust grains, if these grains are dis-
tributed in Ñat disks around the stars. The grains could
instead be distributed in spherical shells, as Sylvester et al.
considered, wherein thermal processing alone could
account for the above values.L dust/L *

4.3. Spatial Extent and Cross-sectional Area of Selected
Circumstellar Dust Systems

described blackbody dust shell models withSection 4.1
which we attempted to Ðt the 10 km excess emission of the
sources listed in In these models the shells extendTable 6.
from AU to AU (except thatr1\ 0.5È1 r2\ 2500 r2\
1000 AU for f Lep). These values of and are thus veryr1 r2similar among the various models. To further characterize
the spatial distribution of dust in the models, we examine
the dust density variation with distance from the stars. The
exponent c of radial dependence of volume number density
of dust ranges from [0.8 (c Oph) to [1.8 (b UMa). These
exponents c imply steep radial decreases of grain density
around the stars. The quantity of grains in the outer por-
tions of the shells (close to must therefore be relativelyr2)small. As a result, is uncertain by D35% in the models.r2The above values of c imply that the location of
mid-infraredÈemitting dust will be di†erent in the various
models. We computed the location of dust in the models
that emits most (90%) of the observed mid-infrared (10.3 km)
excess Ñux. We chose 10.3 km as the ““ characteristic ÏÏ mid-
infrared wavelength because it is roughly centered in the
8È12 km interval spanned by the silicate Ðlters. This spectral

region lets us investigate the conditions of dust at or near
solar system terrestrial material temperatures. (cols.Table 7
[2] and [3]) lists inner and outer limits and (analogousr1@ r2@to and in for the location of blackbody grainsr1 r2 Table 6)
emitting 90% of observed excess Ñux at 10.3 km. The corre-
sponding dust grain temperatures and at andT 1@ T 2@ r1@ r2@ ,
derived from in the are listed inequation (A1) Appendix,
columns (4) and (5).

Table 7 shows that the location and temperature of
mid-infraredÈemitting dust (cols. [2]È[5]) are very similar in
p Her and c Oph. In we noted this similarity based on° 4.1,
the shape of their model spectra. The mid-infraredÈemitting
dust is conÐned within D15 AU from p Her and c Oph. In
contrast, this dust is much closer to f Lep, HR 2174A, and b
UMa, within D7 AU from the stars. (col. [4])Table 7
shows that the highest dust temperatures occur in f Lep
(960 K) and HR 2174A (800 K) among our sources. In these
two systems the grain number density decreases more
steeply with distance from the star (cD [1.5) than in p Her
and c Oph (cD [0.9). In b UMa this density decreases
even more steeply (cD [1.8). Therefore, a larger fraction of
the mid-infraredÈemitting dust grains in f Lep, HR 2174A,
and b UMa are closer to the star than is the case in p Her
and c Oph (see below). The latter systems probably have a
““ hole ÏÏ in their circumstellar dust distributions, as pre-
viously inferred from their excess spectral shapes (° 4.1).

In (cols. [6] and [7]), we list the median radialTable 7
distance from the star and corresponding temperaturer1@2@ ,

of the grains in the shell within and (cols. [2] andT 1@2@ , r1@ r2@[3]). The describes the computation of andAppendix r1@2@
These quantities can be regarded as the characteristicT 1@2@ .
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TABLE 7

MODELS OF 90% OF 10.3 km EXCESS

r1@ r2@ T 1@ a T 2@ a r1@2@ b T 1@2@ c Aread
Name (AU) (AU) (K) (K) (AU) (K) (cm2)

(1) (2) (3) (4) (5) (6) (7) (8)

p Her . . . . . . . . . . . 1 16 790 200 11.5 238 8 ] 1024
c Oph . . . . . . . . . . . 1 15 740 200 11 227 2 ] 1024
HR 2174A . . . . . . 0.5 6 800 240 3.9 292 8] 1024
b UMa . . . . . . . . . 1 7 690 260 4.2 337 4 ] 1023
f Lep . . . . . . . . . . . 0.5 7 960 250 4.3 317 2] 1024

NOTES.ÈModels are as described in and is smaller than toTable 6 ; r1@ \ r1, r2@ r2include only the hottest dust grains. Models produce 90% of the observed Ñux at 10.3
km.

and are radiative equilibrium temperatures at the inner and outer shella T 1@ T 2@boundaries and respectively. These temperatures are obtained via in ther1@ r2@ , eq. (A1)
Appendix.

b Median grain radial distance r from the star.
c Median grain radiative equilibrium temperature.
d Geometric cross-sectional area of all dust grains that would be observed in a 5A

beam.

location and temperature of mid-infraredÈemitting black-
body grains around the stars. In systems with steep radial
density decrease (f Lep, HR 2174A, and b UMa), isr1@2@
smaller (D4 AU) than in systems with a Ñatter density
decrease (p Her and c Oph), where AU. It can ber1@2@ D 11
seen from (col. [7]) that the median dust tem-Table 7
peratures of f Lep, HR 2174A, and b UMa are D300 K or
above. In p Her and c Oph these temperatures are below
D240 K. These model results give us insights on the loca-
tions where dust at temperatures close to those of Earth-like
planets will interfere with future searches for such planets
(Backman 1998).

The mass of blackbody grains around these stars is diffi-
cult to determine because of the unknown grain sizes.
However, we can quantify the amount of dust unam-
biguously by computing the total cross-sectional area of
grains. This quantity is independent of grain size if we
assume all grains to emit as blackbodies. Equation (A4)
summarizes the pertinent calculations. The last column of

lists the cross-sectional area of all blackbody dustTable 6
grains contained in the 5A observation beam, for each of our
sources.

The range of grain areas of the systems in Table 6 is
comparable to that of a Lyr, a PsA, b Pic, and v Eri
(6 ] 1026 to 8 ] 1029 cm2 ; The latter wereGillett 1986).
computed across the entire dust distributions (disks)
bounded by their inner and outer radii. These dust distribu-
tions would Ðt entirely within the IRAS beam. We com-
puted the grain area of only those portions of the dust
distribution within our observation beam. Our computed
grain areas would thus be smaller than in GillettÏs (1986)
models. However, the quantity of excluded outermost dust
grains is small because of the steep radial gradients implied
by c.

We also computed the cross-sectional area of blackbody
grains responsible for 90% of the 10.3 km excess emission
(i.e., grains within the radial limits and in cols.r1@ r2@ Table 7,
[2] and [3]). The resulting grain areas are listed in Table 7,
column (8). For comparison, the cross-sectional area of dust
grains around b Pic within 30 AU from the star, in a disk
model by et al. is D6 ] 1025 cm2. This grainKnacke (1993),
area is larger than those of mid-infraredÈemitting grains in
the systems in Table 7. The 10 km excess of b Pic is more
prominent than that of any of our sources. The b Pic excess

is 1.2 Jy, or 44% of the total 10 km Ñux density. The quan-
tity of mid-infraredÈemitting dust around b Pic is evidently
larger than in the systems we observed. As another com-
parison, the cross-sectional area of 10 kmÈemitting dust
around 51 Oph is D2 ] 1026 cm2, as inferred from the mass
estimate by In this estimate, all grains were assumedFTK.
to be 5 km in radius and at 500 K. This temperature is
higher than the median temperatures col. [7])T 1@2@ (Table 7,
of our sources. Otherwise, the assumptions in the grain area
estimate around 51 Oph are very similar to those made in
this section. The grain cross-sectional area around 51 Oph
is larger than those of b Pic and any of our sources in Table
7. This grain area would be even larger if had assumedFTK
blackbody grains (instead of 5 km ones). It is possible that,
as in the case of b Pic and 51 Oph, small and optically thin
dust grains also emit the observed excesses of our sources.
Their emissivities will be determined when higher S/N
Ñuxes become available, such as from photometry and spec-
troscopy with ISO. In that case one will be able to directly
compare the quantity of optically thin dust grains around
these sources and 51 Oph and b Pic.

5. CONCLUSIONS

We have obtained mid-infrared small-aperture (4AÈ5A
diameter beam) photometry for 10 Vega-type stars. Five of
these sources (68 Oph, HR 10, 21 LMi, a PsA, and HR
4796A) do not show any excess at D10 km. We did not
detect prominent emission in the silicate feature from any of
the sources we observed. p Her and c Oph exhibit excess
Ñux increasing with wavelength, for wavelengths greater
than 10 km. The only source whose excess Ñux (at IRAS
wavelengths) could be Ðtted by a single-temperature black-
body was HR 4796A. The rest of the sourcesÏ excess spectra
can be crudely Ðtted by multitemperature dust distribu-
tions. f Lep and HR 2174 show evidence for excess Ñux at
short wavelengths (D8 km), implying hot dust grains
located close to the stars. We found marginal evidence for
the possibility of weak silicate emission in the excess spectra
of f Lep and b UMa. We found signiÐcant amounts of dust
at or near solar system terrestrial material temperatures
around HR 2174A, f Lep, and b UMa.

Our data for the 10 sources constitute the most accurate
determination to date of the excess emission from the imme-
diate vicinity of the stars. The simple models that we Ðtted
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to these data give us an idea of the temperatures and radial
density distribution of dust grains. In these models we
assumed all dust grains to be blackbodies. This assumption
is plausible because of the absence of prominent emission
features in our data. b UMa could be an exception if its 11
km excess is conÐrmed to be from silicate emission. The S/N
of our data is not sufficiently high to unambiguously iden-
tify emission from a silicate feature. This identiÐcation will
be possible with photometry and spectroscopy from ISO.
Future ground-based and space observations will also
reveal the geometry of the circumstellar dust regions. These
data will yield unambiguous density proÐles and masses of
shells or disks. This characterization of circumstellar struc-
ture will be a valuable input in assessing the conditions
under which stars and planetary systems form and evolve,

and what the prospects are for detections of mature planet-
ary systems.
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APPENDIX

THERMAL MODELS OF BLACKBODY GRAINS

The modeling of infrared excess Ñux densities followed the general procedures of et al. and et al.Backman (1992) Knacke
We assumed the dust to be distributed in a spherical shell around each of our sources. A unit volume in the shell,(1993).

located at a distance r from the star, contains grains, where is a reference distance. Grains in these models aren(r0)(r/r0)c r0assumed to be blackbodies, but their sizes (radii) a are not constrained by our observations and models. Their absorptive and
emissive efficiencies are unity, and their geometric albedo is zero. Their radiative equilibrium temperatures at r are

T (r)\ 278[R
*
/(1 R

_
)]1@2[T

*
/(1 T

_
)]r~1@2 (A1)

and being the radius and temperature of the stellar source in solar units].[R
*
/(1 R

_
) T

*
/(1 T

_
)

The Ñux density at Earth from particles between r and r ] dr, inside the observation beam, is

f (r) \ G(r)
D2 n(r0)

A r
r0

Bc
na2B[T (r), j]dr (Jy) , (A2)

where B[T (r),j] is the Planck function in Jy sr~1, D is the distance from the observer to the star, and G(r) is a factor dependent
on the geometry of the dust region. In the case of spherical shell conÐgurations, G(r)\ 4nr2.

We did not model disk conÐgurations, but in we compared them with shell conÐgurations. Two types of disks that we° 4.1
considered are Ñaring disks with thickness z(r) proportional to r and Ñat disks In these two cases,[z(r) \ z0 r], [z(r) \ z0].G(r)\ 2nrz(r). Apart from a normalization constant (dependent on shows that the model Ñux density f (r)z0), equation (A2)
from a Ñaring disk is similar to that from a shell, if both have the same c. The model Ñux density from a Ñat disk is also similar
to that from the above shell, if the disk density exponent is c] 1 (eq. [A2]).

The Ñux density at Earth from all dust grains within from the star, and inside the observation beam, isr1 ¹ r ¹ r2

F\
P
r1

rbeam
f (r)dr ]

P
rbeam

r2 g(r) f (r)dr (Jy) , (A3)

where is the radius subtended by the observation beam at the source position and g(r) is the fraction of dust grains withinrbeamr and r ] dr, for that are inside the observation beam. For spherical shells, while, for disks,r [ rbeam, g(r) B 12 arcsin2 (rbeam/r)
if D? r. The choice of disk or shell models will a†ect the Ñux computations [through g(r)] only atg(r) B (2/n) arcsin (rbeam/r),

where dust does not contribute signiÐcantly to mid-infrared model Ñux densities.r [ rbeam,
The cross-sectional area of dust grains in a spherical shell, and within the observation beam, is

C\ 4n2r02 n(r0)a2
CP

r1

rbeam
(r/r0)c`2dr ]

P
rbeam

r2
(r/r0)c`2g(r)dr

D
(cm2) . (A4)

The cross-sectional area C is independent of blackbody grain size a for a given shell model and Ñux density F. The reason is
that the product above is determined by the normalization of model to observed Ñux density in equations andn(r0)a2 (A2)
(A3).

Let be the median radial distance of grains from the star. To obtain we found, via the radial distancer1@2 r1@2, equation (A4),
at which the grain cross-sectional area contained within and is half that within and The number of grainsr1@2 r1 r1@2 r1 r2.within and is also one-half the number between and because the grain size is assumed constant across the shell.r1 r1@2 r1 r2,The median temperature is found by substituting inT1@2 r1@2 equation (A1).
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