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Indirect detections of massive—presumably Jupiter-like—planets
orbiting nearby Sun-like stars have recently been reported'’.
Rocky, Earth-like planets are much more difficult to detect, but
clues to their possible existence can nevertheless be obtained from
observations of the circumstellar debris disks of dust from which
they form. The presence of such disks has been inferred® from
excess far-infrared emission but, with the exception of  Pictoris®,
it has proved difficult to image these structures directly as star-
light dominates the faint light scattered by the dust’. A more
promising approach is to attempt to image the thermal emission
from the dust grains at submillimetre wavelengths®’. Here we
present images of such emission around Fomalhaut, 8 Pictoris
and Vega. For each star, dust emission is detected from regions
comparable in size to the Sun’s Kuiper belt of comets. The total
dust mass surrounding each star is only a few lunar masses, so any
Earth-like planets present must already have formed. The pre-
sence of the central cavity, approximately the size of Neptune’s
orbit, that we detect in the emission from Fomalhaut may indeed
be the signature of such planets.

The observations were made during the period April-October
1997, using the Submillimetre Common-User Bolometer Array
(SCUBA)® at the James Clerk Maxwell Telescope (JCMT) on
Mauna Kea, Hawaii. Although data were taken at wavelengths of
450 and 850 wm simultaneously, only the 850-pm data are dis-
cussed here, as observing conditions were poor for good-quality
450-pm work. The full-width at half-maximum (FWHM) beam
size at 850 wm was 14 arcsec, and the array field of view has a
diameter of 2.3 arcmin. Telescope pointing was checked before and
after each observation on a nearby quasar, with r.m.s. pointing
errors of <2 arcsec. The data were analysed using the SCUBA User
Reduction Facility’. Table 1 details the integration times and flux
measurements, and the final maps are presented in Fig. 1. The fluxes

quoted in Table 1 are from the raw maps, whilst the images shown in
Fig. 1 have been smoothed slightly by a 7-arcsec gaussian (FWHM)
to improve the signal-to-noise ratio.

The 850-pwm image of Fomalhaut (Fig. 1a) shows that the dust
emission peaks at two positions offset from the star by ~10 arcsec to
the north and the south. This image is consistent with an edge-on
torus (‘doughnut’) structure with a central cavity with much less
dust emission. At the outer edge it is not possible to distinguish
between an abrupt drop or a moderate density decline with radius.
It was anticipated that the dusty disk would be seen nearly edge-on
because Fomalhaut’s projected rotation velocity of 100kms™" (ref.
10) is consistent with a spin axis nearly in the plane of the sky. After
deconvolution from the 14-arcsec beam (at the map half-power
points), the major axis is 41 * 2 arcsec, or 315 = 15 astronomical
units (Au; where 1 AU is the mean Sun—Earth distance) at a position
angle (PA) of 162 * 4°. The minor axis is ~18 = 2 arcsec decon-
volved, and hence implies a torus inclination angle of 64 = 5° (an
inclination angle of 0° indicates a spin axis pointing along our line of
sight). These dimensions compare favourably with previous
estimates'’ at 100 um. The data also agree well with the low
signal-to-noise point-by-point map and flux estimates of an earlier
study at the JCMT®.

The regions of peak dust emission are ~80 au from the star. This
is comparable to the distance of the Kuiper belt of comets in our
own Solar System which begins just beyond the orbit of Pluto'.
However, the dust grains are warmer than in the Kuiper belt because
Fomalhaut is ~16 times more luminous than the Sun. At a distance
of 80au from Fomalhaut, particles sufficiently large (diameter
~60 wm) to radiate like black-bodies at wavelengths of 60—
100 pm will be at ~70 K. (In the Solar System this value is measured
at Uranus’ distance from the Sun.) This is the temperature that
characterizes the far-infrared emission from Fomalhaut', so the far-
infrared and submillimetre data are consistent with a grain popula-
tion that is well mixed in space. A variety of grain sizes is needed
within this population to explain the spectral energy distribution®.

The central cavity is ~8 arcsec (60 av) in diameter, approximately
the size of Neptune’s orbit. This observed size agrees reasonably well
with the size of the inner cavity deduced from models of the far-
infrared emission'’. One plausible explanation is that this region has
been cleared of gas and dust by the formation of planetesimals.
However, other mechanisms could produce a central cavity; for
example, sublimation of ice-mantle grains', or radiation-grain drag
(Poynting—Robertson effect)®. We also note that as cratering records
in the inner Solar System indicate debris clearing times significantly
longer than the estimated age of Fomalhaut (200 Myr; ref. 15),
planets may exist even within the dusty region. If so, their gravity
could extend the vertical distribution of particles, enabling the dust
to absorb more stellar light and thus enhancing the far-infrared
emission'’.

B Pic is one of the youngest stars in the solar vicinity at an age of
~10-100 Myr (ref. 17). The 850-pwm map (Fig. 1b) shows a clear

Table 1 Source and observation summary

Star RA Type Distance* (pc) Integration time (h) Dust peakt 850-pm flux Dust mass#
dec. SRA odec. (mJy per beam) (Mmoon)
(J2000) (arcsec)
« Piscis Austrinus 22h57min39.0s A3V 7.69 5.0 3.5W 9.7N 289 +3.7
(Fomalhaut) -29°37'20.0" 3.0E 9.0S 28.0 =37
Integrateds: 81.0+72 15
B Pictoris 05h47min171s ABV 19.3 5.3 0.8N 9.7N 58.3 +6.6
-51°04' 00.0" 21.4W 25.9S 19.1 =65
Integrateds: 104.3 + 10.0 78
a Lyrae 18h36min56.3s A0V 7.76 8.6 5.9E 7IN 17.3=3.0
(Vega) +38°47'01.2" Integrateds: 456754 0.7

*Distances are from the Hipparchos catalogue (ESA SP-1200, 1997).
+ Estimated errors in the dust peak centroid positions are +1 arcsec.
i+ Estimated dust masses are given in lunar masses (M, on = 7 X 102 kg).

§ Integrated fluxes (mly) are measured within a radius of 30 arcsec (40 arcsec for g Pictoris) from the star.
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elongation of the dust emission with a PA of 32 =+ 4°, which, given
the resolution of the JCMT beam, is consistent with optical and
near-infrared images (for example, 30.7 = 0.7°% ref. 18). The dust
emission peaks on the stellar position and extends along the major
axis to an observed radius of ~13 arcsec (250 av). The deconvolved
size of the disk is 22 X 11( = 3) arcsec (that is, unresolved in the
minor axis), giving an inclination angle of >60°.

Flux {(mJy per beam)

Declination offset (arcsec)

Diamete
Solar System

40 20 I 0 20 40

RA offset (arcsec)

Figure 1850-um images of the dust emission around Fomalhaut (a), g Pictoris (b)
and Vega (c). North is up, and east is to the left. In each map the star position is at
0,0 (indicated by the “star” symbol). The diameter of the telescope beam at half-
power is shown by the circle in each image. The bars adjacent to the images
show the apparent diameter of our Solar System (80 Av) if it were located at the
stellar distances. As indicated by the colour-scale bar on each image the false-
colour scale is linear, and the contours are at 1o intervals starting from 2¢
(dashed). These images have been smoothed with a 7-arcsec gaussian (full-
width at half-maximum) to improve the signal-to-noise ratio. After smoothing, the
individual map 1o contour levels are 2.2, 4.0 and 1.9 mJy per beam for Fomalhaut, g
Pic and Vega respectively. It is estimated that Vega has a photospheric
contribution to the submillimetre flux of 5 (=1)mJy per beam. Subtraction of a
scaled 5 mJy point-spread function from the 156 mJy measured at the 0,0 position
suggests a dip in the dust emission at the star, significant at about the 20 level
(data not shown). Additional peaks (for example, to the southwest in b) could
potentially be due to confusion by distant galaxies. We have therefore examined
background regions of the stellarimages, and in atotal area of 13.5 arcmin? (which
includes unpublished data on e Eridani), four sources were detected that could be
galaxies. All of these are >3¢, and they have fluxes of 8-12 mJy. This represents a
source count of 0.3 per arcmin?, and translates to a probability of ~2.5% for
finding a galaxy within 10 arcsec of a star. For the g Pic plane, there is a probability
of 5% of finding an object within 10° of the plane out to 40 arcsec radius. This
represents a conservative upper limit as no 20-mly galaxies have been found in
ourimages. We note that these results in fact represent the best unbiased source
countsurvey of the submillimetre sky. Our counts agree to within a factor of 2 with
the recent SCUBA survey carried out by Smail et a/.%®
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In addition to the main disk, separated patches of emission are
seen further out in Fig. 1b, two of which are fairly closely aligned
with the plane of the disk. The most prominent of these (RA 21 W,
dec26S) lies ata PA of 37 (£6)° and has a flux of 19.1 mJy per beam.
This is almost certainly a real detection and has a PA consistent with
a feature in the disk plane. This could be a fragmented outer part of
the disk (although such a feature does not appear in optical images),
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or possibly a second disk about a low-mass companion (which
would explain why there is no peak of corresponding brightness to
the northeast). If the age of the companion is <10 Myr, then such a
disk might not have dissipated, and could be primordial like those
around T-Tauri stars, in contrast to the much older debris disks seen
around Fomalhaut and Vega. However, recent deep R-band data ata
wavelength of 680 nm revealed no companion to a limiting magni-
tude of ~22 (compare with an R-band magnitude ~4 for B Pic)
within 6 arcsec of the southwest offset source (P. Kalas and B. A.
Smith, personal communications). On the basis of the cooling
models of Burrows et al**, and an assumed age of 30 Myr for
B Pic, the mass of any companion at the offset source position is less
than 10 Jupiter masses. Finally, we cannot rule out a coincidental
alignment with a background object, such as a distant galaxy, and
this possibility is further discussed in the legend to Fig. 1.

The 850-pwm map of Vega (Fig. 1c) shows an extended, approxi-
mately circular structure with dimensions 24 X 21( % 3)arcsec
(deconvolved from the beam size), somewhat smaller than the
35(#5) arcsec derived from far-infrared measurements'®. Within
this is an elongated bright central region orientated northeast—
southwest. The peak is 9 arcsec (70 Au) to the northeast of the star’s
position, and this is unlikely to be an artefact, as it is consistent with
the low signal-to-noise detection in the earlier JCMT study®. This
region has a superficial resemblance to the Fomalhaut image.
However, interpreting this as a torus or edge-on disk encounters
two serious problems. The low projected rotational velocity
(22kms™) and a spectral line analysis® suggest that the star is
rapidly rotating and viewed close to pole-on. Also, the extended
dust emission is roughly circular, favouring a pole-on geometry.

The northeast peak is brighter than the corresponding emission
southwest of the star by ~2¢, and so it is unclear whether these are
separate objects or part of a symmetrical structure. A symmetrical
elongation could be due to perturbation of a disk by a planet, as
hypothesized for the warped disk of B Pic®'. Alternatively, a single
peak could be interpreted as an object in orbit about Vega,
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Figure 2 Circumstellar dust masses plotted as a function of stellar age (¢). The
data for Fomalhaut, g Pic and Vega (stellar types A0 to Ab) are compared to JCMT
observations of younger high-mass stars. These include an upper limit for
HR4796A% and detections of a sample of emission-line A and B type stars®.
These stars have ages of only 0.1-1Myr, and are often still associated with their
parental molecular clouds. Horizontal error bars indicate the uncertainties in the
stellar ages, and for the Ae/Be stars, the vertical error bar is the range of masses
around several stars. Mass uncertainties depend on the assumed grain tem-
peratures and absorption coefficients. The plotted values could be up to a factor
of 2 lower (if all the grains are at the highest dust temperatures measured in the
far-infrared™), and upper limits are essentially unconstrained, as very large grains
could contribute substantial mass, while adding little to the total emitting area at
submillimetre wavelengths.
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surrounded by a concentration of dust. However, circumplanetary
disks (such as the one from which Jupiter’s moons formed) are
expected to dissipate much more rapidly than circumstellar disks,
making the presence of such a structure unlikely at Vega’s age of
350 Myr (ref. 22). Alternatively, if rocky planetary bodies have
formed, the collision of two such objects could inject new dust
into the disk, but the objects involved would have to be exceedingly
large ‘planetesimals’ to shed a substantial fraction of a lunar mass in
dust. Additional observations were made to investigate this offset
peak: first, it was detected by SCUBA at 1,350 pm with single point
photometry. The 850- and 1,350-m fluxes imply a spectral index of
2.7, consistent with previous observations of dust around young
stars™. Second, a coronographic image of Vega at 2.2 um, using the
Near-Infrared Camera on the Keck 10-m telescope, revealed no
companion down to a limiting magnitude of 16. This rules out
orbiting companions with masses greater than 12 Jupiter masses,
based on models of 350-Myr-old ‘superplanets’*.

We have compared the amounts of dust observed both to the
Solar System and to other stars with younger ages. The ages of
Fomalhaut, B Pic and Vega—tens to hundreds of millions of
years—span a range of particular interest in the history of our
Solar System. The formation of giant planets probably occurred
within ~10 Myr, and the Earth within 100 Myr. In addition, the
period of heavy bombardment in the inner Solar System by
cometary and asteroidal-sized objects lasted ~600 Myr (ref. 25).

Dust masses were estimated (Table 1) from the 850-pwm inte-
grated fluxes using grain temperatures deduced from far-infrared
data'’. As the composition and size of the circumstellar grains
remain uncertain, we adopt an 850-pm mass absorption coefficient
for dust (K,p,) of 1.7 cm? g™ for consistency and ease of comparison
with the previous best measured dust masses® (the range of values of
K.ps is further discussed in ref. 26). There may be an associated gas
component, but, for example, a sensitive search for atomic hydro-
gen around P Pic has shown that the gas-to-dust ratio is at least 10
times lower than in the interstellar medium, suggesting most of the
gas has been dispersed”. The derived dust masses are of the order of
the Moon’s mass, and agree well with the previous values’. These
masses are plotted in Fig. 2 as a function of stellar age. The apparent
decrease in the mass of dust particles with time can be attributed to
accumulation into planets, or dispersal by mechanisms such as the
Poynting—Robertson effect, stellar winds, and sublimation. Which-
ever of these mechanisms dominates, the dust masses appear to
decrease rapidly between ages of 1 and 100 Myr. Figure 2 suggests
that circumstellar dust falls below an Earth mass (80 Moon masses)
at an estimated age of 10 Myr. Thus at the ages of Fomalhaut, 3 Pic
and Vega, planetesimal accumulation must be well underway if
planetary systems are to form.

Our submillimetre images have provided the first detailed infor-
mation on the morphology of the dust emission around nearby
stars. Ice sublimation and Poynting—Robertson drag need to be
investigated as possible causes of the central cavity at Fomalhaut,
before planet formation becomes the adopted model. If the offset
peaks for Vega and B Pic are physically associated with these stars,
then compelling models need to be devised. We plan further
submillimetre imaging at 450 wm, with 8-arcsec resolution. Such
data may reveal details such as warping, a possible signature of
planetary perturbations, and, when combined with longer-wave-
length results, should enable investigations of grain growth
processes.
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Shallow mixing in the solar
photosphere inferred from
revised beryllium abundances
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The chemical compositions of the Sun and meteorites are the
benchmarks against which the abundances of elements in all other
astronomical objects are compared. A long-standing problem' has
been the abundance of lithium in the Sun’s photosphere, which is
~140 times less than the meteoritic value (which represents the
lithium abundance at the time the Solar System formed). This
depletion requires that material from the photosphere be trans-
ported below the convective zone into regions where the tem-
perature is high enough that nuclear processing can remove
lithium. The models®* best able to do so simultaneously deplete
beryllium by about a factor of two, which is consistent with
previous measurements*® of the beryllium abundance in the
solar photosphere. But here we show that these previous measure-
ments are in error, because they did not fully account for the
continuous opacity in the ultraviolet region of the spectrum
where the beryllium lines are observed. We find that, after
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correcting for this opacity, solar beryllium is not depleted at all
with respect to the meteoritic value. This implies that mixing in
the solar photosphere is more superficial than had hitherto been
supposed, consistent with the shallow mixing inferred from
recent helioseismic data®.

The only lines available for ground-based Be measurements are
the Be 1 resonance lines at 3,130.42 and 3,131.06 A near the
atmospheric ultraviolet (UV) cut-off. In addition to the analytical
difficulty of obtaining accurate abundances from crowded spectral
regions, a singular problem plagues UV measurements: the uncer-
tain UV opacity. An increase in this opacity is demanded by
theoretical models of the solar atmosphere which consistently
overpredict the UV flux’. Although the suggestion has been made
that this mismatch is due to the insufficient inclusion of line
opacity®, comparisons of high-resolution solar and synthetic spectra
have shown that when all of the spectral features are reasonably well
accounted for, the calculated solar flux remains too large’. Thus, the
‘missing UV opacity’ must be due to a continuous opacity or to a
very large number of very weak lines' which essentially mimic a
continuous opacity.

To quantify the ‘missing UV opacity’ in the solar models, we have
taken the empirical approach of requiring the UV A-X electronic
transitions of the OH molecule to yield the same oxygen abundance
as the vibrational—rotational OH transitions in the infrared (IR).
The IR transitions, regarded as one of the more reliable oxygen-
abundance indicators', are used to obtain an accurate oxygen
abundance in the Sun. The oscillator strengths of the UV lines are
accurately known, with experimental and theoretical values agree-
ing to within 10% (ref. 12). If the continuous opacity in the Sun is
not fully accounted for in the synthetic spectral calculations, the
calculated UV OH features will be stronger than observed. The
mismatch between the observed and predicted line strengths is
attributable to the ‘missing UV opacity’.

We used the high-resolution (MAX = 348, 000) solar flux spec-
tral atlas” for our investigation. We searched an 80-A region of the
solar spectrum from 3,100 to 3,180 A for clean (unblended) OH
features. Fourteen features satisfied our condition that the sole
contribution to the synthetic line comes from the OH feature. The
observed feature may, of course, contain blends not identified in our
list of lines’. Our empirical process therefore produces a lower limit
to the ‘missing’ opacity. Three model solar atmospheres were used
in our analysis: the Holweger—Miiller (HM) empirical model",
the Kurucz solar model without overshoot” and the updated
OSMARCS model’’. As OH is a trace species in the solar atmos-
phere, the oxygen abundance derived from OH lines is sensitively
dependent on the model characteristics. Using the solar equivalent
widths for the IR vibrational-rotational OH lines", the following
values were obtained for the oxygen abundance on a logarithmic
scale where the abundance of hydrogen is 12: loge(O) = 8.91 * 0.02
(HM), 8.80 = 0.02 (Kurucz) and 8.75 % 0.02 (OSMARCS). Syn-
thetic spectra of UV OH lines generated from each model atmos-
phere and its corresponding IR-based oxygen abundance produced
lines of identical strength, indicating that the UV and IR OH lines
are formed in the same part of the atmosphere and under similar
conditions. Our differential use of the OH lines as a benchmark for
the oxygen abundance therefore precludes the need to know the
absolute value of the oxygen abundance with high accuracy.

Synthetic UV spectra were calculated under the condition of local
thermodynamic equilibrium. The following opacities were included
in the calculation of the synthetic solar spectrum: Hy,p, Hyp, Hip, Hopp
H,q, H and He Rayleigh scattering, Hegand electron scattering; here
subscript bf indicates bound—free, and ff indicates free—free. Metal
bound—free opacities were not used in our calculation. Opacity
Project (an international collaboration to calculate atomic data for
stellar opacity computations) calculations of Si 1 and Mgi bound—
free opacities'® show that they are relatively small at optical depth
(7)(3,100) = 0.1, being roughly 1% and 8.5% respectively of the
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