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Stabilization of the disk around {3 Pictoris by

extremely carbon-rich gas

Aki Roberge', Paul D. Feldman?, Alycia J. Weinberger®, Magali Deleuil* & Jean-Claude Bouret®

The edge-on disk surrounding the nearby young star § Pictoris is
the archetype of ‘debris disks’, which are composed of dust and gas
produced by collisions between—and evaporation of —planetesi-
mals, analogues of Solar System comets and asteroids. These disks
may provide insight into the formation and early evolution of
terrestrial planets. Previous work on @ Pic concluded that the disk
gas has roughly solar abundances of elements’, but this poses a
problem because such gas should rapidly be blown away from the
star, contrary to observations showing a stable gas disk in
keplerian rotation'?. Here we report the detection of singly and
doubly ionized carbon (C11, C111) and neutral atomic oxygen (O 1)
gas in the § Pic disk. Carbon is extremely overabundant relative to
every other measured element. This appears to solve the problem
of the stable gas disk, because the carbon overabundance should
keep the gas disk in keplerian rotation®. The overabundance may
indicate that the gas is produced from material more carbon-rich
than expected of Solar System analogues.

B Pic is an A5V star, indicating that it is approximately 1.8 times
more massive than the Sun. It appears to have solar elemental
abundances* and is 8-20 million years old’. Narrow atomic absorp-
tion lines were studied in the spectra of § Pic even before the star was
known to have a dust disk®. The absorption features fall into one of
two categories. Almost every line observed shows an unvarying
narrow absorption at the radial velocity of the star. This component
contains the bulk of the circumstellar gas and is called the stable
component'. On the wings of most absorption lines are broad,
variable absorption features, which are typically redshifted with
respect to the star. These features arise from gas falling towards
the star at high velocity, probably produced by vaporization of
star-grazing planetesimals’.

Various studies of the dynamics of the 3 Pic stable gas have shown
that there is a serious gap in our understanding. The force of stellar
radiation pressure on many of the observed atomic and ionic species
should rapidly blow them away from the star. The very existence of
gas at the velocity of the star (the bulk of the 8 Pic circumstellar gas) is
puzzling. Workers were forced to postulate the existence of an
undetected, dense hydrogen torus to brake some species through
gas drag'. The problem got worse after the detection of resonantly
scattered emission from gaseous species in the § Pic disk>®. These
spatially resolved spectra show a gas disk in keplerian rotation
between 13 astronomical units (AU) and a few hundred AU from
the star. Analysis of the gas dynamics demonstrated that the some of
the observed species should not be in keplerian rotation, unless the
total gas mass is much greater than the observed gas mass®.

We used spectra from the Far Ultraviolet Spectroscopic Explorer
(FUSE) to measure the volatile species C11, C111, and most impor-
tantly, O1, in the circumstellar disk. These species are seen in
absorption against broad stellar emission lines (Fig. 1). Models of

the absorption lines were compared to the data and the best absorption
parameters (Table 1) determined through x> minimization (details of
the observations, models, and analysis appear in the Supplementary
Information). Combined with a previous measurement of C1 gas’, the
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Figure 1| Circumstellar absorption lines in far-ultraviolet spectra of
B Pic. (8 Pic was observed by FUSE once in 2002 and twice in 2001; the higher
signal-to-noise spectra from 2002 are shown here. The error bars (shown in
green) are the standard deviations of the flux values (*10). Details of the
observations and analysis appear in the online Supplementary Information.
Atomic absorption lines from C11, O1, and C111 are superimposed on broad
emission lines arising in the chromosphere and transition zone of the star'’.
We model each emission feature with a polynomial (dashed red line). The
total model (emission model times best absorption model from x>
minimization) is overplotted with a solid red line. a,cThe C11 absorption
doublet at wavelengths A = 1036.3 A and A = 1037.0 A superimposed on the
OVI A = 1038 A emission line. There is also some C 11 emission blended with
the blue wing of the O v1 line'®. The asymmetric shape of the C11 absorption
lines indicates there are two absorption components at different velocities.
b, The O1 A = 976.5 A and C111 A = 977.0 A absorption lines superimposed
on the C111 A = 977 A emission line. These lines are fitted with single
absorption components. Underestimation of the O 1 column density due to
saturation of the absorption line is unlikely, because the line is not strongly
saturated. The interstellar contribution to the O1 absorption line is
negligible (see Supplementary Information).
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Table 1 | Characteristics of the Cii, 01, and Cin absorption lines

Species Wavelength VFUSE V heliocentric b N
A) (kms™") (kms™") (kms™") (atomscm ™ ?)

Cu 1036.34 —5.0158, 20 1.0M%7 1.0137 x 10%

20.073% 45 61.071L8  4.0%%7 x 10
cu* 1037.02 —5.0738, 20 1.0747  1.073%x10%

20.0%3% 45 61.013%8  4.0t19x 10"
o] 976.45 3.0133 20 14.073¢ 36198 x 101
or 977.96 =2.6x 10"
or* 978.62 =8.7 x 10"
Ciui 977.02 -7.0%23 10 3204t 4.51%2x10%

This table shows the best absorption parameters obtained through x> minimization; the
models were compared to the 2002 FUSE spectra. Details of the models and fitting
procedures appear in the Supplementary Information. The errors given are the standard
deviations of the parameters (£10) arising from statistical errors. In column 1, * or **
indicates that the line arises from the first or second excited fine-structure energy level of
the atom; otherwise, the line arises from the ground energy level. Column 2 shows the
vacuum rest wavelengths of the absorption lines. In column 3, v¢yse is the velocity of the gas
in the FUSE wavelength scale. FUSE does not carry an onboard calibration lamp, so the
absolute wavelength scales of the spectra may have zero-point offsets. The accuracy of the
relative wavelength calibration is about 8 km's ™. Column 4 shows the heliocentric velocity of
the gas, obtained by shifting the stable gas components to the stellar heliocentric velocity
(20kms ™). Column 5 shows the best Doppler broadening parameters of the absorption
components, which is a measure of the intrinsic width of the component. The last column
shows the column densities in the various absorption components. The upper limits given for
O1* and O1** were calculated assuming statistical population of the oxygen fine-structure
levels (see Supplementary Information §2.2). The smallest possible value for the total O1
column density is the measured ground level O | column density (row 5). The largest
possible value is the sum of the measured O column density and the upper limits on the
O1* and O 1** column densities (rows 5, 6, and 7).

C11 measurement completes the inventory of stable carbon gas in the
disk. O 1is the only ionization state of oxygen observed to date, and the
only one likely to be abundant, given the high first ionization energy of
oxygen. We also used archival Hubble Space Telescope Space Telescope
Imaging Spectrograph (STIS) high-resolution far-ultraviolet spectra to
search for absorption lines from a few species that have not yet been
observed (Cr1, Ni1, P1 and P11), but none were detected.

Previous observations of the 8 Pic gas were primarily of metallic
species'. The addition of our new measurements provides the most
complete inventory of the gas in any debris disk. The 8 Pic elemental
abundances, found by summing the abundances of the various
ionization stages of each element, are shown in Table 2, along with
the elemental abundances for the Sun'®, a carbonaceous chondrite
meteorite'’, and dust from comet Halley''. Table 2 uses results from

Table 2 | Elemental abundances in the 8 Pic stable gas
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studies of the § Pic gas stretching over more than ten years">*'>'*

(see Supplementary Information). A plot of the elemental abun-
dances from Table 2 appears in Fig. 2. It shows that the composition
of the B8 Pic gas is dissimilar to the composition of all three
comparison bodies. In particular, carbon is extremely overabundant
relative to every other measured element. The 8 Pic C/O and C/Fe
ratios are 18 and 16 times the solar value, respectively. The lithophile
elements (for example, Mg, Al) have roughly solar abundance relative
to each other, as do the siderophile elements (for example, Fe, Ni).
However, the lithophile elements as a group seem slightly under-
abundant relative to the siderophile elements.

Neither oxygen nor carbon feels strong radiation pressure in the
B Pic disk, since the star is relatively faint in the far-ultraviolet where
the strong absorption lines of these species lie. By contrast, metals
such as Na and Fe feel extremely strong radiation pressure and could
be blown out of the system, producing apparent C and O over-
abundances relative to these elements. But carbon is overabundant
relative to every other element, including ones that feel similarly weak
radiation pressure, like oxygen. This leads us to suspect that the
overabundance reflects the composition of the parent material,
which would have to be more carbon-rich than the obvious Solar
System analogue materials. The bulk composition of the § Pic
planetesimals might be carbon-rich. There was a large increase in
organics relative to water in the material excavated from comet
Tempel 1 during its collision with the Deep Impact spacecraft'>. Or the
planetesimals might be selectively outgassing volatile carbonaceous
compounds, trace amounts of which are still found in carbonaceous
chondrite meteorites (J. Nuth, personal communication). There are
probably many other possible explanations.

A new analysis of the gas dynamics in {8 Pic which took into
account Coulomb forces between gaseous ions, neutral atoms, and
charged dust showed that these interactions increase the effective
collision cross-sections, dramatically reducing the need for
additional unobserved braking gas®. But unless the dust grains are
very highly charged, additional braking gas is still required. However,
that analysis assumed solar abundances in the gas. If one considers
our measured midplane abundances in conjunction with Coulomb
forces, the problem may be solved.

The ratio of the radiation and gravitational forces felt by an atom is
the radiation pressure coefficient (). The 3-value for a particular
species depends on the brightness of the central star at the wave-
lengths of the absorption lines of the species. Neutral elements that

Element 8 Pic column density (atomscm™2) Sun N (ED Cl chondrite N (EI) Halley dust N (ED

H < fewx 10 2.88 x 10%° 5507867 x 10° (1.09 = 0.21) x 10’
0 (3-8) x 10™° 1.417%37x 107 7.55%93% x 10° (4.81 = 0.59) x 10°
C 5.0723x10% 7.081758 x 10° 7.72 18 x 10° (4.40 + 0.89) x 10°
N 1.95%95% x 10° 5.5473%7 x 10* (2.27 = 0.76) x 10°
Mg =2 x 10" 1.0073%2 x 10° 1.0413%2 x 100 5.41x 10°
Si 1x10™ 1.007%% x 10° 1.00%3%2 x 108 (1.00 = 0.10) x 10°
Fe (3.7 = 0.5) x 10™ 8.13%92% x 10° 8.637982 x 10° (2.81 * 0.49) x 10°
S 1x10% 4637943 x 10° 4457343 x 10° (3.89 * 1.24) x 10°
Al 45x 10" 8.51%43 x 10* 8.3113% x 10 (3.68 = 0.92) x 10*
Ca 26753 x 108 6.6119%,x10* 6.007943 x 10* (341 = 1.03) x 10*
Na =3x 10" 5.75%34 x 10 5.75%34 x 10 (5.41 = 3.24) x 10*
Ni 1.5x 10% 4.781%35 x 10* 4.787%33 x 10* (222 = 1.14) x 10
Cr 3.5 x 10*? 1.261313 x 10 1.31431§ x 107 (4.86 = 1.08) X 10°
P =93x 10" 8.91795¢ x 103 7.831875 x 10°

Mn 3x10% 7087931 x 103 9.17%3% x 103 (2.70 = 1.08) x 10°
Zn (2-3) x 10" 1.2019712x10° 1.257313%x10°

The total abundance for each element in the 8 Pic stable gas (column density) was found by summing the column densities of the various ionization stages of the element, which appear in
Supplementary Table 2. N(EI) is the elemental abundance normalized to the number of Si atoms, where N(Si) = 10°. The errors given are the standard deviations of the values (+14), where

available.
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Figure 2 | Bulk composition of 8 Pic stable circumstellar gas. The elemental
abundances for the 8 Pic midplane gas are shown with green crosses, the
Sun'® with black diamonds, a carbonaceous chondrite meteorite'® with red
triangles, and comet Halley dust'' with blue squares. The y axis shows the
logarithmic elemental abundance, normalized to Fe. The vertical lines on
top of the data points show the standard deviations of the abundances
(*10), where available. Upper and lower limits are indicated with arrows.
Details of the measurements used in constructing this plot appear in the
Supplementary Information.

feel strong radiation pressure are quickly ionized before they can be
blown away from the star; therefore, the species that must be braked
are ionized. Coulomb interactions between the ions couple them
together into a single fluid’. If the effective radiation pressure
coefficient of the fluid (B.g) is <0.5, it will be bound to the star
and the gas will be self-braking. Because carbon is abundant and
moderately ionized in the § Pic disk, it is an important constituent of
the ionic fluid. § Pic is faint in the far-ultraviolet, where the strong C1
and C1 absorption lines lie, so carbon feels negligible radiation
pressure in the § Pic disk. Increasing the carbon abundance lowers
Befr. The ionic fluid will be self-braking (B¢ < 0.5) if the carbon
abundance is enhanced by a factor of ten or more over the solar
abundance’. Carbon in the § Pic stable gas is enhanced relative to
oxygen by a factor of 18 over the solar C/O abundance, so additional
unseen gas or highly charged grains are not needed to keep the gas
disk in keplerian rotation.

Why the gas composition is just what is required for keplerian
rotation is unknown. Answering this question will require similar
observations and analyses to be done for many debris disks. However,
FUSE spectra of another debris disk may provide a hint'®. Circum-
stellar gas and dust have been detected around the B9 primary star of
the o Herculis binary system. In this case, the gas is moving away
from the star. It has been suggested that the gas and dust are produced
by collisions among planetesimals located about 20 AU from the star,
where the orbits of small bodies become unstable in the binary
system. A radiatively driven wind is generated as the high radiation
pressure from this ultraviolet-bright star blows away the circum-
stellar gas. This might be the more common fate of debris gas around
a high mass star, and perhaps would have occurred in the 8 Pic disk if
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not for the overabundance of carbon in its circumstellar gas. Of
course, this does not explain how the carbon overabundance
occurred in the first place. A great deal more observational and
theoretical work is required to determine whether the gas compo-
sition reflects the bulk composition of the parent bodies and then
determine how such carbon-rich planetesimals could have formed in
the 8 Pic protoplanetary disk.
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