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Molecular hydrogen (H,) is by far the most abundant material
from which stars, protoplanetary disks and giant planets form,
but it is difficult to detect directly. Infrared emission lines from H,
have recently been reported' towards B Pictoris, a star harbouring
a young planetary system’. This star is surrounded by a dusty
‘debris disk’ that is continuously replenished either by collisions
between asteroidal objects® or by evaporation of ices on Chiron-
like objects*. A gaseous disk has also been inferred from absorp-
tion lines in the stellar spectrum®?®. Here we present the far-
ultraviolet spectrum of 3 Pictoris, in which H, absorption lines
are not seen. This allows us to set a very low upper limit on the
column density of Hy: N(H,) = 10'® cm™2. This non-detection is
puzzling when compared to the quantity of H, inferred from
the infrared observations, but it does show that H, is not in
the disk on the direct line of sight. Carbon monoxide (CO) has
been seen in absorption against the star®’, yielding a ratio of
CO/H,>6x10"*, As CO would be destroyed under ambient
conditions in about 200 years (refs 9, 11), our result demon-
strates that the CO in the disk arises from evaporation of
planetesimals.

The age of B Pic (about 20 Myr; ref. 12) indicates that the
planetary system around this star is likely to be in the late stage of
formation—the clearing of the remaining planetesimals. An exten-
sive spectroscopic survey has revealed very rapid spectral variations,
interpreted as hundreds of star-grazing comets passing in front of
the star'>'"*. The gas component also shows the presence of CO, seen
in ultraviolet (UV) absorption lines®°.

Observation of far-UV electronic transitions is the most powerful
tool for detection of cold molecular hydrogen. Although very
abundant, this symmetric molecule does not radiate at radio
wavelengths, and thus remained undetected until its absorption
signatures from Werner and Lyman series were detected by space

missions, such as the Copernicus satellite in the early 1970s"~". As
absorption lines of CO were easily detected towards B Pic, it was
expected that H, would be detected by the Far Ultraviolet Spectro-
scopic Explorer (FUSE)" satellite. Moreover, a large quantity of H,
has recently been inferred to exist in the 3 Pic system, on the basis of
detection by the ISO satellite of its infrared emission lines'. If this H,
is co-spatial with the dust, it should be readily detectable by far-UV
spectroscopy of the star seen through its edge-on disk.

FUSE observations of  Pic were made on 18 March 2000 with a
test exposure of 5,800 s, and on 1 and 3 March 2001 for a total time
of about 28,800 s. This star is very faint in the far-UV, and hence its
continuum is almost undetectable at the wavelengths of the H,
transitions (Fig. 1): in the 1,108-A region where we could expect to
see the H, (0—0) band in absorption, the signal-to-noise ratio is less
than 1 per 0.1 A. However, the clear presence of the stellar O v
emission doublet at 1,031.9 and 1,037.6 A, and the faint emission
from Cuat 1,036.3 A, provide the opportunity to strongly constrain
the H, content along the line of sight. With rest wavelengths of
1,036.55A (J 0), 1,037.15A and 1,038.16 A (J 1), and
1,038.69 A (J = 2), the H, (5-0) lines are exactly superimposed on
the weaker line of the O vi doublet. The H, lines at J =3 (1,031.20 A)
and J = 4 (1,032.35 A) are superimposed on the stronger line of the
doublet.

The Ov1 emission lines that we detect cannot originate in the
interstellar medium, nor can they be scattered solar light. Indeed,
the interstellar diffuse emission is 100 times fainter and, further-
more, simultaneous spectra acquired with the MDRS (medium
resolution) aperture of FUSE, pointed about 200 arcsec away from
B Pic, do not show any emission other than airglow lines. These
O lines thus originate from B Pic", and allow us to probe the
line of sight towards the star through the edge-on circumstellar
disk.

If H, were present in substantial quantity in the line of sight, the
Ow1 line at 1,038 A would be absorbed, and hence would appear
abnormally weak—Iless than half the intensity of the other O v1 line
at 1,032 A (Fig. 2). For instance, in the spectrum of the Herbig Ae
star AB Aurigae, the O vi line at 1,038 A is almost totally absorbed
and a corresponding H, column density of 7 x 10" cm™ has been
derived®. In 8 Pic, emission is seen in both lines of the O vi doublet
with an integrated flux ratio close to the expected value of 2. This
implies that H; is not present in a quantity sufficient to significantly
absorb the O v emission around 1,038 A. We have detected more
than 6,000 photons in the O vi line, compared to 3,000 photons due
to the background noise; H, column density above a few times
10°° cm™ is thus excluded at the ~450 level.

A better upper limit on the amount of H, can be estimated by
assuming the intrinsic width of the H, lines to be very small. The
absence of wide absorption lines thus gives a conservative upper
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Figure 1 Far ultraviolet spectrum of 8 Pic from 905 to 1,188 A, as obtained by the
FUSE satellite. The target was acquired in the LWRS (low resolution) slit of 30" x 30" after
a blind offset from a reference star. The data have been processed with the ‘calfuse’
pipeline software, version 1.8.7. The atmospheric H 1 airglow lines of the Lyman series are
detected from Ly (1,025.7 &) to Lym (926.2 A). We also detect the stellar continuum

down to ~1,100 A. This continuum is well reproduced by a Kurucz model with an
effective temperature of 8,200 K, a turbulent velocity of 2 km s™", and surface gravity log g
=4.25. C 1 photospheric lines predicted by the stellar model are seen near 1,140 A. From
the position of a few stellar photospheric lines, the uncertainty in the wavelength
calibration is less than 40kms™. Cu, C wand O v are also detected in emission.
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limit on the column density of H,, which corresponds to the limit at
which the ‘wings’ of saturated absorption lines in the lorentzian part
of the profile would start to become detectable.

We may have marginally detected an absorption line of Hyat J=0.
We infer a corresponding column density Ny, of §x 10" cm™,
assuming that the emission line is smooth in this wavelength region.
However, because the line is located between the Cu and Ovi
emission lines, this ‘detection’ could be an artefact arising from the
lack of emission precisely at this wavelength. In any case, the absence
of a wide absorption line allows us to constrain the column density
of H, at ] = 0. A column density N;_o = 3 X 10'® cm™ increases the x*
of the fit to the data by 4 in comparison to the fit of the emission
lines without H,. We conclude that the column density of H, at J=0
is below 3x 10" cm™ at the 95% confidence level.

The column densities of H, at = 1 to ] = 4 are better constrained,
because they are well superimposed on the Ovr lines. We find
the following upper limits at the 95% confidence level: N;_; =5
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Figure 2 Plot of the observed O vi emission doublet and H, absorption lines. a, For the
Herbig star AB Aur?®, the O v line at 1,032 Ais well fitted by a gaussian (dashed line). The
0 vi emission line at 1,038/3 is almost completely absorbed by a H, column density of
MH,) = 7% 10" cm™2. The normalized H, model is shown with a dotted line. Only a small
window between the two J = 1 lines of H, allows a fraction of the emission to be seen
(solid line). b, For B Pic, the wide O viand C i emission lines are fitted with a polynomial
(dashed line). The flux ratio of the two O wi lines is close to the theoretical value of 2,
providing a direct indication of the low column density of H,. The thick solid line shows the
expected spectrum for a H, column density of MH,) = 10" cm™ in each J-level. Except
for J= 0, such a high column density is excluded at more than the 99% confidence level.
The thin solid line shows the modelled spectrum if H, were present with a total column
density of 5x 10" cm™ and a temperature of 109K, as given by the ISO observations of
the 17- and 28-wm emission lines'. At this temperature, 34% of the H, molecules are at
J =0, whereas 64% are at J= 1. The total column density of 5x 10" cm2 is actually
only one-tenth of the lowest possible H, column density indicated by the ISO observations,
if the H, were co-spatial with the dust. Such a model is rejected at more than ~20. If the
H, detected by ISO were uniformly distributed in the disk, the O vi emission line at 1 ,038 A
would be completely absorbed and rendered undetectable in the present observation.

%107 ecm™, Ny, = 8% 107 em™, N.3; =4x 107 em™ and Njoy < 1
x 10" cm ™. The upper limit for Ny is slightly less well constrained.
However, the probability that Nj is larger than Np_; is low; this
would require a temperature lower than 20K at thermodynamic
equilibrium. With the assumption that N)_y = N_;, we obtain an
upper limit for the total H, column density toward  Pic: N(H,) =
10'8 cm™ at the 95% confidence level (Fig. 2).

This upper limit on the H, column density obtained from the
FUSE spectrum is very low, which has several consequences. First,
the CO detected in UV spectra of B Pic (obtained by the Hubble
Space Telescope) has a column density N(CO) of 6x 10" cm™
(ref. 8). Without any geometrical assumptions, we find
N(CO)/N(H,) > 6x 10~ This ratio towards B Pic is two orders
of magnitude higher than the value for interstellar translucent
clouds having a similarly low column density of CO (ref. 21).
This proves that the CO is not interstellar, but is instead located in
the disk. However, the published modelling of the 3 Pic CO
abundance—which assumes chemical equilibrium within a dense
molecular circumstellar disk—predicts a H, column density of the
order of 10%cm™ (ref. 22), in disagreement with the present
observation. Such a high column density is required to shield CO
from dissociation by interstellar UV photons, and thus to allow the
formation of CO. The present result shows that the gaseous disk has
a low density, and that CO cannot form by the same chemical
reaction that produces interstellar CO. On the contrary, at the
estimated low column density of H,, photodissociation dominates,
destroying CO on a timescale of about 200 years (refs 9, 11). This
implies that CO must be re-supplied to the circumstellar disk by
release from a pre-existing reservoir. Two processes have been
proposed: either evaporation of star-grazing comets, or a slow
evaporation of planetesimals on moderately eccentric orbits at
several tens of astronomical units (aU) from the star, as observed
for Chiron in the Solar System®. The evaporation naturally explains
the large CO/H, ratio: CO is trapped in the ices sublimed from the
evaporating bodies, whereas H, cannot be trapped in this way.

The present H, upper limit is well below the recently reported H,
detection from ISO observations using the SWS spectrometer’.
From the two emission lines of H, at 17 and 28 pum, a total H,
mass of 0.17 Jupiter masses was inferred within the ISO beam
(280 AU X 540 AU and 400 AU X 540 au for the two lines, respectively).
If this H, were distributed like the dust in the edge-on disk, a
column density of 5x10% to 5x10*cm™ should have been
detected in absorption, depending on the geometry and inclination
of the system. In other words, the present upper limit on the H,
column density constrains the total mass in the disk to be below
~3x 107 Jupiter masses. This discrepancy of three orders of mag-
nitude needs to be explained.

ISO has detected H, only in the high rotational levels ] = 2 and
] =3, which contain less than 2% of the total mass, at a temperature
of 109K determined by the ratio of the two emission lines. FUSE
gives access to the J = 0 and ] = 1 levels as well, where most of the H,
is found, at the typical temperatures of the interstellar medium or
circumstellar disks. The present upper limit for H, (J = 2) implies
that the mass of H, (J = 2) in the disk is more than ten times smaller
than the mass of H, (J = 2) seen in the infrared.

We therefore conclude that the H, detected by ISO cannot be
uniformly distributed within the disk of  Pic (the opening angle of
the dust disk is larger than its inclination). Nor can it be distributed
in a single large cloud in front of B Pic: 0.17 Jupiter masses
distributed homogeneously across the full ISO beam would yield
a H, column density of the order of 2 x 10*' cm™. Any such cloud in
the foreground of B Pic would have been readily detected. The
possibility that ISO detected an interstellar molecular cloud beyond
B Pic is also excluded, because the non-detection of CO radio
emission in a similar beam would imply a very abnormal CO/H,
ratio™. Finally, we note that, because the Ovi emission lines are
more than 2 A wide, only H, gas Doppler-shifted by more than



600kms™ could escape detection; this is unlikely, as 600kms™ is

greater than the escape velocity. Consequently, neither J-level
population (J = 2 is not detected) nor Doppler shift can explain
the discrepancy. If the H, seen in the infrared were located in the
disk, it would have been detected in our FUSE observation.

A solution to this problem is to consider that H, is not distributed
widely throughout the disk. If the ISO detection is confirmed by
further observations, we suggest that the H, could be confined into
individual clouds, none of which intersected the small volume of the
B Pic line of sight at the time of our FUSE observations. Such H,
clouds would easily escape detection in absorption, but would be
seen in emission. The nature of these clouds remains unclear;
however, we speculate that they might be remnants of gaseous
planet embryos which captured a significant amount of proto-
planetary material before its recent dissipation. The stability,
number and density of these putative clouds need to be analysed.
Given that 0.17 Jupiter masses is a huge amount of gas, these clouds
should have large physical sizes and/or be relatively numerous. The
discrepancy between the ISO detection and the present negative
FUSE result remains a challenging issue.

Using ISO, even larger amounts of H, have been reported' for
other similar, albeit younger, circumstellar disks. Again the nature
and the geometrical distribution of this H, remain to be deter-
mined. The present result shows that, in the circumstellar disks, dust
is not a good indicator of the H, distribution; it also shows that CO
may not generally be as depleted in the disks as may be concluded
simply from the observed ratio of CO and H, emission. On the
contrary, CO could be over-abundant compared to the standard
CO/H, ratio; this provides a clue to the evaporation activity related
to large-scale motions of the remnant planetesimals being cleared
from the young planetary disk. O
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