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Molecular hydrogen (H2) is by far the most abundant material
from which stars, protoplanetary disks and giant planets form,
but it is dif®cult to detect directly. Infrared emission lines from H2
have recently been reported1 towards b Pictoris, a star harbouring
a young planetary system2. This star is surrounded by a dusty
`debris disk' that is continuously replenished either by collisions
between asteroidal objects3 or by evaporation of ices on Chironlike objects4. A gaseous disk has also been inferred from absorption lines in the stellar spectrum5±8. Here we present the farultraviolet spectrum of b Pictoris, in which H2 absorption lines
are not seen. This allows us to set a very low upper limit on the
column density of H2: N(H2) # 1018 cm-2. This non-detection is
puzzling when compared to the quantity of H2 inferred from
the infrared observations, but it does show that H2 is not in
the disk on the direct line of sight. Carbon monoxide (CO) has
been seen in absorption against the star8±10, yielding a ratio of
CO/H2 . 6 ´ 10-4. As CO would be destroyed under ambient
conditions in about 200 years (refs 9, 11), our result demonstrates 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
formationÐthe clearing of the remaining planetesimals. An extensive spectroscopic survey has revealed very rapid spectral variations,
interpreted as hundreds of star-grazing comets passing in front of
the star13,14. The gas component also shows the presence of CO, seen
in ultraviolet (UV) absorption lines8±10.
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 1970s15±17. As
absorption lines of CO were easily detected towards b Pic, it was
expected that H2 would be detected by the Far Ultraviolet Spectroscopic Explorer (FUSE)18 satellite. Moreover, a large quantity of H2
has recently been inferred to exist in the b Pic system, on the basis of
detection by the ISO satellite of its infrared emission lines1. If this H2
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 b 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 H2
transitions (Fig. 1): in the 1,108-AÊ region where we could expect to
see the H2 (0±0) band in absorption, the signal-to-noise ratio is less
than 1 per 0.1 AÊ. However, the clear presence of the stellar O VI
emission doublet at 1,031.9 and 1,037.6 AÊ, and the faint emission
from C II at 1,036.3 AÊ, provide the opportunity to strongly constrain
the H2 content along the line of sight. With rest wavelengths of
1,036.55 AÊ (J = 0), 1,037.15 AÊ and 1,038.16 AÊ (J = 1), and
1,038.69 AÊ (J = 2), the H2 (5±0) lines are exactly superimposed on
the weaker line of the O VI doublet. The H2 lines at J = 3 (1,031.20 AÊ)
and J = 4 (1,032.35 AÊ) are superimposed on the stronger line of the
doublet.
The O VI 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, furthermore, 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 VI lines thus originate from b Pic19, and allow us to probe the
line of sight towards the star through the edge-on circumstellar
disk.
If H2 were present in substantial quantity in the line of sight, the
O VI line at 1,038 AÊ would be absorbed, and hence would appear
abnormally weakÐless than half the intensity of the other O VI line
at 1,032 AÊ (Fig. 2). For instance, in the spectrum of the Herbig Ae
star AB Aurigae, the O VI line at 1,038 AÊ is almost totally absorbed
and a corresponding H2 column density of 7 ´ 1019 cm-2 has been
derived20. In b Pic, emission is seen in both lines of the O VI doublet
with an integrated ¯ux ratio close to the expected value of 2. This
implies that H2 is not present in a quantity suf®cient to signi®cantly
absorb the O VI emission around 1,038 AÊ. We have detected more
than 6,000 photons in the O VI line, compared to 3,000 photons due
to the background noise; H2 column density above a few times
1020 cm-2 is thus excluded at the ,45j level.
A better upper limit on the amount of H2 can be estimated by
assuming the intrinsic width of the H2 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 b Pic from 905 to 1,188 AÊ, as obtained by the
FUSE satellite. The target was acquired in the LWRS (low resolution) slit of 300 ´ 300 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 I airglow lines of the Lyman series are
detected from Lyb (1,025.7 AÊ) to Lyh (926.2 AÊ). We also detect the stellar continuum
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down to ,1,100 AÊ. This continuum is well reproduced by a Kurucz model with an
effective temperature of 8,200 K, a turbulent velocity of 2 km s-1, and surface gravity log g
= 4.25. C I photospheric lines predicted by the stellar model are seen near 1,140 AÊ. From
the position of a few stellar photospheric lines, the uncertainty in the wavelength
calibration is less than 40 km s-1. C II, C III and O VI are also detected in emission.
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limit on the column density of H2, which corresponds to the limit at
which the `wings' of saturated absorption lines in the lorentzian part
of the pro®le would start to become detectable.
We may have marginally detected an absorption line of H2 at J = 0.
We infer a corresponding column density NJ=0 of 8 ´ 1017 cm-2,
assuming that the emission line is smooth in this wavelength region.
However, because the line is located between the C II and O VI
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 H2 at J = 0. A column density NJ=0 = 3 ´ 1018 cm-2 increases the x2
of the ®t to the data by 4 in comparison to the ®t of the emission
lines without H2. We conclude that the column density of H2 at J = 0
is below 3 ´ 1018 cm-2 at the 95% con®dence level.
The column densities of H2 at J = 1 to J = 4 are better constrained,
because they are well superimposed on the O VI lines. We ®nd
the following upper limits at the 95% con®dence level: NJ=1 # 5
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Figure 2 Plot of the observed O VI emission doublet and H2 absorption lines. a, For the
Herbig star AB Aur20, the O VI line at 1,032 AÊ is well ®tted by a gaussian (dashed line). The
O VI emission line at 1,038 AÊ is almost completely absorbed by a H2 column density of
N(H2) = 7 ´ 1019 cm-2. The normalized H2 model is shown with a dotted line. Only a small
window between the two J = 1 lines of H2 allows a fraction of the emission to be seen
(solid line). b, For b Pic, the wide O VI and C II emission lines are ®tted with a polynomial
(dashed line). The ¯ux ratio of the two O VI lines is close to the theoretical value of 2,
providing a direct indication of the low column density of H2. The thick solid line shows the
expected spectrum for a H2 column density of N(H2) = 1018 cm-2 in each J-level. Except
for J = 0, such a high column density is excluded at more than the 99% con®dence level.
The thin solid line shows the modelled spectrum if H2 were present with a total column
density of 5 ´ 1019 cm-2 and a temperature of 109 K, as given by the ISO observations of
the 17- and 28-mm emission lines1. At this temperature, 34% of the H2 molecules are at
J = 0, whereas 64% are at J = 1. The total column density of 5 ´ 1019 cm-2 is actually
only one-tenth of the lowest possible H2 column density indicated by the ISO observations,
if the H2 were co-spatial with the dust. Such a model is rejected at more than ,20j. If the
H2 detected by ISO were uniformly distributed in the disk, the O VI emission line at 1,038 AÊ
would be completely absorbed and rendered undetectable in the present observation.
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´ 1017 cm-2, NJ=2 # 8 ´ 1017 cm-2, N J=3 # 4 ´ 1017 cm-2 and N J=4 # 1
´ 1017 cm-2. The upper limit for NJ=0 is slightly less well constrained.
However, the probability that NJ=0 is larger than NJ=1 is low; this
would require a temperature lower than 20 K at thermodynamic
equilibrium. With the assumption that NJ=0 # NJ=1, we obtain an
upper limit for the total H2 column density toward b Pic: N(H2) #
1018 cm-2 at the 95% con®dence level (Fig. 2).
This upper limit on the H2 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 6 ´ 1014 cm-2
(ref. 8). Without any geometrical assumptions, we ®nd
N(CO)/N(H2) . 6 ´ 10-4. 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 b Pic CO
abundanceÐwhich assumes chemical equilibrium within a dense
molecular circumstellar diskÐpredicts a H2 column density of the
order of 1022 cm-2 (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 H2, 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 System23. The evaporation naturally explains
the large CO/H2 ratio: CO is trapped in the ices sublimed from the
evaporating bodies, whereas H2 cannot be trapped in this way.
The present H2 upper limit is well below the recently reported H2
detection from ISO observations using the SWS spectrometer1.
From the two emission lines of H2 at 17 and 28 mm, a total H2
mass of 0.17 Jupiter masses was inferred within the ISO beam
(280 AU ´ 540 AU and 400 AU ´ 540 AU for the two lines, respectively).
If this H2 were distributed like the dust in the edge-on disk, a
column density of 5 ´ 1020 to 5 ´ 1022 cm-2 should have been
detected in absorption, depending on the geometry and inclination
of the system. In other words, the present upper limit on the H2
column density constrains the total mass in the disk to be below
,3 ´ 10-4 Jupiter masses. This discrepancy of three orders of magnitude needs to be explained.
ISO has detected H2 only in the high rotational levels J = 2 and
J = 3, which contain less than 2% of the total mass, at a temperature
of 109 K determined by the ratio of the two emission lines. FUSE
gives access to the J = 0 and J = 1 levels as well, where most of the H2
is found, at the typical temperatures of the interstellar medium or
circumstellar disks. The present upper limit for H2 (J = 2) implies
that the mass of H2 (J = 2) in the disk is more than ten times smaller
than the mass of H2 (J = 2) seen in the infrared.
We therefore conclude that the H2 detected by ISO cannot be
uniformly distributed within the disk of b 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 H2 column density of the order of 2 ´ 1021 cm-2. 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/H2
ratio24. Finally, we note that, because the O VI emission lines are
more than 2 AÊ wide, only H2 gas Doppler-shifted by more than
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600 km s-1 could escape detection; this is unlikely, as 600 km s-1 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 H2 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 H2 is not distributed
widely throughout the disk. If the ISO detection is con®rmed by
further observations, we suggest that the H2 could be con®ned 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 H2
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 signi®cant amount of protoplanetary 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 H2 have been reported1 for
other similar, albeit younger, circumstellar disks. Again the nature
and the geometrical distribution of this H2 remain to be determined. The present result shows that, in the circumstellar disks, dust
is not a good indicator of the H2 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 H2 emission. On the
contrary, CO could be over-abundant compared to the standard
CO/H2 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.
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The Moon is generally believed to have formed from debris ejected
by a large off-centre collision with the early Earth1,2. The impact
orientation and size are constrained by the angular momentum
contained in both the Earth's spin and the Moon's orbit, a quantity
that has been nearly conserved over the past 4.5 billion years.
Simulations of potential moon-forming impacts now achieve
resolutions suf®cient to study the production of bound debris.
However, identifying impacts capable of yielding the Earth±Moon
system has proved dif®cult3±6. Previous works4,5 found that forming the Moon with an appropriate impact angular momentum
required the impact to occur when the Earth was only about half
formed, a more restrictive and problematic model than that
originally envisaged. Here we report a class of impacts that yield
an iron-poor Moon, as well as the current masses and angular
momentum of the Earth±Moon system. This class of impacts
involves a smallerÐand thus more likelyÐobject than previously
considered viable, and suggests that the Moon formed near the
very end of Earth's accumulation.
The strength of the impact hypothesis over alternative models
rests on its ability to account for (1) the initial ,5-hour terrestrial
day implied by the Earth±Moon system angular momentum
(LE±M  3:5 3 1041 g cm2 s21 ); and (2) the ejection of suf®cient
iron-depleted material into orbit to yield the Moon, which has an
unusually small metallic core comprising &3% of its mass7. Many
works3±5,8±12 have modelled potential moon-forming impacts, most
using a method known as smooth particle hydrodynamics, or
SPH13. In SPH, objects are evolved in time by estimating their
state and dynamical variables at discrete points that are smoothed
over spherical overlapping kernel functions. This lagrangian technique requires no underlying grid, and is well suited to intensely
deforming systems evolving within mostly empty space.
Recent SPH simulations4,5 identify two classes of impacts capable
of placing suf®cient mass into orbit to yield the Moon, but neither is
entirely satisfactory. The ®rst involves impacts with angular
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