width decreases with increasing path length. A numerical model"”
for one relativistic plasma maser indicates a bandwidth that
decreases to 20% for a brightness temperature of 10°°K. Thus,
for masers, high brightness tends to be incompatible with broad
bandwidth.

Emission in strong plasma turbulence is associated with the
nonlinear localization of electrostatic wave energy in the plasma
source region, and the subsequent explosive collapse of wave
packets that takes place over a few wave oscillation periods*>**.
Numerical modelling” of individual pulses produced by strong
plasma turbulence at 5 GHz predicts nanosecond radio bursts, and
quasi-periodic structure due to resonant coupling between the
plasma and radiative modes on the timescale of 1-3 ns, in agreement
with our observations. Plasma turbulence is the only pulsar emis-
sion model for which a mechanism has been identified that can
produce such extremely short giant radio pulses. We conclude,
therefore, that giant pulse radio emission from the Crab pulsar
results from the conversion of electrostatic turbulence in the pulsar
magnetosphere by the mechanism of spatial collapse of nonlinear
wavepackets.

The nanopulses we have detected represent an example of highly
efficient coherent radio emission from a relativistic flow that serves
as a prototype for coherent, transient radio emission from perhaps a
larger class of sources, such as active galactic nuclei. Although
extraordinary attention has been given to transients in X-ray*®
and gamma-ray wavelengths, radio transients represent a largely
unexplored observational regime®. Indeed, the techniques we apply
to recover the Crab giant pulses will be useful in the search for
extrasolar radio bursts and pulsars in other galaxies. O
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An extended upper atmosphere
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HD209458h
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The planet in the system HD209458 is the first one for which
repeated transits across the stellar disk have been observed">.
Together with radial velocity measurements’, this has led to a
determination of the planet’s radius and mass, confirming it to be
a gas giant. But despite numerous searches for an atmospheric
signature*, only the dense lower atmosphere of HD209458b
has been observed, through the detection of neutral sodium
absorption’. Here we report the detection of atomic hydrogen
absorption in the stellar Lyman « line during three transits of
HD209458b. An absorption of 15 * 4% (1¢) is observed. Com-
parison with models shows that this absorption should take place
beyond the Roche limit and therefore can be understood in terms
of escaping hydrogen atoms.

Far more abundant than any other species, hydrogen is well-
suited for searching weak atmospheric absorptions during the
transit of an extrasolar giant planet in front of its parent star, in
particular over the strong resonant stellar ultraviolet Lyman o
emission line at 1,215.67 A. Depending upon the characteristics of
the planet’s upper atmosphere, an H1 signature much larger than
that for Nar1 at 0.02% (ref. 7) is foreseeable. Three transits of
HD209458b (named A, B and C hereafter) were sampled in 2001
(on 7-8 September, 14—15 September and 20 October, respectively)
with the Space Telescope Imaging Spectrograph (STIS) onboard
the Hubble Space Telescope (HST); the data set is now public in the
HST archive. To partially overcome contamination from the Earth’s
Lyman a geocoronal emission, we used the G140M grating with the
52" % 0.1” slit (medium spectral resolution: ~20km s~ '). For each
transit, three consecutive HST orbits (named 1, 2 and 3 hereafter)
were scheduled such that the first orbit (1,780s exposure) ended
before the first contact to serve as a reference, and the two following
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ones (2,100s exposures each) were partly or entirely within the
transit.

The observed Lyman o spectrum of HD209458 is typical for a
solar-type star, with a double-peaked emission originating from the
stellar chromosphere (Fig. 1). It also shows a wide central absorp-
tion feature due to neutral hydrogen in the interstellar medium. The
geocoronal emission filled the aperture of the spectrograph, result-
ing in an extended emission line perpendicular to the dispersion
direction. The extent of this emission along the slit allowed us to
remove it at the position of the target star. We evaluated its variation
both along the slit and from one exposure to another, and excluded
the wavelength domain where the corresponding standard devia-
tion per pixel is larger than 20% of the final spectrum. We concluded
that the geocoronal contamination can be removed with high
enough accuracy outside the central region (1,215.5A <A<
1,215.8 A, labelled ‘Geo’ in Figs 2, 4).

From the two-dimensional (2D) images of the far-ultraviolet
(FUV) multi-anode microchannel array (MAMA) detector, the
STIS standard pipeline extracts one-dimensional spectra in which
the dark background has not been removed. The background level
was systematically increasing from one exposure to the next within
each of the three visits, but still remained below 2% of the peak
intensity of the stellar signal. We therefore reprocessed the 2D
images by using two independent approaches. The first one uses
the 2D images provided by the standard pipeline and interpolates
the background (including the Earth’s geocoronal emission) with a
polynomial fitted per column above and below the spectrum region.
The second method starts from the 2D raw images to which is
applied a dark background correction from a super-dark image
(created for the period of the observations) as well as a subtraction
of the geocoronal emission measured along the slit, away from the
stellar spectrum. The differences between the results of both
approaches are negligible, showing that systematic errors generated
through the background corrections are small compared to the
statistical errors. Those errors are dominated by photon counting

noise to which we added quadratically the error evaluated for both
the dark background and geocoronal subtractions.

The Lyman « line profiles observed before and during the transits
are plotted in Fig. 2. The three exposures outside the transits
(exposures Al, Bl and C1) and the three entirely within the
transits (A2, B3 and C3) were co-added to improve the signal-to-
noise ratio. An obvious signature in absorption is detected during
the transits, mainly over the blue side of the line, and possibly at the
top of the red peak.

To characterize this signature better, we have defined two spectral
domains: ‘In’ and ‘Out’ of the absorption. The In domain is a
wavelength interval limited by two variables A; and A, (excluding
the Geo geocoronal region). The Out domain is the remaining
wavelength coverage within the interval 1,214.4-1,216.8 A, for
which the Lyman « line intensity can be accurately measured at
the time of the observation. The corresponding In/Out flux ratio
derived for each exposure is shown in Fig. 3, revealing the absorp-
tion occurring during the transits. To evaluate whether this detec-
tion is sensitive to a particular choice of A; and A,, we averaged the
three ratios before the transits and the three ratios entirely within
the transits. We calculated the averaged pre-transits over mid-
transits ratio as a function of A; and A, and propagated the errors
through boot-strap estimations of the ratio calculated with 10,000
randomly generated spectra according to the evaluated errors over
each individual pixel (Fig. 2c). The averaged ratio is always
significantly boelow 1, with the minimum at A\; = 1,215.15;‘; and
A, =1,216.1A. In the interval defined by these two wavelengths,
the Lyman o line is reduced by 15 = 4% (1o) during the transit.
This is a larger-than-30 detection of an absorption in the hydrogen
line profile during the planetary transits.

HD209458 (GOV) is close to solar type, for which time variations
are known to occur in the chromospheric Lyman « line®. We thus
evaluated the In/Out ratio in the solar Lyman « line profile as
measured over the whole solar disk by the Solar Ultraviolet
Measurements of Emitted Radiation (SUMER) instrument onboard
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Figure 1 The HD209458 Lyman o emission line. This high-resolution spectrum
(histogram) was obtained with the E140M echelle grating and the 0.2" x 0.2" wide slit
with a spectral resolution of 5 km s~ it was not used in the present analysis, but it allows
the different components of the line profile to be seen. The continuum is a double-peaked
emission line originating from the stellar chromosphere: the temperature increase in the
lower chromosphere causes an emission line with a central dip due to the high opacity of
the abundant hydrogen atoms (solid line). The observed spectrum also has a narrow
absorption line (1,215.3 A, barely seen at lower resolution) and a central wide absorption
line (1,215.6 A) due to the interstellar deuterium and hydrogen, respectively (dashed
lines). The grey zone represents the fraction of the spectrum contaminated by the
geocoronal emission, which is double-peaked in that case because the plotted spectrum
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is the average of four exposures obtained at two different epochs. The inset shows a smalll
portion of the 2D image of a G140M first-order spectrum containing the stellar Lyman o
profile and a sample of the geocoronal signal. This spectrum is one of the nine spectra
used for this analysis. The G140M spectra have lower spectral resolution but higher
signal-to-noise ratio. The stellar spectrum is seen as a horizontal line where the two peaks
are resolved from the geocoronal emission (vertical line along the slit). The one-
dimensional spectra are obtained by vertically adding around ten pixels within the A band.
Measurements along the slit direction (~800 pixels available), for example at the position
of the B band, allow us to estimate the geocoronal contamination and the background
subtraction as well as the corresponding uncertainties.
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the Solar and Heliospheric Observatory (SOHO)? during the last
solar cycle from 1996 to 2001, that is, from quiet to active Sun.
During this time, the total solar Lyman « flux varies by about a
factor of two, while its In/Out ratio varies by less than =6%. Within
a few months, a time comparable to our HD209458 observations,
the solar In/Out ratio varies by less than £4%. This is an indication
that the absorption detected is not of stellar origin but is due to a
transient absorption occurring during the planetary transits.

A bright hot spot on the stellar surface hidden during the
planetary transit is also excluded. Such a hot spot would have to
contribute about 15% of the Lyman « flux over 1.5% of the stellar
surface occulted by the planet, in contradiction with Lyman «
inhomogeneities observed on the Sun'®. Furthermore, this spot
would have to be perfectly aligned with the planet throughout the
transit, at the same latitude as the Earth’s direction, and with a
peculiar narrow single-peaked profile confined over the In spectral
region. It seems unlikely that a stellar spot could satisfy all these
conditions.
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Figure 2 The HD209458 Lyman « profile observed with the G140M grating. The
geocoronal emission has been subtracted; the propagated errors are consequently larger
in the central part of the profile, particularly in the Geo domain (see text). A represents
the spectral resolution. a, The thin line shows the average of the three observations
performed before the transits (exposures A1, B1 and C1); the thick line shows the average
of the three observations recorded entirely within the transits (exposures A2, B3 and C3).
Variations are seen in the In domain as absorption over the blue peak of the line and
partially over the red peak (between —130kms ™" and 100kms ). Quoted velocities
are in the stellar reference frame, centred on —13kms ™" in the heliocentric reference
frame. b, =10 error bars. ¢, The ratio of the two spectra in the In domain, the spectra
being normalized such that the ratio is 1 in the Out domain. This ratio is plotted as a
function of A using A, = 1,216.10& (triangles), and as a function of A, using

A =1,2151 54 (circles). The ratio is always significantly below 1, with @ minimum at
A =1,215.15A (—130kms~ ") and A, = 1,216.10A (100kms ™). In the domain
defined by these values, the Lyman o intensity decreases during the transits by

15 = 4%. The detection does not strongly depend on a particular selection of the
domain. While the decrease of the Lyman « intensity is not sensitive to the position of Ao,
it is more sensitive to the position of A4, showing that most of the absorption occurs in the
blue part of the line. Using the whole domain where the absorption is detected, the
exoplanetary atmospheric hydrogen is detected at more than 3o.
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Finally, we confirmed with various tests that there are no
correlations between the geocoronal variations and the detected
signature in absorption. One method is presented in Fig. 4,
showing that a contamination of the In domain by the geocorona
is excluded. We thus conclude that the detected profile variation
can only be related to an absorption produced by the planetary
environment.

The observed 15% intensity drop is larger than expected a priori
for an atmosphere of a planet occulting only 1.5% of the star.
Although the small distance (8.5 stellar radii) between the planet
and the star results in an extended Roche lobe'! with a limit at about
2.7 planetary radii (that is, 3.6 Jupiter radii), the filling up of this
lobe gives a maximum absorption of about 10% during the
planetary transit. Because a more important absorption is detected,
hydrogen atoms must cover a larger area: a drop of 15% corresponds
to an occultation by an object of 4.3 Jupiter radii. This is clearly
beyond the Roche limit as theoretically predicted®. Thus some
hydrogen atoms should escape from the planet. The spectral
absorption width shows independently that the atoms have large
velocities relative to the planet. Thus hydrogen atoms must be
escaping the planetary atmosphere.

We have built a particle simulation in which we assumed that
hydrogen atoms are sensitive to the stellar radiation pressure
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Figure 3 Relative flux of Lyman « as a function of the HD209458'’s system phase.
The averaged ratio of the flux is measured in the In (1,215.15-1,215.50 Aand 1 ,215.80—
1,216.10A) and the Out (1,214.40-1,215.15A and 1,216.10-1,216.80 A) domains in
individual exposures of the three observed transits of HD209458b. The central time of
each exposure is plotted relative to the transit time. The vertical dashed lines indicate the
firstand the second contact at the beginning and the end of the transit; the exposures A1,
B1 and C1 were performed before the transits, and the exposures A2, B3 and C3 were
entirely within the transits. The ratio is normalized to the average value of the three
observations completed before the beginning of the transits. The 1o error bars are
statistical; they are computed through boot-strap estimations (see text). The In/Out ratio
smoothly decreases by around 15% during the transit. The thick line represents the
absorption ratio modelled through a particle simulation which includes hydrogen atoms
escaping from the planet. In this simulation, hydrogen atoms are sensitive to the radiation
pressure above an altitude of 0.5 times the Roche radius, where the density is assumed to
be 2 x 10°cm ™3, these two parameters correspond to an escape flux of ~10"%gs™".
The stellar radiation pressure is taken to be 0.7 times the stellar gravitation. The mean
lifetime of escaping hydrogen atoms is taken to be 4 h. The model yields an atom
population in a curved comet-like tail, explaining why the computed absorption lasts well
after the end of the transit.
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Figure 4 Spectra and ratios with no geocoronal correction. To investigate the possibility
that a bad estimate of the geocoronal correction may cause the detected signal, the
spectra and ratios are plotted without this correction. First, note that the geocoronal
emission is of the order of the stellar flux, and its peak value is never larger than three
times the stellar one. Consequently, the correction is very small outside the Geo domain.
b shows the same evaluation of the In/Out ratios as made in Fig. 3, with no geocoronal and
no background correction. It appears that the impact of the geocoronal correction on these
ratios is negligible. To further show that the ‘wings’ of the geocoronal emission do not
carry the detected transit signal, ¢ shows the Geo/Out ratios, where Geo is the total flux
due to the geocorona. If the flux in the In domain was significantly affected by the
geocorona, the Geo/Out ratios should present a signal similar to the In/Out ratios plotted in
Fig. 3. The Geo/Out ratios are found to be random fluctuations around the average of the
A1, B1 and C1 values. There is no consistent signature of the transit in the geocoronal
variations. As in Fig. 2a, a shows the average of the three spectra obtained before and
during the transits (thin and thick lines, respectively). Quoted velocities are in the stellar
reference frame. Here the spectra are without any geocoronal correction. A simple
constant has been subtracted to compensate for the mean background levels in order to
have matching spectra in the Out domain. This clearly shows that the absorption signature
is present even without the geocoronal correction.
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inside and outside the Roche lobe. Their motion is evaluated by
taking into account both the planetary and stellar gravities. The
Lyman o radiation pressure is known to be 0.7 times the stellar
gravity, the escape flux and the neutral hydrogen lifetime being
free parameters. The lifetime of hydrogen is limited to a few hours
owing to stellar extreme ultraviolet ionization. Escaping hydrogen
atoms expand in an asymmetric comet-like tail and progressively
disappear when moving away from the planet. This simple
scenario is consistent with the observations (Fig. 3). In this
model, atoms in the evaporating coma and tail cover a large
area of the star, and most are blueshifted because of the radiation
pressure repelling them away from the star. The detection of most
of the absorption in the blue part of the line is consistent with
these escaping atoms. On the other hand, more observations are
needed to clarify whether an absorption is also present in the red
part of the line.

To account for the observed absorption depth, the particle
simulation implies a minimum escape flux of around 10'°gs™".
However, owing to saturation effects in the absorption line, a flux
larger by several orders of magnitude would produce a similar
absorption signature. So, to evaluate the actual escape flux, we need
to estimate the vertical distribution of hydrogen atoms up to the
Roche limit, in an atmosphere extended by the stellar tidal forces
and heated by many possible mechanisms. These effects may lead to
amuch larger escape flux. A detailed calculation is beyond the scope
of this Letter. This raises the question of the lifetime of evaporating
extrasolar planets which may be comparable to the star’s lifetime
itself. If so, the so-called ‘hot Jupiters’ could evolve faster than their
parent star, eventually becoming smaller objects, which could look
like ‘hot hydrogen-poor Neptune-mass’ planets. This evaporation
process, more efficient for planets close to their star, might explain
the very few detections'>" of ‘hot Jupiters’ with orbiting periods
shorter than three days. O
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