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Observation of water vapor in the stratosphere of

Jupiter with the Odin Space Telescope.

Introduction

The Infrared Space Observatory has detected water vapor in the stratospheres of the giant planets (Feuchtgruber et al. 1997;[START_REF] Feuchtgruber | The Universe as Seen by ISO[END_REF][START_REF] Lellouch | The Universe as Seen by ISO[END_REF]. The large amount of water measured above the condensation level of vapor (cold trap at the tropopause) implies the presence of an external source of oxygenated compounds (Moses et al. 2000b; Lellouch et al. 2002). These compounds could be brought by interplanetary dust particles (IDP), sputtering from the rings and/or satellites and large cometary impacts. Observations of Jupiter carried out by ISO tend to prove that most of the stratospheric water is due to the Shoemaker-Levy 9 (SL9) comet impacts in July 1994 (Lellouch et al. 2002), whereas [START_REF] Bergin | [END_REF] obtained satisfactory fits to the Submillimeter Wavelength Astronomy Satellite (SWAS) data by considering IDP infall, with a constant flux of 2.0×10 6 cm -2 .s -1 .

The submillimeter satellite Odin was launched in 2001 and obtained a high resolution spectrum of Jupiter's water vapor line (1 10 -1 01 ) at 557 GHz on November 8, 2002. This spectrum is presented in this work as well as a reanalysis of SWAS observations. Spectral analysis combined with the use of our photochemical model (Ollivier et al. 2000, adapted to Jupiter) provides new clues which help understanding the origin of water vapor in the stratosphere * Tel: +33-5-5777-6123; fax: +33-5-5777-6110

Email address: Thibault.Cavalie@obs.u-bordeaux1.fr (T. Cavalié).

A description of the observations is given in Sect. 2. Our photochemical and radiative transfer models are described in Sect. 3. Our results are presented in Sect. 4 and the different sources of H 2 O are discussed in Sect. 5.

Observations

The space telescopes SWAS and Odin observed the water vapor 557 GHz line on Jupiter in 1999, 2001 (SWAS) and 2002 (Odin). The resulting brightness temperature spectra have a signal-to-noise ratios of ∼17, 10 and 16 respectively for the 1999, 2001 and 2002 observations. The spectral resolution is about 1 km.s -1 for the SWAS spectra and 0.6 km.s -1 for the Odin spectrum.

The SWAS spectra are corrected for the Double Side Band (DSB) response of the instrument. Nevertheless, the SWAS spectra show broad features at 100 km.s -1 and more, which cannot be reproduced in models. These wings, probably due to instrumental effects as mentionned in [START_REF] Bergin | [END_REF] and Lellouch et al. (2002), cause an uncertainty on the continuum level of the emission. More details on the SWAS 1999 and 2001 observations can be found in [START_REF] Bergin | [END_REF] and Lellouch et al. (2002).

The Odin observations were carried out with the Acousto-Optical Spectrometer (AOS) in a classical position switching mode (Olberg et al. 2003). The receivers are operated in a Single Side Band (SSB) mode. The spectral band is 1 GHz. As Jupiter has a strong continuum emission at this frequency, stationary waves are generated within the instrument, causing ripples on the spectrum (Fig. 1). The subtraction of the ripples is the source of an uncertainty of 10% The signal-to-noise ratio is 16.

on the line contrast and some uncertainty on the line wing shape.

As the beam size (3.3'×4.5' for SWAS and 2.1' for Odin) is larger than the planet size (∼35-40"), all the observed features correspond to the emission of the whole planet. The line width is dominated by the smearing effect because of limb equatorial velocity ∼12.6 km.s -1 of the planet [START_REF] Bergin | [END_REF]. As no absolute calibration has been done for the Odin observations, all results are discussed in terms of line-to-continuum ratios and the Odin/SWAS observed continuum have been rescaled to the brightness temperature scale of our model (T B =128.6 K).

Modeling

We describe, in this section, details of our data analysis procedure that can be summarized in the following way:

• A water vertical profile is simulated from a time-dependent 1D photochem-ical model. The main parameters that affect this profile are the altitude and the magnitude of water deposition (in the case of a sporadic cometary origin), the magnitude of the water influx (in case of a steady interplanetary dust particle flux) and the eddy diffusion coefficient in the stratosphere.

• A radiative-transfer model computes a synthetic spectrum for each water vapor profile.

• Comparison of observational data and synthetic spectra enables to constrain parameters of the photochemical model.

Photochemical modeling

We used a time-dependent photochemical model, derived from the model developed for Saturn by Ollivier et al. (2000) and which has been adapted to the case of the atmosphere of Jupiter. For each altitude and each chemical compound i, the code solves the continuity equation

dn i dt = P i -n i L i -div (φ i ) ( 1 
)
where n is the concentration, P the chemical production, L the chemical loss and φ the vertical flux. This is a one-dimensional model since only the vertical transport is considered. ). The sporadic input of water due to the impacts was modeled via two parameters: the deposition pressure p 0 and the initial mixing ratio q 0 above the p 0 level (see Lellouch et al. 2002 for more details). For each computation, the value of q 0 was set to a constant value as a function of altitude (above the p 0 level).

Thus, we have two possibilities for the SL9 models. The first one consists of fixing the value of p 0 and adjusting the value of q 0 with the data. In the second case, we fix q 0 and adjust p 0 . Some constraints exist on both p 0 and q 0 . The most reliable constraint is probably the fact that the deposition level that was 

Radiative transfer modeling

We modeled the observed submillimeter radiation with a line-by-line nonscattering radiative transfer model. We computed synthetic spectra of the H 2 O 557 GHz line. The program represents the approximate spherical geometry of the planet so that planetary disk and limb contributions are taken into account. We assumed an uniform distribution of all other opacity sources and we adopted a mean thermal profile (see Fig. 3) of the atmosphere of Jupiter (Fouchet et al. 2000a) since our beam size is larger than the observed planetary disk. Continuum opacity is dominated by H 2 -He-CH 4 collision-induced absorption (Borysow et al. 1985(Borysow et al. , 1986(Borysow et al. and 1988)). Following Moreno (1998), the opacity due to the far wings of ammonia and phosphine lines was also included. We used the Fouchet et al. (2000b) ammonia and phosphine mixing ratio vertical profiles (see Fig. 4). Spectroscopic parameters for NH The rapid rotation of Jupiter (9.9 h) induces the smearing of the disk-averaged line on the spectrum, because of the Doppler shifts due to the gas rotation velocity (12.6 km.s -1 at the eastern and western limbs). The way this effect is taken into account is described in [START_REF] Bergin | [END_REF].

We briefly come back to the use of disk-averaged vertical profiles of mixing ratio. The fact that the SL9 impacts were all located in the southern hemi- latitude of 44 • S. Longitudinal mixing proved to be efficient in the submillibar region. Indeed, HCN was observed at such pressure levels a few months after the comet impacts and the maps showed that it had already spread over several degrees in longitude (Bézard et al. 1997). So, the deposits quickly formed a longitudinal belt after the impacts. Thus we have to take into account the background amount of water present in the stratosphere of Jupiter, which is

due to the low IDP flux (Φ IDP H 2 O =4×10 4 cm -2 .s -1
), and the SL9 input located at 44 • S, which is modeled via the parameters p 0 and q 0 . By averaging those two kinds of vertical profiles over the surface of the planet, we obtain the kind of profile shown in Fig. 2 (see "hybrid model" in Lellouch et al. 2002),

where p 0 is determined by the SL9 input and where q 0 is multiplied by the ratio between the surface of the SL9 longitudinal belt and the total surface of the planet. Using this approach, the values of q 0 we derive from the observations are disk-averaged values. A disk-averaged water vertical profile is adapted since the beam size is greater than the planet size.

Results

The best-fit models have been determined with a χ 2 minimization process.

All profiles and column density values are disk-averaged. One must note that an uncertainty of 5 K on the thermal profile would add an uncertainty of 0.4 × 10 15 cm -2 on the water vapor column density, 0.3 × 10 -7 on q 0 (in the case of a SL9 origin) and 0.6×10 6 cm -2 .s -1 (in the case of an IDP origin).

SWAS data

The of our model (T B =128.6 K), then the fits of IDP models are far better (Fig. 7). The flux we derive is Φ IDP H 2 O =(3.7±0.5)×10 6 cm -2 .s -1 and the corresponding column density is (2.8±0.4)×10 15 cm -2 . The synthetic spectrum is within The SL9 model where q 0 is fixed to 6×10 -8 also gives a good fit for p 0 =(0.45± 0.09) mbar (see Fig. 8). Here, the error bar on the p 0 value is not due to the 1-σ level of the spectrum. Indeed, the synthetic spectra with either p 0 =0.37 mbar or p 0 =0.54 mbar are outside the 1-σ level of the spectrum. This error bar is due to the fact that the integration step of the photochemical model is 5 km. This results in 0.09 mbar steps in the 0.2-0.6 mbar region. Taking p 0 =0.45 mbar and q 0 =6×10 -8 , the column density of water is (2.6±0.6)×10 15 cm -2 at the time of the impacts.

Odin data

After removing the ripple pattern, the line shows some asymmetry in the line wings. This, as well as the noise level, is a limitation in the determination of the best-fit model. Testing the IDP fluxes leads us to retrieve of a lower flux than the flux retrieved from the SWAS data. Indeed, the χ 2 minimum is obtained for a flux value of Φ IDP H 2 O =(3.4±0.5)×10 6 cm -2 .s -1 (see Fig. 9). This result is compatible with the SWAS initial results (before shifting downward the Rayleigh-Jeans temperature continuum). If we try to fit the line with an averaged best-fit model to the SWAS/Odin data (Φ IDP H 2 O =3.6×10 6 cm -2 .s -1 ), then the line center is better reproduced (see Fig. 9). Nevertheless, such a modeling results in broader wings, but they still are within the 1-σ error bars.

As for the SL9 model, restraining the bulk of water above an initial pressure level of 0.2 mbar, results in narrower lines than the IDP model. The line center as well as the wings are well reproduced with the synthetic spectra.

When fixing p 0 to 0.2 mbar, the optimum water mixing ratio above this level is q 0 =2.0×10 -7 . The uncertainty is 0.5×10 -7 . When fixing q 0 to 6.0×10 -8 (Lellouch et al. 2002), p 0 is found to be (0.54±0.09) mbar (see Fig. 10). The latter model implies a column density of (3.2±0.6)×10 15 cm -2 at the time of the comet impacts.

Discussion

The best-fit model parameters for each observation, as derived from χ 2 minimization, are summarized in Table 2. From this set of parameters, we derived averaged values. For each model (IDP, SL9 with q 0 fixed and SL9 with p 0 fixed), the value obtained is affected a weight related to the signal-to-noise ratio of the observation. Doing this way, we obtained the averaged values used in Fig. 11.

First of all, when considering the SL9 source hypothesis and fixing the value of q 0 at 6×10 -8 , we derive a deposition pressure level p 0 in the range of 0.45-0.54 mbar. The column density we derived is consistent with the value of Lellouch et al. (2002). However, even if our model does not provide a more precise value of p 0 , the range of the values we derive is outside the ranges derived by Lellouch et al. (1997) and Moreno (1998) from CO observations at millimeter wavelengths at the time of the impacts, which are 0.04-0.2 mbar and 0.2±0.1 mbar (respectively). Therefore, we regard this possibility as unlikely with regard to both SWAS and Odin data.

So, the models we have to compare are the IDP model and the SL9 model with p 0 =0.2 mbar. We derived an external flux of water, originating from an IDP source, of Φ IDP H 2 O =(3.6±0.5)×10 6 cm -2 .s -1 . This value is greater than the one derived by [START_REF] Bergin | [END_REF] by a factor of less than 2. From their physical model, which only included vertical transport (no chemical or photochemical processes), the authors derived a deposition flux of 2.0×10 6 cm -2 .s -1 . To obtain a narrower line from their model and thus to obtain their best-fit model, they increased the mixing ratio over pressure slope (-d(log q)/d(log p)) of their physical profile from 0.8 to 1.3. Nevertheless, as noted by the authors, changing the slope could not simulate precisely the effects of photolysis, chemical reactions and the non-linearity of the interactions between these processes as well as vertical transport and condensation. Taking photolysis and chemical losses into account, they would probably have obtained a higher value for the flux consistent with our result.

With a SL9 model, we obtain q 0 =(1.9±0.5)×10 -7 when fixing p 0 =0.2 mbar. 

Model Φ IDP H 2 O [cm -2 .s -1 ] p 0 [mbar] q 0 IDP (3.7±0.5)×10 6 - - SL9 (q 0 fixed) 4.0×10 4 (0.45±0.09) 6×10 -8 SL9 (p 0 fixed) 4.0×10 4 0.2 (1.8±0.5)×10 -7
Odin 2002

Model Φ IDP H 2 O [cm -2 .s -1 ] p 0 [mbar] q 0 IDP (3.4±0.5)×10 6 - - SL9 (q 0 fixed) 4.0×10 4 (0.54±0.09) 6×10 -8 SL9 (p 0 fixed) 4.0×10 4 0.2 (2.0±0.5)×10 -7
Table 2 Best-fit model parameters for each set of data and each model, from which the averaged best-fit value are derived (see text).

line wings than the IDP model (see Fig. 11). A χ 2 analysis clearly indicates that the SL9 model gives better fits to the data. However, all the IDP synthetic spectra are within the 1-σ error bars on all observations. So, this model cannot be ruled out at this stage.

If the observed water would come from the SL9 comet, then the non-steady state created by the deposition of the cometary material above the p 0 level in our model should evolve towards a steady state where the only observable source of water would be the low IDP flux (4×10 4 cm -2 .s -1 in our model).

From our computations, such a state is reached ∼400 years after the im-pacts. As a result, the downward diffusion of water as well as the photochemical/chemical losses effects would first desaturate the line. Thus, the line contrast should first increase with time (see Fig. 12). Our photochemical model predicts that the line center temperature of the line should increase by 0.76 K from 1999 to 2007. Taking the noise level of the SWAS 1999 observations into account, our model predicts that this effect could only be observed in 2007 by reaching a signal-to-noise ratio of 50 with the Odin telescope. Afterwards, the amount of water decreasing more and more with time at submillibar pressures, the line should become fainter and broader and should tend towards the line that would be due to the low IDP flux only (see Fig. 12). This change should be observable with Herschel-HIFI.

One must not forget that the shape of the water vertical profile computed with a photochemical model highly depends on the vertical eddy diffusion coefficient profile K(z). Due to strong uncertainties in the chemical scheme, profile is a conservative way of analysing the observed lines with regard to the implications noted above.

Conclusion

In this paper, we have shown that the high signal-to-noise ratio observations of water vapor in the stratosphere of Jupiter, carried out with SWAS and the Odin telescope between 1999 and 2002, favor a SL9 origin for water. Indeed, all observations are better fitted when the bulk of water is restricted to submillibar pressures. In our disk-averaged and simplified deposition model of the SL9 water, we derived a water mixing ratio of 1.9×10 -7 above an initial pressure deposition level of 0.2 mbar. In this model, a low IDP flux of 4×10 -100 -50 0 50 100 Brightness Temperature [K] Velocity [km.s -1 ] Fig. 10. Odin 2002 data modeled with SL9 models. When p 0 is fixed to 0.2 mbar, the derived q value is 2.0×10 -7 (solid line) whereas when fixing q 0 to 6.0×10 -8 , the derived p 0 pressure level is 0.54 mbar (long-dashed lines). 

Fig. 1 .

 1 Fig. 1. Odin observations of Jupiter at the H 2 O (1 10 -1 01 ) line frequency on November 8, 2002. The observed antenna temperature is displayed as a function of velocity.

Fig. 2 .

 2 Fig. 2. Example of SL9 source vertical profiles of water at the time of the SL9 impacts (07/1994) in solid line and at the time of the Odin observations (11/2002) in dashed lines. The evolution of water abundance is computed by the photochemical model. The water vapor mixing ratio is displayed as a function of atmospheric pressure. Profiles correspond to a fixed value of p 0 =0.2 mbar, and an adjusted value of q 0 =1.9×10 -7 .

Fig. 3 .

 3 Fig. 3. Disk-averaged thermal profile of the atmosphere of Jupiter. The tropopause temperature is 109 K. The profile is isothermal (T =165.4 K) between 1 mbar and 10 -3 mbar. Reference: Fouchet et al. (2000a).

Fig. 4 .

 4 Fig. 4. Ammonia (solid line) and phosphine (long-dashed lines) mixing ratio vertical profiles as a function of pressure in Fouchet et al. (2000b).

Fig. 5 .Fig. 6 .

 56 Fig. 5. Best-fit model to the (a) SWAS 1999 and (b) 2001 data obtained with a SL9 model with the initial parameters p 0 =0.2 mbar and q 0 =1.8×10 -7 (solid lines). The IDP models (long-dashed lines) correspond to infall fluxes of Φ IDP H 2 O =3.4×10 6 cm -2 .s -1 for 1999 and 2001 respectively.

the 1 -

 1 σ error bars on the data over the [-80:+20] km.s -1 range. Finally, the IDP model cannot be ruled out at this stage, because of the uncertainty on the continuum level of each observation, even if a χ 2 analysis shows that the SL9 model gives a better match to the data than the IDP model. All the IDP models that are considered for the SWAS data in what follows are models with downward shifted continuum (to 125.4 K and 117.0 K, for 1999 and 2001 respectively).

  Lellouch et al. (2002) derived a column density of (2.0±0.5)×10 15 cm -2 at the time of the ISO observations. The column density we derived is (3.7±1.0)×10 15 cm -2 at the time of the impacts. This value is greater than the ISO value, but by taking photolysis, chemical reactions, vertical transport and condensation, this value decreases down to (3.1±0.8)×10 15 cm -2 at the time of ISO observations. This value is still above the Lellouch et al. (2002) value, but there is a small overlap on the ranges of values. Moreover, considering an uncertainty of 5 K on the thermal profile ends up in an additional uncertainty of 0.4 × 10 15 cm -2 on the column abundance. So, these values could well be consistent and an intermediate value of column density should be compatible with all inferred values. As the water vapor vertical profile of Lellouch et al. (2002) was computed from a vertical transport model, the ISO data should be re-analysed with a more complete photochemical model. This work still has to be done and its results could be directly comparable to ours. The SL9 model quoted above better reproduces the line contrast as well as the SWAS 1999 and 2001

4 cm - 2 .s - 1 .

 421 Fig. 7 of Moses et al. (2005), many different K(z) profiles have been inferred from past observations. At the submillibar pressure range, K(z) 5 × 10 4 cm -2 .s -1 within a factor of 2 (Moreno et al. 2003). According to the Moses et al. (2005) model C value used in this work, K(z) is equal to 7.8 × 10 4cm -2 .s -1 . At pressures between 0.1 mbar and 100 mbar (tropopause level),Gladstone et al. (1996) found values of K(z) higher by a factor of ∼3. So we have to consider the fact that another choice in the K(z) profile could change our results. In the lower stratosphere, our adopted K(z) profile gives

Fig. 7 .Fig. 8 .

 78 Fig. 7. Brightness temperature spectra as observed by SWAS (a) in 1999 and (b) in 2001. Both spectrum continuum have been rescaled so as to obtain a better fit of the line wings with an IDP model. (c): water mixing ratio vertical profile as a function of pressure resulting from the observed flux of Φ IDP H 2 O =3.7×10 6 cm -2 .s -1 .

Fig. 9 .

 9 Fig. 9. Odin 2002 data modeled with IDP models. The solid line corresponds to a flux of Φ IDP H 2 O =3.4×106 cm -2 .s -1 (χ 2 minimum value). The long-dashed lines correspond to the overall (SWAS and Odin data) best-fit model (Φ IDP H 2 O =3.6×10 6 cm -2 .s -1 ).

Fig. 11 .Fig. 12 .

 1112 Fig. 11. Overall best-fit models for the SWAS 1999 and 2001 and Odin 2002 observations. Solid lines: SL9 model with p 0 =0.2 mbar (fixed) and q 0 = 1.9×10 -7 ; longdashed lines: SL9 model with p 0 =0.45 mbar and q 0 =6×10 -8 (fixed); short-dashed lines: IDP model with a steady infall flux of water Φ IDP H 2 O =3.6×10 6 cm -2 .s -1 . The overall best-fit parameter have been obtained from Table 2 and by taking the signal-to-noise ratio of each observation into account. Doing this way, the SWAS 1999 observations have a lower impact on the results than the SWAS 2001 and Odin 2002 observations.

Table 1 Collisional

 1 

	γ	H 2	He	Jupiter
	NH 3	0.069		0.069
	PH 3 (2-1) 0.1064 0.0606 0.1001
	H 2 O	0.0811 0.0228 0.0731
	n	H 2	He	Jupiter
	NH 3	0.67		0.67
	PH 3	0.73	0.30	0.67
	H 2 O	0.9	0.50	0.85

139

sphere is not a limitation to our hypothesis. All the impacts occured at the line width γ cm -1 .atm -1 (at 300 K) and temperature dependance factor n for NH 3 , PH 3 and H 2 O with H 2 and He and for Jupiter (a blank space means that no data are available). References: Berge & Gulkis (1976) and Brown & Peterson (1994) for NH 3 , Levy et al. (1993,1994) for PH 3 and Dutta et al. (1993) for H 2 O.

  4 cm -2 .s -1 was also taken into account. This suggests a localised input of water, in terms of altitude, which is contradictory with a steady state resulting from an IDP permanent flux. Nevertheless, all synthetic spectra obtained from anIDP flux of Φ IDP H 2 O =(3.6±0.5)×106 cm -2 .s -1 give fits that are within the 1-σ error bars of the observations, but the χ 2 value is greater than the one computed from the SL9 model. In view of these results, the ISO data of 1997 should be re-analysed using the model developped in this work. Further observations, reaching a higher signal-to-noise ratio are needed to state on the origin of water vapor in the stratosphere of Jupiter, even if the SL9 origin is favored by both SWAS and Odin observations. The analysis of the latest Odin observations (August 2007) is underway. Moreover, Herschel observations with the HIFI instrument (500 GHz -2000 GHz) should allow obtaining a signal-to-noise ratio with a comparable spectral resolution in reasonable times. Such a high signal-to-noise ratio would enable us to better resolve the line wing shape in order to discriminate between both origins. Moreover, a temporal variability of the line could be brought to light. Such a variability should not be expected with an IDP origin. Indeed, Moses et al. (2000a) suggested that the production of the IDP is dominated by short-period comets. Selsis et al. (2004) showed that 48 short-period (∼5-10 year periods) comets approach Jupiter's orbit at less than the Roche lobe radius of the planet. So, the IDP flux on Jupiter should be steady. Finally, using HIFI at the highest frequencies would result in a sufficient spatial resolution to carry out maps of
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