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Abstract. The detection of absorption features in spectra of ®tlipsing probabilities of 4% or more: 55 Cnc (G8W)Cnc B
Peg obtained during transit of its planet would provide a fir§61.5V), Gl 876 (M4V), HD 195019 (G3IV-V), GI 86 (K1V),
clue on the physical nature of the planet. We have searchedHi 168443 (G5) and HD 114762 (F9V). None of the stars
signatures of an exosphere of the planet orbiting 51 Peg in theve been observed to have photometric variations compatible
wavelength range from 2.39m to 3.5um and from 4.55:m with planetary eclipses. Only recently a transit event has been
to 4.74 um using SWS on ISO. Careful comparison of speobserved in HD209458 (GOV) (Henry et al. 1999). Evolution
tra taken during the transit of the planet with spectra obtainatbdels predict that the planetary companions are able to sur-
when the planet was not in the line-of-sight did not reveal amye the huge stellar insolation, and that they should have radii
significant differences. We provide the S/N ratio and upper linslightly above the radius of JupiteR{ ~ 70000km) if con-
its on the equivalent width of potential absorption lines in adlisting of hydrogen and helium, or of the orderlo3R; in
wavelength bands. The upper limits on the equivalent width ctre unlikely case they mainly consist of silicates (Guillot et al.
be used for comparisons with predictions of the density of1®96, 1997). The photometric variation associated with a plan-
potential exosphere of 51 Peg in future models. etary transit would then be 10~2 and10~3, respectively.
Eveninthe absence of planetary transits, spectroscopic vari-
Key words: techniques: spectroscopic — stars: atmosphereations may arise due to the existence of an extended exosphere
stars: individual: 51 Peg B around the planet (Coustenis et al. 1997a,b). Giant planets at
small orbital distances receive a tremendous amount of ther-
mal energy by their parent stars, and have to fight a powerful
stellar wind. As a result, significant mass losses are predicted
(Guillot et al. 1996; Lin et al. 1996) which could amount to
The discovery of planets in solar systems other than our own (i1 M. /yr. Interactions with the stellar wind may further en-
ferred from periodic radial velocity variations (Mayor & Quelozance these losses (Schneider et al. 1997; Chassdf897).
1995; Marcy & Butler 1995, 1998)) is certainly one of the majdThe resulting exosphere, formed from dissociated and ionized
astronomical results of the decade. However, the faint planetsaping molecules and atoms, may pass in front of the star even
have eluded direct detection searches so far, and apart ftibthe planet itself does not.
masses (which can only be estimated due to the uncertainties inwWe have chosen the 51 Peg system to search for a spec-
sin i) and orbital parameters, their characteristics are unknowmscopic detection of a possible planetary exosphere using the
This work is an attempt to obtain information on the planet Shfrared Space Observatory (ISO). The orbital period of 51 Peg
Peg B (Mayor & Queloz 1995) from spectroscopic observatioizss4.2293 4-0.0011 days and corresponds to 0.05AU orbital dis-
of the star 51 Peg when the planet crossed the line-of-sight tance (Mayor & Queloz 1995; Marcy et al. 1997). The small
wards the Earth. m sin i of the planetary companiof,47Mj (M;: Jupiter mass)

Six 51 Peg B-like planets with orbital distances smaller thamd its high effective temperature, lead to a relatively large ra-
0.06 AU have been detected so far, orbiting stars 51 Peg (G2Idijus of 1.2 — 1.4R; in the case of a hydrogen-helium planet
HD 75289 (GOV), HD 187123 (G5); And (F8V), HD 217107 (Guillot et al. 1997). The rotation axis of 51 Peg is almost per-
(G8IV) and Boo (F7V). These systems have a rather highendicular to the line of sight (Fraois et al. 1996). With the
probability of being eclipsing, which is of the order of 10%assumption that the planet rotates close to the stellar equatorial
Seven other planets orbit closer than 0.25 AU to their star, withane it is likely that a transit of the planet’s exosphere can oc-
cur, although the upper limit for photometric variations in 51

Send offprint requeststél. Rauer (heike.rauer@dlr.de) oo .
* Based on observations with ISO, an ESA project with instrumenl?seg has led to the constraintiB5° (Henry et al. 1997) which

funded by ESA Member States (especially the PI countries: Frangg,ggeSts thatitis not a fully eclipsing system.
Germany, the Netherlands and the United Kingdom) and with the par-
ticipation of ISAS and NASA.

1. Introduction
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Table 1. Log of the observations performed with SWS. Date and UT time of the predicted transits and the corresponding dates/times of the
observations are given.

target predicted start end wavelength range
transit timex date/UT time date/UT time ©m
51PegA&B 07.07.9700:08 06.07.97 23:57:58 07.07.97 00:51:09 2.38-2.60
51PegA&B 07.07.9700:08 07.07.97 00:51:53 07.07.97 02:03:35 2.60-3.02
51PegA&B 02.12.9702:23 02.12.97 01:43:42 02.12.97 03:11:53 3.02-3.52
51PegA&B 14.12.9719:01 14.12.9719:04:57 14.12.9719:18:57 4.55-4.75
51PegA&B 14.12.9719:01 14.12.9719:19:41 14.12.9719:33:41 4.55-4.75
51PegA&B 19.12.9700:33 19.12.97 00:33:04 19.12.97 00:47:04 4.55-4.75
51PegA&B 19.12.9700:33 19.12.97 00:47:46 19.12.97 01:01:46 4.55-4.75
51PegA&B 19.12.9700:33 19.12.97 01:02:30 19.12.97 01:16:30 4.55-4.75
51PegA&B 19.12.9700:33 19.12.9701:17:12 19.12.97 01:31:12 4.55-4.75
51 Peg A - 04.07.97 13:46:26  04.07.97 14:39:38 2.38-2.60
51 Peg A - 04.07.97 14:40:22  04.07.97 15:51:54 2.60-3.02
51 Peg A - 12.12.97 22:44:13  13.12.97 00:12:25 3.02-3.52
51 Peg A - 13.12.97 00:13:09 13.12.97 00:27:09 4.55-4.75
51 Peg A - 13.12.97 00:27:51 13.12.97 00:41:51 4.55-4.75
51 Peg A - 13.12.97 00:42:35 13.12.97 00:56:35 4.55-4.75
51 Peg A - 13.12.97 00:57:17 13.12.97 01:11:17 4.55-4.75
51 Peg A - 13.12.97 01:12:01 13.12.97 01:26:01 4.55-4.75
51 Peg A - 13.12.97 01:26:43  13.12.97 01:40:43 4.55-4.75
9 Peg - 04.05.97 16:13:28 04.05.97 16:22:28 2.38-2.60
9 Peg - 04.05.97 16:23:10 04.05.97 16:34:38  2.60-3.02
9 Peg - 04.05.97 16:35:22  04.05.97 16:48:46  3.02-3.52
9 Peg - 04.05.97 16:49:28 04.05.97 16:55:04 4.55-4.75

* based on ephemeris kindly provided by Geoff Marcy and Didier Queloz

2. Strategy and observations COv(2-0) bandintherange 2.3-2:5 and part ofthe CO v(1-0)

For our rch of an extended exosphere around the plan Parr]d at 4.6:m. In addition, the CO v(1-0) and v(2-0) bands,
or our search ot an extenced exosphere arou €pa ecgptered at 4.58m and 2.29um, respectively, fall within the

biting 51 Peg, we assume tha’_[ the planet is a giant gas plarclj%s'erved wavelength ranges. The wavelength range near 3
It therefore should consist mainly of H, He, molecular hydro- vers molecular bands of NHv, andus) and its dissociation
gen, water and carbon compounds (Atreya 1986). In contraségf%ducts NH and NH. as well as the, ?k))and of CH near 3.3
Jupiter, where Cldis the dominant carbon-bearing molecul€, L ! . .

we expect CO to be more abundant as a result of 51 Peg g In addition, bands of theHion are present near 3-3n

higher effective temperature of approximately 1300 K (Guilloa%nd near4.am. The H, molecule has several transitions in both
wavelength ranges. Thus, the wavelength ranges chosen cover

et al. 1996; Goukenleuque et al. 1999). Although it is impossi-

ble to predict exactly what atoms and molecules to expect Cﬁl%%umber of neutral and ionic species which might be present in
to the proximity of the star and the resulting efficient photopro- atmosphere/exosphere of a large gas giant around 51 Peg.

cesses, molecules escaping from the atmosphere are likel To detect signatures of an exosphere, we observed 51 Peg

NN >scaping 1 P %Lﬁ(ﬁng transit phases of its planet. The same observations were
be dissociated and ionised quickly. Our search therefore C?Hén repeated at times when the planet was not in the line-of-
centrated on dissociation products and ions of the molecule

ossiblv present in the atmosphere of 51 Peq B s@ht. Tablé&1l provides the dates and times of our measurements.
P yp 0Spt gb. Absorption lines indicative for the presence of a planet may
Because of t.he.uncertallnt)_/ n Fhe molecules present andb epermanently present in the spectrum of 51 Peg (and inde-
extent of dissociation apd lonisation, we searched OVeT a Wik&hdent of orbital phase). Possible scenarios are, for example,
range of_wavelengthsto include as many molecular orionic lines terial spread along the orbit of the planet (torus-like), or ma-
as p055|bl_e. The ISO Short Wavelength Spectrometer (SVYeaal falling into the star by inward migration (Lin et al. 1996).
was used in mode AOTO06 (de Graauw et al. 1996). We cover§d

uch absorption lines can be identified by observations of a
ranges from 2.39:m to 3.50.:m and from 4.55:m to 4'7.4 . comparison star in the same wavelength ranges. The compar-

nes . .
. ISOn star should ideally be of the same type as 51 Peg, but it
e.g. seyeral .H-Ime's., He and Heat 4.60um and 4.65um, should also be relatively bright to keep the amount of observing
respectively) in addition to several molecular bands. For WatﬁFhe reasonable. We have selected 9 Peg (G5Ib), a star of similar
itsv3 band near 2.4zmis included, in addition to its dissociationS ectral tvoe as '51 Peg (G2IV) ’

(OH near 3.1um) and ionisation (e.g. ¥0™ near 3.08um) P yp 9 '

products. Furthermore, the wavelength ranges cover the neutral



H. Rauer et al.: Search for an exosphere around 51 Pegasi B with ISO 575

s
2
>
)
on—transit |
j |
2
> a
)
10 | - - ~ off—transit
2.40 2.45 2.50 2.55 2.60

wavelength [micron]

Fig. 1. Top: The on-transit (thin solid line) and off-transit spectrum (bold solid line) are shown (both are combined grating scans). Below, the
ratio of both spectra (on-transit/off-transit) is shown to emphasize the differences of the on- and off-transitBdtases. For the spectra

taken on- and off-transit the individual up and down scans of the SWS grating are overplotted for comparison (the off-transit scans have been
offset in intensity to allow a detailed comparison).

3. Search for signatures of an exosphere SWS records wavelength ranges by scanning the corre-

. . . sponding grating in one direction over the wavelength region
The data reduction was carried out using the standard Soﬁ'interest, followed by a scan in the reversed direction (‘up’

ware pagkages for ISO/SWS reduction and con5|sted of tg' d ‘down’ scans). Both scans are recorded independently and,
normal pipeline procedures in most steps. Inspection of the df?hﬁs can be treated as two independent measurements. This
recorded at 2.3gm to 3.50um showed the presence of inter-_. . . . :

. . . aids in detecting the presence of weak features in the spectra,
ferences (fringes) in all spectra, which have subsequently b

. o . OSilce they must be present in both scans. Instrumental effects
removed by appropriate filtering. However, in some cases, frm\%

removal was not sufficient and, in particular near the edges ?t)iCh have passed the various reduction steps are unlikely to
» I part . > €dg Q%)gear at the same wavelength in both scans. To obtain the best
bands, the spectra have a smaller signal/noise ratio than

hoped for. The spectra were rebinned to a resolution of ZSBBSSIbIe signal-to-noise (S/Nj ratio, the spectra from both grat-

in the ranges from 2.38-2.6am, and to a resolution of 2000,|ng scan directions are then combined. In Higs.[dlto 3 the up-

. and down- scans (bottom part of each figure) and the combined
2500 and 2000 in the ranges of 2.60-3,08, 3.02-3.52um and .
4.55-4.75:m, respectively, scans (top part) in the range from 281 to 3.5um are shown

for times during planet transit (on-transit) and times with the
planet not in the line-of-sight (off-transit). To minimize the in-
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Fig. 2. See Fid1.

fluence of additional reduction steps, no attempt has been made2. The signature must be outside the local noise level in the
to fit and subtract the continuum flux of the star in these figuresiginal scans and divided spectra.

Differences in the continuum flux level, when comparing scan Criterion 1 removes almost all candidates of transit signa-
directions or on- and off-transit spectra, are due to scanningtores in our spectra. None of the features appearing as residuals
pointing effects. However, they do not influence the search fioremission or absorption in the on-/off-transit ratio can be con-
absorption/emission features performed here. sidered real in the range from 2.381 to 3.02um.

To identify signatures appearing in the spectra during transit To illustrate how the search for spectral features present dur-
phases of the planet orbiting 51 Peg, the combined on- transg transit phases is performed, we now discuss the wavelength
spectrum has been divided by the corresponding spectrum takamge from 3.0-3.5um in more detail. At 3.397:m and 3.401
off-transit (bottom spectrum in top part of Figs. 1o 3). In gen:m two stellar absorption features appear in the spectrum taken
eral, the S/N-ratio decreases towards the edges in all waveleraffitransit (see Fid.13 and for a better view enlarged in Hig. 4).
bands, and differences between on- and off-transit spectra Brging transit time, an additional weak absorption line appears
therefore less reliable at the edges of the bands. To identify aiy8.392um. In the following, we investigate if this feature could
possible spectroscopic signatures of the transit event, we hbedndicative for absorptions caused by the transit of the planet
used two criteria: through the line-of-sight. The additional absorption is present

1. A signature must appear in both scans (up- AND downet only in the combined, but also in the individual up and
scan) of the wavelength region. down grating scans obtained during transit. It therefore fulfills
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criterion 1. For comparison, a residual absorption feature in timethe combined spectrum taken during transit is 3.2°10m,
on-/off transit ratio at 3.434m is clearly caused by enhancedhus corresponding to only4(Table2 and taking into account
noise in one of the off-transit scans and therefore does not agieat it is about 6 channels wide). Similarly, a residual emission
with criterion 1. To verify if the absorption at 3.392n dur- feature at 3.46%m in the ‘on-/off-transit’ ratio (see Figl 3) is

ing transit time is a real detection, we calculate its equivaletibse to the 3 noise level. Therefore, for both remnant features
line width and compare to the noise level (quantitative checkir criterion 2 is not sufficiently fulfilled for a secure detec-
for criterion 2). TabléR provides the signal/noise ratio (S/Njon (which should be more thaw’ Similar arguments can be
for all bands in a wavelength range near the band center andde for other differences between the spectra recorded during
free of strong stellar absorptions. To determine the noise, thansit phases in comparison with the spectrum of 51 Peg when
decreasing flux level of the star with wavelength had to be cdhe planet is not in the line-of-sight.

rected by a polynomial fit to the continuum flux. Table 2 also Figs[5 td¥ show the spectrum of the star 9 Peg (combined
provides the 3 upper limit for the detection of an absorptiorscan) compared with the spectrum of 51 Peg. To increase the
line in each band. The detection limitis expressed by calculati8gN ratio for 51 Peg, the spectra taken during and off-transit
the noise level for the line equivalent width & [ IU*’* d)) were averaged. The absorption lines present in 51 Peg appear
as.o; = < fd)\ Here, I is the continuum flux |eveb' the also in the spectrum of 9 Peg, as expected for stars of similar
noise level of the flux, anek the number of channels (set tospectral type. Differences in line strength (for example in the
2). The equivalent width of the absorption feature at 3,382 range from 2.3&m to 2.60um, where CO v(2-P= 2 bands are
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Table 2. The signal/noise-ratio, S/N, has been determined in the specified wavelength ranges in each up and down scan spectrum, in addition to
the combined scans. The first column indicates the scanning mode and whether the spectrum was taken during (on) or off-transit of the planet.
Col. 4: 1o noise level;ly: mean flux level in range;&:..: 30 upper limit expected on the equivalent Widgfi{‘);—[fde) assuming a line width

of 2 channels.

on-/off-transit wavelengthrange S/No lg 30ine

combined/up/down scan puin] [Iy] [Oy] [1075 pm]

on/combined 2.49-2.53 144 0.10 14.8 1.4
on/up 2.49-2.53 127 0.12 149 1.6
on/down 2.49-2.53 127 0.12 14.6 1.6
off/combined 2.49-2.53 114 0.13 148 1.8
off/lup 2.49-2.53 103 0.14 146 2.0
off/down 2.49-2.53 111 0.14 149 1.8
on/combined 2.75-2.83 159 0.08 12.2 1.7
on/up 2.75-2.83 144 0.08 12.1 1.9
on/down 2.75-2.83 107 0.19 122 2.6
off/combined 2.75-2.83 212 0.06 12.3 1.3
off/lup 2.75-2.83 156 0.08 12.2 1.8
off/down 2.75-2.83 202 0.06 124 14
on/combined 3.16-3.26 152 0.06 8.9 1.7
on/up 3.16-3.26 146 0.06 8.9 1.7
on/down 3.16-3.26 105 0.08 8.9 2.4
off/combined 3.16-3.26 148 0.06 9.2 1.7
off/lup 3.16-3.26 142 0.06 9.2 1.8
off/down 3.16-3.26 94 0.10 9.2 2.7
on/combined 4.58-4.70 24 0.16 3.9 24.5
on/up 4.58-4.70 25 0.16 4.0 20.6
on/down 4.58-4.70 29 0.13 3.8 27.0
off/combined 4.58-4.70 29 0.15 4.2 18.1
off/lup 4.58-4.70 30 0.14 4.1 17.8
off/down 4.,58-4.70 28 0.14 4.1 18.4

9 ‘ ‘ ‘ ‘ ‘ ‘ ] resulting spectrum. In these ranges, weak absorption features

appearing in the spectrum of 51 Peg may vanish within the
higher ‘noise’ in the spectrum of 9 Peg. However, in summary,
no clear indication for spectral features appearing solely in 51
Peg, and not in the comparison star, is found.

Figs[3 an@9 show the spectrum of 51 Peg and 9 Peg in the
wavelength range from 4.55-4.48n. For 51 Peg, all spectra
in this range taken during the transit of the planet have been
averagedtoincrease the S/N ratio. The corresponding off-transit
spectra have then been treated in the same way. However, the
flux levels in this wavelength range are low and the signal/noise
ratio achieved does not allow a search for faint features. Both
spectra (on- and off-transit) do not reveal any absorption lines.
This is also the case for the comparison star 9 Peg.

on—/off —transit

[(ee)]
L L B R P

off—transit

on—transit

3.36 3.38 340 3.42 3.44 346 3.48 3.50 4. Summary and discussion

wavelength [micron] 51 Peg was observed to investigate the possible existence of

Fig. 4. See FigC1. an extended exosphere around its planet. The star was observed
during predicted occultations by the planet and at times when the
planet was not in the line-of-sight. Spectra have been obtained

present) are also expected (comparison of a giant and a selah SWS in the wavelength ranges 2.aé to 3.50m and

type star). Near 3.40m, the spectrum of 9 Peg is similar to thet.55um to 4.74um. No clear detections of line features present

off-transit spectrum of 51 Peg. In some wavelength ranges (esglely in spectra taken during transit of the planet were found.

2.60-2.90um), strong fringes in the spectrum of 9 Peg could A comparison star of similar spectral type (9 Peg) was ob-

not be adequately removed and lead to enhanced ‘noise’ in #eeved to search for features permanently present in the spec-
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removed by subtracting a polynomial fit. For some absorption featu@§ combined scans). Below: on-/off-transit ratio.

proposed line identifications are given.
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Fig. 9. Spectrum of the comparison star 9 Peg (bold line) and the aver-
aged spectra of 51 Peg (solid line) (scaled by a factor of 5).

tion for absorptions by atoms/molecules of nhon-stellar material
in the line-of-sight has been found by this comparison.

The S/N ratio of our spectra (Taldlé 2) ranged from about
100-200 at 2.39m to 3.50um. Therefore, absorptions at the
2-4% level should have been detected owde¥el. The depth
of possible absorptions depends on the temperature and the de-
tails of the absorption/emission mechanisms of the molecules
in the planetary atmosphere. Quantitative constraints of limits
on absorption features caused by the crossing of a potential ex-
osphere of 51 Peg B in front of the star have to be investigated
using a detailed atmospheric model in future studies.
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