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ABSTRACT

3HJ, UK

Although atmospheric transmission spectroscopy of HD2884vith the Hubble Space Tele-
scope has been very successful, attempts to detect its @tteras absorption features using
ground-based telescopes have so far been fruitless. Hgreaaent a new method for probing
the atmospheres of transiting exoplanets which may be nuitabde for ground-based obser-

vations, making use of the Ro
off light from the approaching
dial velocity wobble. The ampl

ssiter effect. During a tramsitexoplanet sequentially blocks
and receding parts of thetiotpstar, causing an artificial ra-
itude of this signal is dilggiroportional to the effective size

of the transiting object, and the wavelength dependendei®tffect can reveal atmospheric

absorption features, in a simi

lar way as with transmissipecgoscopy. The advantage of

this method over conventional atmospheric transmissieatspscopy is that it does not rely
on accurate photometric comparisons of observations omninsit, but instead depends
on the relative velocity shifts of individual stellar abption lines within the same on-transit

spectra. We used an archival
amplitude of the Rossiter effe
than in the weighted average

VLT/UVES data set to apply théthod to HD209458. The
ct is shown to b&" ]2 m/sec higher in the Sodium D lines

of all other absorption lingbénobserved wavelength range,

corresponding to an increment of 43% (1.4). The uncertainty in this measurement com-
pares to a photometric accuracy of 80~ for conventional atmospheric transmission spec-
troscopy, more than an order of magnitude higher than pus\attempts using ground-based
telescopes. Observations specifically designed for thihadecould increase the accuracy

further by a factor 2 3.
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1 INTRODUCTION

Since the discovery that the extra-solar planet HD2094E81sits
its host star (Charbonneau et al. 2000; Henry et al. 2000eNMat
al. 2000), many attempts have been made to detect its atm@sph
using transmission spectroscopy. During a transit, light passes
from the star through the outer parts of the planet’'s atmesphas
impressed on it a spectrographic signature of the atmosptwn-
stituents, which can be observed as an extra absorptiorpaf the
stellar spectrum (Seager & Sasselov 2000; Brown 2001; Hdbba
et al. 2001). Observations with the Hubble Space Telesddp&
using this technique have been a great success. First thenséd
feature was discovered by Charbonneau et al. (2002) witlatve
depth of 0.02%, followed by the detection of very strong apso
tion features at a 510% level in the ultra-violet from Hydrogen,
Oxygen and Carbon (Vidal-Madjar et al. 2003; 2004). Theetlatt
most likely come from the ‘exosphere’ of HD209458b, an edtzh
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cometary tail of gas evaporating from the planet causedsomit
gration close to the star (eg. Schneider et al. 1998).

In strong contrast, attempts to detect the atmosphere of
HD209458b from the ground have so far been unsuccessful. So
far, only upper limits of typically 1-2% have been reachext,the
Sodium D feature in the optical (Brown et al. 2000; Bundy & lar
2000; Moutou et al. 2001), and for He, CO.® and CH in the
near-infrared (Brown et al. 2002; Harrington et al. 2002;utm et
al. 2003).

Ground-based observations suffer greatly from the fadt tha
transmission spectroscopy relies on the comparison oftrigpen
and off transit, which are necessarily taken on differeghts. This
limits the accuracy due to varying weather conditions asthinil-
ity of the instruments. In this paper a new method for protihng
atmospheres of transiting exoplanets is presented, maldagof
the Rossiter effect. Due to the rotation of the host staraiasiting
planet will first block off light from the approaching and thfom
the receding parts of the stellar surface. This results iargficial
wobble in radial velocity, an effect first observed by Rass(1924)
for the eclipsing binary Lyrae. The amplitude of this signal is di-
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Table 1. The log of the observations, with in column 1 the date, in ooil2 the total the exposure time, in column 3 the typical digmaoise ratio per
exposure, in columns 4 and 5 the range in airmass and seeig) aolumn 6 the orbital phase of HD209458b.

Data  Observing Exposure SIN Airmass Seeing Phase = Comments
Set Date Times (sec) "y

1 05/08/2002 1%400 400 1.40%1.558 ~2 —0.00740.021  on transit

2 11/08/2002 1%400 535 2.15%1.394 0.9-1.5 +0.663740.693 off transit

3 12/08/2002 1%400 515 1.3932.085 0.6-0.9 —0.0124+0.017 on transit

4 15/08/2002 1%400 475 1.3881.704 0.71.7 +0.826;40.857 off transit

5 13/09/2002 1%400 485 1.9581.385 0.8-1.8 +0.003;+0.026 on transit

6 20/09/2002 1%400 515 1.6951.384 0.7~1.0 —0.009:+40.020 on transit

7 22/09/2002 1%400 500 1.4461.493 0.5-1.0 +0.569:+0.599 off transit
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Figure 1. An example of the change in wavelength solution between two
exposures. The x-position is the pixel position of a linehivitits order. The
relative radial velocity indicates the change in velocitydine between the
two exposures, corrected for a global velocity shift. THfeat is removed
from the data by fitting the data points with a 3rd order Chlabygunction
(solid line).

rectly proportional to the effective size of the transitjpignet, and
the wavelength dependence of this effect can reveal atredisph
absorption features, in the same way as with transmissien-sp
troscopy. The advantage of this method is that it does ngtael
accurate photometric comparison of spectra in and out oira
but instead depends on relative velocity shifts of stelkmosption
lines in the same in-transit spectra.

2 OBSERVATIONS, DATA REDUCTION, AND ANALYSIS

We applied this new method to an archival data set of HD209458

taken with the UV-Visual Echelle Spectrograph (UVES) on the
Very Large Telescope. This data was originally obtainecd:stdgem
conventional atmospheric transmission spectroscopyMButou

et al., project 69.C-0263). Data was collected during 7 tsi¢¢hon,
and 3 off transit) through UVES’ red arm only, using the CD8sx
disperser with a blaze wavelength of 568pand image slicer nr.

3, consisting of 5 slices of 0.3” width each. Each night aesedf

15 data frames were taken with exposure times of 400 sec.iA cal
brator was observed after the 5th and 10th frame each timénte
gaps of~25 min. The observation log is given in table 1.

The detector in the red arm of UVES consists of a mosaic of
two 4kx 2k CCDs. For our analysis we concentrated on one CCD,
covering a wavelength range of 5850 to 6550ver 16 echelle or-
ders, and which contains the two Sodium D lines (5890.0 & 3895
,3\) in its first order. The data reduction was performed in adéad

manner, using ESO’s UVES data reduction pipeline, whictait p
of the software package MIDAS. Data from each echelle order w
kept separately, with the output data of each frame congistia 2
dimensional array with wavelength position along the xsdpixel
size = 0.0174&), and echelle order along the y-axis. The resolving
power was typically~110,000. The orbital phase of HD209458b
was determined for each observation using the orbital petiers
as derived by Brown et al. (2001), and were corrected foatians

in light traveling time through the solar system. A globabpb-
shift of 0.008 (40 min.) had to be applied to all data sets turee
the Rossiter effect at zero phase. This shift corresponds &rror

in the period derived by Brown et al. of 8 sec.

The subsequent data analysis on the 2 dimensional dataframe
was performed in IDL. First the spectrum in each order wasditt
with a 7th order Chebyshev function away from absorption fea
tures, and normalised. Further analysis consisted of thesieps
described below. Since some of their input and/or outputraee-
dependent they are performed several times before the égalts
were produced.

Step 1: Absolute wavelength calibration. The absolute wave-
length calibration was determined from the wavelength tfms
of the strong HO telluric lines between 6226and 632@ (in the
4th echelle order). First a model of the stellar absorptjmecsum
of HD209458 was produced from the velocity shifted and media
filtered spectra obtained during the 7 nights. This model thas
appropriately shifted and subtracted from each framejrgaanly
the telluric line absorption. The dozen strongest linesewdted
with Gaussians and their positions compared with the speatias
of telluric line absorption of Pierce & Breckenridge (197After
several iterations, necessary to obtain the best stellaemthe
absolute wavelength calibration is found to be accurate %10
m/sec.

Step 2: Fitting of the stellar absorption lines. The wavelength
positions of the~300 strongest absorption lines were determined
by least-square fitting of an area of 40 pixels centred arahad
minimum of each absorption line. The accuracy of this methas
estimated by measuring the standard deviation around tlea me
position of the line during each night, corrected for eadtation
and orbital motion and changes in the wavelength solutibe.tivo
Sodium D lines were fitted in a similar way, but with a 4 paragnet
Moffat function instead of a Gaussian.

Step 3: Relative wavelength calibration. It was found that the
relative positions of the strong emission lines varied moare
than expected, and that these variations were a functidreqiasi-
tion of a line within its order (a typical example is shown iig&re
). A similar but generally smaller trend was also found ascfu
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Figure 2. The accuracy in radial velocity as function of the absorptine
strength for one of the data sets. This is estimated fromdhties around
the mean position of each line. The two Sodium D lines arecatdd by
stars. The solid line indicates the expected uncertaingtdiPoisson noise
for a spectrum with a signal-to-noise ratio of 500 per sptetement. An
accuracy of 5-10 m/sec is reached for the strongest lines.

tion of the echelle order. These effects are most likely edusy
small changes in the instrument settings and/or temperafuthe
spectrograph from exposure to exposure. We simply cowtdore
these trends by fitting relative positions of th@00 strongest lines
as function of their pixel position with a 3rd order Chebyshenc-
tion, and with a 2nd order polynomial as function of the elghel
order. The residual scatter around the best fits are found tgb
ically 10—15 m/sec. This correction in the wavelength solution is
applied to all lines.

Step 4: Removal of telluric line emission. Great care has to be
taken in the removal of telluric line absorption, espegialtound
the Sodium D line at 5889.8. A small change in the strength of
the telluric absorption can introduce a significant shiftadial ve-
locity, if it is located within the fitting region of the stell absorp-
tion line. Using the best wavelength solution available,adet of
the stellar spectrum of HD209458, as obtained above, isattbd
from the data, leaving only the telluric lines. Using theeliist of
Pierce & Breckenridge (1974), the telluric absorption $isee fit-
ted with Gaussians, with the amplitude as only free paramatel
are subsequently removed.

The accuracy in radial velocity achieved for one of the data
sets is shown as function of the absorption line depth in feigu
It shows that for the strongest lines, such as the Sodiumds Jian
accuracy of 5-10 m/sec has been reached. Monte-Carlo gionula
were performed to determine the theoretical uncertainfyrastion
of absorption line strength, assuming a signal to noise EHt600
per spectral element. This is indicated by the solid line.

3 RESULTS

First the overall strength of the Rossiter effect of HD2(®4s
determined. The weighted mean of the radial velocities lo&lad
sorption lines was determined for each exposure, and substy
corrected for the star's motion induced by the exoplanefi(aing
an amplitude of 85.9 m/sec; Mazeh et al. 2000), the motiorrand
tation of the Earth, and for the shifts in the absolute wavwgtle cal-

3

ibration as determined above. The same corrections weliedpp
the radial velocities of the two sodium D lines. The 4 on-$itdata
sets were then merged by applying small gldbal5 m/sec offsets
to the data to minimise the scatter in the combined velocitye.
The merged velocity curves are shown in figdre 3, which arexfitt
to models of the Rossiter effect. Our models are constructed
similar way as in Queloz et al. (2000), by simulating the $iaof

a dark object over a limb-darkened star. A spherical stan wti-
form rotation is considered, with the orbital motion of tharget
and the stellar rotation set in the same direction. The amgfl@een
the orbital plane and the equatorial plane is assumed torbeared
the impact parameter is set to 0.5, corresponding to theéabihi
clination of 86.6 as determined by Brown et al. (2001). The star is
divided into 200,000 cells, with the spectrum of each celtigied
by a Gaussian absorption line with= 4.0 km/sec. The overall
integrated spectrum is made by summation of the cells frekeof
planet along the line of sight.

The aim of this modeling is to set the amplitude scale of the
Rossiter effect relative to the depth of the photometrinditaLimb
darkening is assumed to be of the foBp = 1 — ¢(1 — p), where
w1 is the cosine of the angle between the line of sight and thealor
to the local stellar surface, ards assumed to be 0.58 (Deeg et al.
2001). The influence of wavelength dependent limb-darkgrsn
discussed below. Assuming a ratio of planet to star radis1dif8
(Brown et al. 2001), the overall velocity curve is best fitteith
a stellarv sin ¢ of 4.5 km/sec, resulting in an amplitude of the
Rossiter effect of about 38 m/sec (see figllre 3). This angitu
corresponds to the photometric transit depth of 1.6% (Breta.
2001), meaning that an excess of 1 m/sec compares to a sgnal f
conventional atmospheric transmission spectroscopy0do.

The excess of the Rossiter effect in the Sodium D lines

The mean radial velocity of each exposure were then subttact
from that of the Sodium D lines to reveal any possible excass i
the Rossiter effect. The global velocity shifts appliedvaboancel
out, but new global velocity shifts were applied to each dat
to set the mean relative velocity shift of all 15 exposuregdm.
Ideally, the observations should have cover a substareiadg be-
fore and after the transit to set the zero-point indepemgdrm
the in-transit data (see below). The velocity shifts of teei8m D
lines compared to the average of all other lines is shown urdig
HA. The scatter in the four data sets is 6.5, 3.7, 7.6, and 4s@&an/
respectively. The right panel shows the data binned togatbkiang
time-bins of 450 seconds. The dispersion around zero ithied
data set is 4.7 m/sec. The data set is fitted with the modetidesc
above, with all parameters fixed except the amplitude of ithees.
The best fit gives an amplitude ﬂ)f?ﬂé m/sec, corresponding to
a photometric signal using conventional atmospheric trégsion
spectroscopy of £5x10~*.

4 DISCUSSION AND CONCLUSIONS

The analysis of the UVES archive data shows that the Rosfiter
fect provides a powerful tool to probe the atmospheres obitimg
exoplanets. Although no significant signal has been deteftie
Sodium D in HD209458b, it is the first time that ground-basbkd o
servations result in an accuracy10.001. Previous ground-based
observations have reached accuracies of orlg%, correspond-
ing to an excess in the Rossiter effect of AD m/sec, clearly in-
ferior to the precision achieved here.
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Figure 4. The excess of the Rossiter effect in Sodium D, using the iddal data points (left panel) and binned data (right parite best fit gives an
amplitude of 1.7:%:% m/sec, and is shown by the solid line. The éonfidence limits are indicated by the dotted lines. Thigesponds to a photometric
signal using conventional transmission spectroscopytes710—%. The symbols are as in figu® 3.
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Figure 3. The Rossiter effect as observed for HD209458, using the
weighted average of the 100 strongest absorption lines (upper panel), and
the average of the two Sodium D lines (lower panel). Data fthenfour
on-transit data sets are indicated with boxes - set 1, didmeset 2, stars -
set 4, and crosses - set 5. Our best model is indicates by litidise.

The HST Transmission spectrum of HD209458b obtained by
Charbonneau et al. (2002) revealed an excess in absorption i
Sodium D of 0.00023 compared to the surrounding continuom, i
plying a relative increase 0f1.8%. This indicates that for this par-
ticular absorption feature an excess in the Rossiter effest0.7
m/sec can be expected, making its detection very challgnfgin
the current instrumentation. However, it is important talise that
the excess in absorption as determined with the HST was meshsu
over a bandwidth of 1&. In contrast, line-to-line variations in the
Rossiter effect will be most sensitive to planetary absonpbn
scales of the half-power width of the stellar lines (a fractof an
Angstrom). Most models of transmission spectra (eg. Bro0@i}
indicate that on this scale the absorption signal for Sodiucould
be 2-5 times higher (3 m/sec).

The archival data sets used in this paper are not optimal for
measuring the Rossiter effect. First of all, since a sigaifidrac-
tion of the time was devoted to calibrators, typically on326 of
the on-transit time was spent on target, and on several iocsas
the periods that the amplitude of the Rossiter effect is etgakto
be the strongest were missed. In addition, the current sisaiy
significantly hampered by the fact that no or hardly any tinasw
spent on target directly before or after each transit. Thas wf-
ten dictated by the timing of the transit and visibility of 209458
from Paranal. For the most optimal transits, HD209458 caolbe
served from 1 hour before to 1 hour after the overall trangh the
VLT. In those cases the zero-point in velocity can be deteechin-
dependently from the on-transit data, and one could alsecioior
any possible residual drifts in radial velocity over thensig, eg.
due to residual telluric absorption line features or inaaciges in
flat fielding. Overall, this should result in an increase iagision
of a factor2 — 3. It means that, if the current value is believed, a
3—5 ¢ detection of Sodium D should be possible over a couple of
transits.

Wavelength variationsin limb-darkening

The exact shape and amplitude of the Rossiter effect arsdepe
on the stellar limb darkening. So far we have not taken intmant
that limb darkening decreases as function of wavelengththEr
more, the limb darkening effect also changes differentlgrane



profile of each absorption line. Here we assess the possifile i
ence of both effects. The wavelength dependence of the larie d
ening of HD209458 has been observed by Deeg et al. (2001 ¢ wit
changing from 0.62 at 5908to 0.58 at 618QA. To estimate the in-
fluence of this effect we assumed a linear wavelength depeerde
of e(\) = 1.46 — A\/70004, and calculated the change in radial
velocity for each line relative to that of Sodium using thedw®lo
described above. By incorporating this wavelength depeatrideb-
darkening, the excess of the Rossiter effect in the Sodiummés |
is increased by~0.2 m/sec.

The variations in limb darkening across solar absorptioedi
is studied in great detail by Pierce & Slaughter (1982) fodiSm
D, and by Balthasar (1988) for a whole range of bright absampt
lines, by measuring changes in the absorption line depttessic
the solar disk. The strength of this effect is dependent emtach-
anism of formation of the line. Most absorption lines weaken
wards the limb of the Sun, meaning that the limb darkening in
the centre of the lines is less than in the surrounding coatin
Assuming that this effect is similar for HD209458 as for thenS
our modeling indicates that these variation contribute leval of
again~0.2 cm/sec. Although this is insignificant for these data, it
means that future observation aimed at measuring vargiiothe
Rossiter effect at much higher precision should take thésete
into account.

Futureapplicationsfor thismethod

We believe that the new method presented here to probe atmo-

spheres of transiting exoplanets using the Rossiter effeas
great potential. Specifically targeted observations,erathan the
archival data used here, can increase the accuracy funtefdz-
tor 2—3. Furthermore, in the near-infrared, where the atmospheri
absorption features due to.B, CO, and CH cover many stel-
lar lines, a great improvement over current observatioms =
reached. Although confusion with water-vapor and metharibe
earth atmosphere will complicate the analysis. In additantici-
pating the discovery of exoplanets transiting bright stdrsither
later spectral type (with many more stellar lines to aveyamewith
faster stellar rotations (resulting in a Rossiter effedhva higher
amplitude), a further significant increase in accuracy carex
pected.
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