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ABSTRACT

Context. Transmission spectroscopy can be used to constrain thenpiexpof exoplanetary atmospheres. During a transit,i¢ine |
blocked from the atmosphere of the planet leaves an impriti light coming from the star. This has been shown for maoplenets
with different techniques, with both photometry and spectroscopy.

Aims. We aim at testing chromatic line-profile tomography as a rmtb investigate exoplanetary atmospheres. The signaiied

on the cross-correlation function (CCF) by a planet tramgits star is dependent on the planet-to-star radius.ratiowant to verify if
the precision reachable on the CCF obtained from a subsie¢ sfectral orders of the HARPS spectrograph is enoughdordisate
the radius of a planet atfiierent wavelengths.

Methods. We analyze HARPS archival data of three transits of HD 18878& divide the HARPS spectral range in 7 broadbands,
calculating for each band the ratio between the area of thefemansit CCF and the area of the signal imprinted by taagt on it
during the full part of the transit. We take into account tffee of the limb darkening using the theoretical €méents of a linear law.
Averaging the results of threeftBrent transits allows us to obtain a good quality broadbearsmission spectrum of HD 189733b,
with a precision greater than that of the chromatic RosMigraughlin efect.

Results. We proved chromatic line-profile tomography to be an intiangsvay to reveal broadband transmission spectra of erepla
ets: our analysis of the atmosphere of HD 189733b is in ageaéwith other ground- and space-based observations. Tiepémdent
analysis of diferent transits puts in evidence the probability that steltdivity plays a role in the extracted transmission spautr
Care has thus to be taken when claiming for Rayleigh scatfémithe atmosphere of exoplanets orbiting active stargusnly one
transit.

Key words. planetary systems — techniques: spectroscopic — planétsadellites: atmospheres

1. Introduction been explored with many fierent methods using primary tran-
sit, with both ground- and space-based observations. Feoth E
The number of discovered exoplanets is growing exponéntiaRedfield et al. (2008) were the first to detect sodium absmmpti
in the last years, thanks to a lot of ground- and space-based sising the High Resolution Spectrograph on the Hobby-Eberly
veys, taking advantage of fiiirent methods of detection (e.g.felescope. Later, Wyttenbach et al. (2015) could evidehee t
Wright & Gaudi 2013). While the existence of exoplanets, arsignal of atomic sodium and Louden & Wheatley (2015) could
their abundance in our galaxy, is now a firmly establishedno retrieve the velocity of winds on both the hemispheres of the
edge, the attention of the scientific community is movingto-e planet with HARPS. With the same observations Di Gloria et
planet characterization and atmospheric content. Duripigie=  al. (2015) probed the Rayleigh scattering slope by using the
etary transit, a fraction of the light coming from the hostrss chromatic Rossiter-McLaughlin (RM)kect. McCullough et al.
filtered through the planet’s atmosphere, thus providimgshof (2014) claimed that stellar activity is the main resporesitor
its composition. The atmospheric depth at which the stéfjat  the slope observed in the transmission spectrum. From space
becomes extinct depends on the wavelength and atmosphBdat et al. (2008) with ACS and Sing et al. (2011) with STIS
composition, and if an atom or molecule is present, the plargetected Rayleigh scattering using tHabble Space Telescope
becomes opague in the respective absorption band, regintin(HST). Pont et al. (2013) presented a homogeneous reasalysi
a larger obscured area. As a consequence, the eclipse appfdhe data and a global transmission spectrum from ultfeio
deeper at the wavelength of the absorption band, yielding taninfrared. Huitson et al. (2012) could detect and charate
apparent larger radius. The study of thifeet, i. e. transmis- sodium in the atmosphere.
sion spectroscopy, has been demonstrated to be a very sfutces

technique for investigating exoplanetary atmospheresr(ies Each surface element of a rotating star has a specific radial

2014). velocity. If there is a reduction of flux from a region, for exple
HD 189733b (Bouchy et al. 2005) represents the perfect sfor the presence of a spot or for the obscuration by a traugsiti
ence case for testing new methods aimed at identifyingdtsstr planet, the contribution to the stellar line-profile at thiedoc-
mission spectrum. The brightness of its host sMy (= 7.67) ity will be affected, resulting in the presence obamp in the
and the depth of its transit@%) permit to reach a high signal-line-profile. As the transiting planet moves across the,dlsis
to-noise ratio (BN). Its atmosphere at optical wavelengths hgserturbation will move across the line-profile, becausertie
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dial velocity of the obscured zone isfiéirent. The analysis of Table 1. Wavelength ranges for the order groups considered, and the
this efect, called line-profile tomography, has been very usefigspective linear limb darkening dtieient used. The last line refers to
for detecting the inclination of the orbital plane of the meta the total HARPS wavelength range.

with respect to the stellar rotational axis (e.g., Colliemi&ron

etal. 2010a,b), for the confirmation of the presence of exugts Group  Passband (nm)  Orders u
(Hartman et al. 2015), for the measurement of their nodalgse 1 400-420 146-152 0332+ 0.0009
sion (Johnson et al. 2015) This has been done in partiomlarf 2 420-470 131-145 .0043+ 0.0015
high Vegsini stars, because for these stars it is mof&atilt to 3 470-520 118-130 .8548+ 0.0015
extract precise radial velocities and analyze the Ridat. Line- 4 520-570 107-117 .0917+ 0.0017
profile variation studies have been also widely used in theyst 5 550-600 104-110 .0625+ 0.0018
of the stars themselves, with asteroseismology. The spéots 6 600-650 95-101 .@073+0.0017
7 650-700 90-92  ®596+ 0.0017

of a pulsating variable show variable mean line-profilesti®a-
suring the observed variations, it is possible to typifyeheited HARPS 370-700 90-161 .0962+0.0013
modes by assigning the spherical wavenumbems) (o each of
them (e.g., Poretti et al. 2013).

To compare the atmospheric properties betwefiardint ex- Taple 2. Stellar and transit parameters used in this work.
oplanets and subsequently identifying possible sub-etasse
need to observe as more exoplanetary atmospheres as possibl

Given the dfficulty of this kind of observations, any new method Parameter Value Reference

of investigation is welcome to increase the sample. In this p Sellar parameters

per, we will describe the chromatic line-profile tomograpisya TIK] 4875 + 43 Boyaijian et al. (2015)

new method for obtaining broadband transmission specaipysc log ¢ 456+ 0.03 Boyajian et al. (2015)

of exoplanetary atmospheres. We will test it by using thd wel FeH -0.03+0.08 Torres et al. (2008)

known case of the transiting exoplanet HD 189733b and compar Transit parameters

ing the results with its transmission spectra obtained fooner Period [days] 21857312 Triaud et al. (2009)

analyses. To[BJD] 245398830339  Triaud et al. (2009)
Ro/Rs 0.1581 Triaud et al. (2009)

2. HARPS data and choice of broadbands Rz/a 0'(1).1042 Truau;isgbﬂégzoog)

As in previous atmospheric analyses of ground-based data of | [degrees] 8508 Triaud et al. (2009)

HD 189733b, we used the three full transits observed spec-

troscopically with HARPS, available in the ESO archive and

obtained under programs 072.C-0488(E), 079.C-0127(A) and

079.C-0828(A). An observations log, together with the nemb3. Chromatic line-profile tomography

of exposures and exposure times for each transit, is alailab I
Wyttenbach et al. (2015, see their Table 1). The morphology of the CCF changes when a planet transits in

HARPS (Mayor et al. 2003) is a fiber-fed echelle spectr(gr-qnt of the star: the Gaussian profll_e is no more symmetrid, a
graph composed of 72 orders, in a range of wavelength frdfiS @8Symmetry causes a systematic deviation when megsurin
378 nm to 691 nm and a resolving power= 115000. The the velocity centroid of the starlight. Thisfect — the Rossiter-
HARPS Data Reduction Software (DRS) estimates the radial JacL-aughlin éfect — causes a spurious deviation of the RV mea-
locities (RVs) of the targets by computing cross-correfafunc- surements from the pure Keple.nan motion, which is known to
tions (CCFs, Baranne et al. 1996; Pepe et al. 2002) betwedlfa2n artifact of the asymmetry just described. .
weighted line mask and the stellar spectrum for each order an N the CCF, the missing light during the full part of the tréins
then summing them together. To avoid contamination from t@éa planet can be expressed with the formula (Eq. 9 in Collier
telluric lines, the masks do not have any reference line @ tameron etal. 2010a):
wavelength ranges where the terrestrial atmospheric iboiter
is very large. Because of this, there is no CCF at all for three
orders of the spectra (orders 89, 94 and 103). Rg 1-u+uu

The method we are testing here uses CCFs obtained fr8m %m (1)
different subsets of orders. We chose to use the same orders di-
vision as used by Di Gloria et al. (2015) in order to betterokhe
our results and the reliability of our method (see Table ferla Whereu = V1 - d?, with d the distance of the planet from the
first analysis, we considered that the use of the first 9 oidgrs center of the star in stellar radius units, anthe codficient of
to the Car H&K spectral region) could led to unreliable resultslinear limb darkening. We refer the reader to Collier Camezb
The Car H&K lines, in fact, are particularly variable in the casedl. (2010a) for details, but what we emphasize here is the fac
of active stars (such as HD 189733, Boisse et al. 2009), and #ats depends on the planet-to-star radius raRg/Rs).
often used as a tracer for the level of stellar activity (eBgrsa The limb darkening (LD) co@cients for the wavelength
et al. 2015). The emission present in their core could thils-in ranges of our chosen order groups, reported in Table 1, were
ence the shape of the CCF. Moreover, tii 8f these orders is calculated using the codeDTK (Parviainen & Aigrain 2015),
by far lower than in the others for the star analyzed: thisuie dthat permits to generate custom LD flog@ents and the relative
to the low dficiency of the instrument at these wavelengths anshcertainties with a library d#HOENIX-generated specific inten-
to the spectral type of the star (K1-K2, Bouchy et al. 2008)I-S sity spectra (Husser et al. 2013). We assumed here thatl®th t
lar and transit parameters used during this analysis asgllia mean line-profile of the star and the shadow caused by thefplan
Table 2. could be modeled with a Gaussian function.
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3.1. Data analysis The CCRt is then subtracted from all the CCFs of every ex-
posure. A special care was taken while normalizing the data i

We compute a separate analysis for each transit, in ordeg tosile the transit: the decreasing of the photometric flux akert

free from systematics due tofférent nights of observationsinto account, using a transit model created with the forsmali

which can perturb the CCF shape (e.g., terrestrial atmogph&f Mandel & Agol (2002) and the transit parameters of Table 2.

conditions). One more aspect that favors this approachais tifhe data are now ready to show the typical Doppler shadow of

in this way we can compare the transmission spectra obtainkd planet passing in front of the star (Fig. 2).

on different nights, investigating the possibility that stellaF 2 From now on we will use only the data that are inside the

tivity can influence the retrieval of the transmission sp&Gt || part of the transit. On each of the residual data we fit aa

The Rayleigh scattering claimed in the planet's atmosphege sjan profile, estimating its area in the same way as donagar

in fact been questioned to be just an artifact caused byastelye paid particular attention in checking that the Gaussiafilp

activity (McCullough et al. 2014). was centered where the signal of the planet was expecteenGiv
As a first step, for each spectrum we compute the predictibe fact that this signal is very low, in particular when gsim

RV of the host star relative to the pure Keplerian motionhwitt  small number of orders, this is important to avoid that the$a

the apparent deviation caused by the RM. To do this we compatan profile we are fitting is centered on a random noise bump

a linear fit using the DRS-estimated RVs of the out-of-tranginstead of on the planetary one.

spectra, and use this line as our reference for the Kepletian We then divide these areas f8r;, thus obtaining for each

tion of the star caused by the planet. exposure inside the full part of the transit a value for thepa

Then we apply our new procedure for each broadband ct&der (see Eqg. 1). Knowing a priori the position of the planet
sen in Table 1. We extract the CCFs relative to the orders @1 the stellar disk and the limb darkening fioBents, we divide
the broadband we are analyzing from the CCF fits files genéachg for the relative second term of Eq. 1. For each in-full-
ated by the HARPS DRS pipeline. These CCFs are then aviansit spectrum we now have an estimate of the ra@jgRc)>
aged and normalized, thus creating one CCF per spectrum (fog. 3). We finally average these values taking as unceytain
each broadband. The normalization is done in the same wWagir rms.
for all the CCFs: with a linear fit between all the points with It is interesting to note that in few cases the measurements
v < =15 kms?! orv > 15 kms?, thus including in the fit only show a clear linear trend as a function of the distance fra th
the continuum. We also changed the limit value to 13 kinscenter of the star: this is probably due to the fact that theryi
and 17 km st, without significant dferences in the final results.LD coefficient in use is not completely representative for the star
When speaking of CCF here afterwards in this section, we refg that moment at that wavelength. In fact the LD fGoeents
to these CCFs relative to the group of orders. We create the ieave been demonstrated to be dependent also on the particula
erence CCF for the star (C¢H by averaging all the CCFs of situation of the star at the moment of observation (e.g.hen t
the out-of-transit spectra (Fig. 1), shifted for the refatkVs (as number and size of star spots, Csizmadia et al. 2013). In turn
estimated from the pure Keplerian motion). No significaffit o this kind of analysis could be also useful to constrain the LD
set among dferent groups was detected (Fig. 1). We fit G&F codficients of the star.
with a Gaussian function using th®L functionGAUSSFIT, and
subsequently we calculate its areafag = V27 - a- ¢, wherea
andc are the height and the standard deviation of the Gauss
respectively. The Spearman test did not detect any signtfici L e e e B
correlation between them. Hence, we also give the erra{foar
the area by propagating the errors on &endc parameters ob-
tained from the fits.

| IR

0.025

LA LA L

T T T T E N
F . o r ]
l.O;—-‘_ﬁ ——— ] Eno_024>,,,i ,,,,,,, f ,,,,, i} ,,,,, E,,j
09 F E {
08E 3 0.023 3 E
R i ]
0.7 F E B v v 0w e ey 1
E groupl | 3 0.70 0.75 0.80 0.85
E group2| 3 d[Rs]
F group3 ]
0.6 ? group4 é
E groups 1 .
E groups | ] Fig. 3. Example of the values oR/Rs)? found for one broadband as a
05 E i I function of the distance of the planet from the center of the ). The
E l ) l 3 red line represents the averad®/Rs)? taken as the final value, dashed
-20 -10 0 10 20 lines define its uncertainties.

vel [km/s]

We repeat the whole procedure for each broadband and
Fig. 1. Reference CCFs for theftiérent groups of orders for the nightfor each transit. In this way we obtain one transmission spec
Aug 28th, 2007. trum per transit. At the end we average the values of the same
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Fig. 2. Shadow of the planet over the stellar CCF for the night Aud28007 in the dferent order groups (Table 1) and in the total HARPS
passbhandTop: left to right, shadow for the groups 1 toBottom: left to right, shadow for the groups 5 to 7, plus the total HARFassband. The
color scale, chosen for viewing ease, is the same in all this pl

Table 3. Values ofRy/Rs for HD 189733b obtained in this work using of course larger than the ones obtained with HST, but ha#-si

the chromatic line-profile tomography technique. with respect to those obtained by Di Gloria et al. (2015) who a
alyzed the same dataset using fietent analysis method. The
Group Passband (nm) Ro/Rs uncertainties could be reduced by increasing the numbelb-of o
1 200-420 015677+ 0.00068 served transits: with ground-based observations, thisldHze
2 420-470  (5653+ 0.00033 easier than from space.
3 470-520 015598+ 0.00030
4 520-570 015548+ 0.00041
5 550-600 015594+ 0.00052 4.1. Single transit events comparison
6 600-650 015501+ 0.00048
7 650-700 5460+ 0.00112 As mentioned before, the obtained transmission spectruss do

not account for any kind of variation due to occulted and unoc
culted star spots. These catffiegt the CCF, modifying its shape
o i o in the same way as the transit of a planet does. As it happens
broadband, obtaining the final average transmission spaaif i, 3 transit, star spots occulted by the planet during thestta
HD 189733b (Table 3, Fig. 4). can bring to an underestimation of the planetary radius|ewhi
unocculted ones can bring to an overestimation: tiiiece is
chromatic, and will be thus fferent depending on the wave-
length. For this system, thisfect has been largely analyzed,
Our Ry/Rs values derived with chromatic line-profile tomograwith different authors disputing the slope seen in the transmis-
phy are in good agreement with those reported by other anadien spectrum as due to Rayleigh scattering, to stellavicti
ses (Fig. 4). There is a decreasind34/Rs going toward longer or both (Sing et al. 2011; Pont et al. 2013; Oshagh et al. 2014;
wavelengths that well matches the slope of HST data of PontM¢tCullough et al. 2014). The detailed study of stellar &ttiis

al. (2013). We did not take into account their correctiondtar beyond the scope of the paper, but it is interesting to lodket
spots since it is well inside our error-bars. Our uncertainére results obtained in the independent analysis of the thiféerelint

4. Discussion
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— instrumental systematics: in the zone of lowgN Sdue to
0166 both the spectral energy distribution of the star and thetow

i efficiency of the instrument, possible systematics could arise
] between dferent nights in the CCFs computation;
— exoweather variability: the data are taken dfetent times,

0.164 —
so in principle variations of planetary radius could be at-
0.162 jﬁ — 7 tributed to intrinsic variations in the atmosphere of the

T T
L

T

i + ] planet. This hypothesis is however unlikely;
n 2160 + 7 — stellar activity: occulted and unocculted star spdisc this
s [ ] kind of measurements in a wavelength-dependent way. Their
©owssf b 7 amount on the stellar surface is obviously changing with
C % s f ] time, so their influence on the transmission spectrum can
0156 I~ +H§:I}—H f = ] vary for each transit.
0.154 |- @ @ eThis work ] The same variability going toward blue wavelengths, when
. :E?gt|§:i:|ét22|l(?01s 1 looking at the transmission spectrum of HD 189733b taken in
o2 L—————+ ] different transits, was evident also in Sing et al. (2011) using

300 400 500 600 700 space-based observations. This makes us think that tha- vari
wavelength [nm] tion observed betweenfirent transits is actually due to stellar
activity. We note that HD 189733/452 Vul was known as a

Fig. 4. Broadband transmission spectrum of HD 189733b as calculaf@tational variable well before the discovery of the tréingi ex-

with this method (black circles). For comparison, red tjias are HST oplanet. Microvariability (< 0.03 mag) was discovered byip-

observations by Pont et al. (2013), light-blue squares @@sorements parcos, while Cair H&K lines were observed in absorption with

from Di Gloria et al. (2015) using the chromatic RNfect on the same no variability (Cutispoto et al. 2000) and in emission (S¢ra

dataset of this paper. The vertical shift is due to thedent transit meier et al. 2000).

parameters used betweeffdient papers.

4.2. A look at sodium

The sodium D-lines (588.995 nm and 589.592 nm) have been al-
ready observed in the atmosphere of HD 189733b, in particula
I i using the same dataset as used in this paper (e.g., Wytteebac

L #’ . al. 2015). Looking at Fig. 4, it is possible to note in our flesa

L L L L L L B

0.160 — -

slight deviation from the decreasing radius toward longavey

I ) lengths for the point relative to group 5, that matches inavav
B + T < length the variation given by the sodium doublet evidentim t

0.158

T

0.156 - - T r ] measurements from Pont et al. (2013). We stress however that
' = ’ ‘ il this deviation could not be directly due to sodium: the sodiu
B ﬁﬁl 1 D-lines are in fact absent in the HARPS line masks and thus
1 1 ) they do not contribute to the CCFs and to our analysis. In our

01541 J 1 opinion, it is also unlikely that the extended wings of plemg

4

Rp/Rs

o o eaug 28, 2007, sodium absorption could play a role in this slight increase.

0152 - Jul 19, 2007 ]

a & asep 7, 2006

i 5. Conclusions

v v b v v Lo v Ly
400 S\Sg\,elength [nmj 600 700 We tested a new method for retrieving the broadband transmis

sion spectrum of transiting exoplanets, proving that clatien
line-profile tomography during transit is a useful tool toyide

Fig. 5. Broadband transmission spectroscopy of HD 189733b catmlilajnsights on their atmospheres. We applied our method td-exis

for the single transit events ref:orded with HARPS. Red egrcéfer to ing high-quality high-resolution transit spectroscopliserva-

e e o ke i o of HD 1897335, together wih HD 200458 the mostwell

are slightly shifted for,graphic clarity, stydled exoplanet SO far. The analysis of t_hre_e transnerobsl

with HARPS results in an averaged transmission spectrutistha
in good agreement with the spectrum obtained from space (Pon

transits (Fig. 5). While the results at> 500 nm are in agree- tet al. 2(:113)’ cogfirmin(gjgtthgit grotgndt-b%seg higgt-)resgltmmc-_

ment, we note high variability in the blue part of the speetru rograp sfcan Ie usedto investigate the broadband trasiemis

(1 < 500 nm). Given the high stability demonstrated by HARPE€¢lra of exoplanets. _

(e.g., Lovis et al. 2006), on the basis of our analysis Wsstr% Comparing one by one the independent results from the three
ra

that this variability could be due toffiérent causes: nsits analyzed, we can see a disggreement increasiagdow
the blue part of the spectrum. Even if we cannot completely ex

clude systematics, the most probable explanation is tk#dast
— terrestrial atmosphere: variation in the observing coodg activity plays a role when extracting transmission spectrex-
from night to night (e.qg., variable seeing, weather) conld i oplanets: care has thus to be taken when claiming for Rayleig
duce subtle gects on the CCFs (e.g., Cosentino et al. 2014¢attering in the atmosphere of planets transiting actases sis-
thus influencing the results; ing only one transit. Our technique matches the requirentent
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perform several observations at the same wavelength to-quan
tify the effects of the stellar activity (Oshagh et al. 2014), with
the advantage to use the entire optical spectrum to crasskch
the results. In such a way it is a valid alternative to multico
photometry. With respect to the use of chromatic RM (Di Glori
et al. 2015), chromatic line-profile tomography has the adva
tage that it will be useful even in case of planets transitiigd
Veqsini stars, for which it is diicult to estimate precise RV val-
ues. The creation of a custom mask for the CCF estimation (e.g
Borsa et al. 2015) will help in further increasing the prewicof

the results.

Future high-resolution spectrographs like ESPRESSO (Pepe
et al. 2013) will provide a gain in the/S, allowing us to use
this method also on fainter targets. Observing as more fdane
atmospheres as possible is needed for a global understaofdin
atmospheric properties, and any new technique can be dseful
this scope.
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