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ABSTRACT

The young G7V dwarf CoRoT-2A is transited by a hot Jupiter and among the most active planet host-stars known to date. We report on
the first detection of a chromospheric Rossiter-McLaughlin effect observed in the Can H and K emission-line cores. In Can H and K,
the transit lasts 15% longer than that observed in visual photometry, indicating that chromospheric emission extends 100000 km
beyond the photosphere. Our analysis is based on a time series of high-resolution UVES spectra obtained during a planetary transit
and simultaneously obtained photometry observed with one of the PROMPT telescopes. The chromospheric Rossiter-McLaughlin
effect provides a new tool to spatially resolve the chromospheres of active planet host-stars.
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1. Introduction

The G7V dwarf CoRoT-2A is one of the most active planet host-
stars known to date. Every 1.74 d, the star is transited by the
unusually inflated hot Jupiter CoRoT-2b (Alonso et al. 2008;
Bouchy et al. 2008). CoRoT-2A is young (100-300 Ma) and
has basically solar metallicity (Schroter et al. 2011). It shows
a high level of magnetic activity as diagnosed from the ampli-
tude of its photometric variation, strong chromospheric emission
lines, and coronal X-ray emission (Alonso et al. 2008; Knutson
et al. 2010; Schroter et al. 2011). Furthermore, Schréter et al.
(2011) provided strong evidence that CoRoT-2A’s optical neigh-
bor, 2MASS J19270636+0122577, is a true physical compan-
ion of spectral type K9, as earlier hypothesized by Alonso et al.
(2008), making CoRoT-2 a wide binary system with at least one
planet.

The CoRoT-2 system has been subject to a multitude of pho-
tometric and spectroscopic studies. To name but a few: Alonso
et al. (2008) reported the discovery of CoRoT-2b and first ra-
dial velocity (RV) measurements, later refined by Bouchy et al.
(2008); Gillon et al. (2010) studied the secondary transit ob-
served with Spitzer’s IRAC instrument and Snellen et al. (2010)
analyzed the secondary transit as observed by CoRoT; Lanza
et al. (2009), Czesla et al. (2009), and Huber et al. (2009, 2010)
used light-curve inversion techniques to recover CoRoT-2A’s
surface; finally, Ammler-von Eiff et al. (2009) and Schroter et al.
(2011) investigated the spectral properties, activity, and X-ray
emission of the system.

During a transit, the planet occults different parts of the ro-
tating stellar surface, which leads to the Rossiter-McLaughlin
effect (RME). The occultation introduces asymmetries into the

* Based on observations obtained with UVES at the ESO VLT
Kueyen telescope (program ID 385.D-0426).
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rotationally broadened line profile, which result in an apparent
radial velocity (RV) shift of the stellar spectrum. The RME, first
observed in eclipsing binary stars (Schlesinger 1910; Rossiter
1924; McLaughlin 1924), has become a standard tool to analyze
the geometry of exoplanetary systems (e.g., Fabrycky & Winn
2009). Analytical models of this effect, based on the first mo-
ment of spectral lines, have been presented by Ohta et al. (2005)
and Giménez (2006) and are commonly applied to modeling,
although they may not exactly reproduce the results obtained
by cross-correlation techniques (e.g., Triaud et al. 2009; Hirano
et al. 2010).

The RME has widely been used to measure the projected
rotation velocity of planet host-stars and the alignment of their
rotation axis relative to the planetary orbit (e.g., Bouchy et al.
2008). Snellen (2004) and Dreizler et al. (2009) proposed the
use of the RME to probe the planetary atmosphere by analyz-
ing the differences between measurements in various spectral
lines showing potentially large absorption due to the planet’s
exosphere. In contrast to narrow-band photometry, the differen-
tial RME measurement does not rely on accurate photometric
calibration (Snellen 2004).

The applicability of the RME is not limited to the study of
the planetary orbit and atmosphere, but can be extended to the
study of the stellar atmosphere. By confining the RME measure-
ment to spectral lines originating in individual layers of the stel-
lar atmosphere, the properties of these layers can be separately
analyzed. In this paper, we demonstrate the feasibility of this
approach for the stellar chromosphere. While the apparent sur-
face brightness of the photosphere decreases toward the limb, the
optically thin chromosphere and corona show limb-brightening
(Wolter & Schmitt 2005). Narrow-band transit light-curves of
limb-brightened emission lines are expected to display charac-
teristic profiles (Assef et al. 2009; Schlawin et al. 2010), which
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also applies to the RME derived from chromospheric emission
lines. Therefore, the RME observed in chromospheric emission
lines allows us to probe the spatial structure of the chromo-
sphere, including both the chromospheric center-to-limb varia-
tion and inhomogeneities due to active regions. These measure-
ments can be used to study the chromospheres of active planet
host-stars and examine whether faculae dominate over spots on
the surfaces of young, active stars, as found by Radick et al.
(1998).

In this paper, we present time-resolved transit spectroscopy
of CoRoT-2A obtained with the UVES spectrograph and simul-
taneous photometry obtained with the “Panchromatic Robotic
Optical Monitoring and Polarimetry Telescopes” (PROMPT,
Reichart et al. 2005). We refine the wavelength calibration of the
spectra and discuss the RME observed in photospheric lines. In
Sect. 3.3, we report the first detection of the prolonged RME in
the chromospheric emission-line cores of Can H and K, before
closing with a discussion of our findings.

2. Observation

We acquired 24 high-resolution spectra of CoORoT-2A using the
UVES spectrograph (Dekker et al. 2000) mounted at the VLT
Kueyen. The observations were obtained on June 7, 2010, under
program-ID 385.D-0426(A) and cover a full planetary transit of
CoRoT-2b, including one hour before and two hours after the ac-
tual transit; the spectra have individual exposure times of 800 s.

The UVES spectrograph was set up in dichroic 2 mode
with a slit width of 0.7 arcsec. For the selected setup, UVES
provides a wavelength coverage of 3800-9000 A with gaps
at 5000-5700 A and 7500-7680 A at a resolving power of
about 60 000. Owing to the worsening seeing conditions during
the second half of the night, we inserted the image slicer into the
light path to reduce light losses during exposures Nos. 12—24. To
reduce the UVES echelle data, we applied the REDUCE pack-
age developed by Piskunov & Valenti (2002); for a more detailed
discussion of the data and the reduction, we refer the reader to
Schréter et al. (2011).

The transit observed with UVES was simultaneously fol-
lowed by one of the six 0.41 m Ritchey-Chrétien telescopes be-
longing to the PROMPT observatory (Reichart et al. 2005) lo-
cated at the “Cerro Tololo Inter-American Observatory” (CTIO)
in Chile. The telescope is equipped with an “Apogee Alta U47”
detector with a 1k X 1k pixel array with a gain of 4.91 elec-
trons/ADU and a read-out noise of 10 electrons.

A total of 528 science frames were taken with a fixed ex-
posure time of 30 s. No filter was used in the observations. We
calibrated all science frames using a master bias, but refrained
from applying a sky-flat correction, because the sky-flat expo-
sures showed a strong illumination gradient from the center to
the periphery, possibly caused by the projected shadow of the
shutter. The following reduction was carried out using standard
routines from the IRAF daophot package for image processing.

3. Analysis

We present an analysis of the temporal evolution of the ob-
served spectra including a detailed presentation of the wave-
length calibration, which is crucial to our analysis. All line pro-
file and model fits as well as the Markov-chain Monte Carlo
(MCMCQ) calculations make extensive use of routines of our
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Fig. 1. Time-dependent drift of the UVES wavelength calibration deter-
mined from 64 isolated H,O (red) and O, (blue) telluric absorption lines
(small temporal displacement for clarity). The dashed line indicates the
insertion of the image slicer.

PyAstronomy! collection of Python packages, which provide a
convenient interface to fitting and sampling algorithms imple-
mented in the PyMC (Patil et al. 2010) and SciPy (Jones et al.
2001) packages.

3.1. Refining the wavelength calibration using telluric
standards

Our wavelength calibration was obtained using Th-Ar lamp
spectra. Since those spectra are not taken simultaneously with
the science spectra, they cannot account for instrumental wave-
length drifts produced, for example, by environmental effects. To
obtain a more accurate, time-dependent wavelength calibration,
we exploited telluric absorption lines. The power of this tech-
nique has already been demonstrated, for instance, by Snellen
(2004), who used atmospheric H,O lines in a UVES spectrum
to show that a precision of ~5-10 ms~! can be attained, and by
Figueira et al. (2010), who found that the accuracy obtained by
using atmospheric features can compete with that reached with
gas-cell methods on timescales of days.

To obtain an absolute wavelength calibration, we determined
the wavelengths of the strong atmospheric lines of HO and O;.
Telluric absorption lines of H,O are present around 6500 A and
in the 6900—7400 A region, while those pertaining to O, popu-
late the regions 6200—-6300, 6800—6950, and 7650—7700 A.

We selected the 64 strongest, isolated telluric lines (27 H, O,
37 O,) and fitted them with Gaussians. The best-fit wavelengths
were then compared with the spectral atlas of telluric absorp-
tion lines provided by the “high-resolution transmission molec-
ular absorption database” (HITRAN 2: Rothman et al. 2009).
The sample standard deviation between observed and nominal
wavelengths was used as an error estimate. Errors were deter-
mined for H,O and O, separately and found to be larger for the
H,O lines, which predominantly populate the wavelength band
beyond 7000 A, where the signal-to-noise (S/N) ratio decreases.

In Fig. 1, we show the thus obtained apparent RV shift
of the 24 spectra. Clearly, the difference between nominal and

! http://www.hs.uni-hamburg.de/DE/Ins/Per/Czesla/PyA/
PyA/index.html
2 http://www.cfa.harvard.edu/hitran
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observed wavelength of the telluric lines follows a systematic,
time-dependent trend. The blue shift corresponds to a drifting of
approximately 1 kms™' in five hours. The drift is neither linear
nor monotonic, but shows a humpy behavior. Most notably, there
is a sudden jump of 0.2 kms~! after the 12th observation. We
find no wavelength-dependence of the trend in the 62007700 A
range covered by telluric lines.

This telluric drift may be caused by instrumental and
atmospheric effects. As an evolving velocity field in the
atmosphere gives rise to a Doppler shift, it induces a wavelength-
proportional line shift. To check whether this is the case, we de-
termined the apparent shift of telluric lines in seven echelle or-
ders. Our analysis suggests that the drift of telluric lines does not
show the characteristics of a Doppler shift, but is dominated by
a displacement of the spectrum on the detector (about 0.1 CCD
pixels at 6700 A).

The telluric line drift may be the result of a changing dis-
persion relation caused by a variation in the ambient condi-
tions. The ambient pressure and temperature reported in the
FITS headers, indeed, follow a pattern reminiscent of the tel-
luric line drift. Figure 2 shows both quantities as a function
of time. Ambient pressure and temperature are both strongly
correlated with the telluric drift pattern yielding Pearson cor-
relation coefficients of 0.92 and 0.80, corresponding to shifts
of 1.38 kms~!/hPa and 1.12 kms~!/°C. According to the ESO
UVES User Manual (Kaufer et al. 2011) and the ESO Quality
Control Group (2005), variations in temperature yield shifts
of typically 0.35 pixels/°C (0.5 kms~!/°C) in dispersion direc-
tion and changes in the ambient pressure cause typical shifts of
0.05 pixels/hPa (0.1 km s~!'/hPa). Given the environmental con-
ditions during the night (see Fig. 2), temperature variations dom-
inate the instrumental drift.

Although the observed drift in our spectra is larger than that
inferred from the UVES manual, we identify the ambient con-
ditions as the likely dominating cause of the apparent drift. This
conclusion is in line with the results of Reiners (2009), who an-
alyze similar differential velocity drifts.

3.2. Photospheric Rossiter-McLaughlin effect and optical
photometry

Below, we present a joint analysis of the photospheric Rossiter-
McLaughlin effect derived from the UVES spectra and simulta-
neously obtained optical photometry.

3.2.1. Analysis of PROMT data

The photometry was obtained using PROMPT. To reduce these
data, we carried out the usual CCD data reduction steps. We
identified USNO-B1.0-0913-0447626 as the most well-suited
comparison star and obtained the differential light curve for
CoRoT-2A along with several control light-curves using other
comparison stars. To obtain the light curves, we extracted
the photons from circular apertures centered on the individ-
ual stars. The local sky level was measured within an an-
nulus surrounding the aperture. In the case of CoRoT-2A,
the aperture also comprised its bona-fide physical companion,
2MASS J19270636+0122577. The resulting light curve was
normalized using a linear fit to the out-of-transit points and is
shown in the lower panel of Fig. 4.
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Fig. 2. Time dependence of ambient pressure and temperature during
the UVES observations.

3.2.2. Measurement of the photospheric
Rossiter-McLaughlin effect

We determined the radial-velocity shift of the stellar spectrum
obtained with UVES by cross-correlating it with a synthetic
template of CoRoT-2A according to the prescription by Zucker
(2003). The template was calculated with the SPECTRUM stel-
lar synthesis code (Gray & Corbally 1994) and is based on
Kurucz model atmospheres (Kurucz 1993). The stellar param-
eters were adopted from Schréter et al. (2011).

Before cross-correlating them, the observed spectra were
continuum-normalized. To define the continuum, we manually
specified an appropriate number of supporting points for a
piecewise linear fit, chosen by comparing the spectra with the
template. We then calculated the cross-correlation function for
different parts of the spectrum that show no contamination by
telluric absorption lines. While the blue parts of the spectra are
most convenient from that point of view, they completely lack
telluric lines that could be used to correct for the systematic
instrumental drift described in Sect. 3.1. We, therefore, com-
puted the cross-correlation in the 5700—7500 A range and sub-
sequently subtracted the instrumental drift inferred from the tel-
luric lines. The result is shown in Fig. 3 along with a quadratic
fit to the out-of-transit points used in the modeling.

3.2.3. Joint modeling of photometry and
Rossiter-McLaughlin effect

In our modeling, we apply the analytical RME curves pre-
sented by Ohta et al. (2005) and the transit model developed
by Pal (2008). In addition to the RME model, we take into
account the orbital reflex motion of the host star using a si-
nusoidal curve. In our approach, we neglect the slightly non-
zero (e = 0.0143*5:0977) eccentricity determined by Gillon et al.
(2010), whose influence on our model is small.

The transit model has the following parameters: the orbital
period, P, the mid-transit time, T, the radius ratio, rp/Rs, the
semi-major axis in stellar radii, a/Rs, the orbital inclination, i,
the linear stellar limb-darkening coefficient, €, and the contri-
bution of third light, L3, given as a fraction of the host-star’s
luminosity.

The RME model of Ohta et al. (2005) encompasses, apart
from the third light contribution, all parameters used in the
transit model. In addition, it includes the sky-projected stellar
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Fig.3. The photospheric Rossiter-McLaughlin effect observed with
UVES and a quadratic out-of-transit model.
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Fig.4. Upper panel: photospheric Rossiter-McLaughlin effect of
CoROT-2A determined in the 5700-7500 A band, our most likely model
(solid), and the model given by Bouchy et al. (2008) (dashed). Lower
panel: transit simultaneously observed with PROMPT and most likely
model from our joint transit+RME fit.

rotational velocity, v sin(/;), and the sky-projected angle between
stellar spin axis and planetary orbit normal, A. Furthermore, we
characterize the stellar reflex motion using a sine with RV semi-
amplitude, K, and an RV zero point, Vj. In the computation of
the RV curve, we used an “overbinned” model to account for the
finite (800 s) integration time per spectrum. In particular, each
observed bin was divided into 15 model bins, which were finally
averaged and compared to the observation.

In an active star such as CoRoT-2A, stellar activity could af-
fect the measured RV curve (Albrecht et al. 2011; Bouchy et al.
2008). Additionally, systematic effects due to the observed in-
strumental drift may still be present. To account for RV shifts
not caused by the stellar reflex motion and the RME itself, we
fitted the out-of-transit points of our RV measurement using a
quadratic model (see Fig. 3) and subtracted the quadratic term
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Table 1. Priors and sampling results.

Prior information

Quantity* Prior Source®
vsin(Zy) [kms™!] 11.46 +0.37 B0O8
A[°] 7.1+5 B08
K [kms™] 0.563 £ 0.014 A08
i[°] 87.84 £ 0.1 AO08
p 0.1667 + 0.0053 A08/C09
Ly [%] 56+1 A08
a [Ry] 6.7 +0.03 A08
e, Ty, Vo uniform
e 0 (fixed)

Posterior
Quantity Value and 95% HPD?
vsin(Zy) [kms™!] 11.95 (11.4, 12.53)
A[°] -1(-7.7,6)
K [kms™] 0.564 (0.541, 0.587)
i[°] 87.84 (87.67, 88)
p 0.1639 (0.1621, 0.1656)
L [%] 52(3.2,7.1)
a [Ry] 6.73 (6.69, 6.76)
€ 0.33 (0.28, 0.37)
Ty [s] -76.7 (—-88.2,-65.3)
Vo [m/s] 63.3 (52.9, 72.6)

Notes. Y We use the nomenclature of Ohta et al. (2005); in addition, K
is the radial velocity semi-amplitude, V; the RV offset, and L3 the third
light contribution. ® In parentheses, the 95% HPD credibility intervals
are given. © A08 = Alonso et al. (2008), BO8 = Bouchy et al. (2008),
C09 = Czesla et al. (2009).

(4.08 km d~?). The resulting RV curve is shown in the top panel
of Fig. 4 and was used in the modeling.

The parameters in question had already been measured in
previous works. To take the existing information into account in
our modeling, we specified Gaussian priors based on previous
results for the parameters: vsin(ly), A, K, Vo, 1p/Rs, L3, a, and i.
For the radius ratio, r,/R;, we used the difference between the
values derived by Alonso et al. (2008) and Czesla et al. (2009)
as the width of the prior. For all other parameters, except for
the eccentricity, which was neglected, we used uniform priors
covering the full physically reasonable space. The information
on parameters and priors is summarized in Table 1.

We proceeded by sampling from the posterior probability
distribution using a Markov-chain Monte Carlo (MCMC) ap-
proach. In Fig. 4, we show the most likely model given the
data and the prior information. The expectation values for the
parameters and 95% credibility intervals derived from the pos-
terior are given in Table 1. We note that the prior information
has a noticeable influence on the posterior, especially that on
the stellar rotation velocity, vsin(/s). If we neglect this prior in-
formation by using a broad uniform prior, the posterior yields
vsin(Zy) = 12.9 (11.9,13.9) kms~!, increasing the amplitude of
the RME model.

Our analysis shows that CoRoT-2A’s companion,
2MASS J19270636+0122577, provides 5.2% of the total flux in
the PROMPT band, which is comparable to the number of 5.6%
derived by Alonso et al. (2008) in the CoRoT band. The ob-
served transit center, T, shows a slight displacement of —76.7 s
if compared to the ephemerides given by Alonso et al. (2008).
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The numbers are, however, compatible considering that the 1 o
uncertainty in the Alonso et al. ephemerides amounts to 95 s at
the given epoch, which covers our value. Using the reference
point, Ty o, given by Alonso et al. and our transit center, T, we
can slightly improve the estimate of the planet’s orbital period
using the equation

_ (2455354.796312d - 76.7 s) — To A

641
= 1.742995 02 + 0.000 001 d.

We caution that large starspots may affect the transit timing, but
as our period estimate lies within the error given by Alonso et al.
(2008), their effect is unlikely to be larger than the observed off-
set of —77 s. Whether the small deviation is due to starspots,
cannot be decided on the basis of the data at hand.

In the upper panel of Fig. 4, we show our data points (see
also Table A.1), our best-fit RME model, and the model derived
by Bouchy et al. (2008) (their “combined MCMC fit” shifted
to our RV offset); in Table 1, we list the associated parameter
values and the 95% highest probability density (HPD) credibility
intervals derived using MCMC sampling.

The RME observed with UVES shows a slightly larger am-
plitude than reported by Bouchy et al. (2008), which causes the
larger vsin(/s) value derived from our data. While the derived
linear limb-darkening coefficient, €, of 0.3 appears to be low
compared to the number of 0.66 reported by Claret (2004) for
a star like CoRoT-2A in the r’ band, it is in better agreement
with the number of 0.41 + 0.03 given by Alonso et al. (2008),
neglecting their small (0.06) quadratic term.

Although the amplitude of the RV shift produced by the
orbital motion of the planet, K, cannot be reliably determined
given that our data cover only about 10% of the orbital period,
we find our number of 564 (541,587) ms~! to be in good agree-
ment with the value of 563 + 14 ms~! derived by Alonso et al.
(2008) using the full orbit.

CoRoT-2A is an active star, which had a substantial spot
coverage during the half-year long CoRoT observation (Alonso
et al. 2008; Czesla et al. 2009; Huber et al. 2010). It is likely that
spots were also present during the transit under consideration.
Parameter uncertainties imposed by stellar activity on the order
of a few percent have been found for CoRoT-2A, e.g., by Czesla
et al. (2009), and we expect to find a similar effect in our current
measurements.

Our photometry suggests that the planet-to-star radius ratio
is about 2% smaller than observed by Alonso et al. (2008). Such
a decrease may be caused by a corresponding decrease in the
total spot coverage of the star, which would make the planet ap-
pear smaller. A smaller planet could also account for the larger
model value of the stellar rotation velocity, which would then
counterbalance the less pronounced RME effect produced by a
smaller planet. Alternatively, the spot coverage on the eclipsed
section of the star may be larger, thus, making the transit appear
less deep (Czesla et al. 2009). We refrain from pointing out indi-
vidual spot-crossing events in our photometry, because the data
do not allow a unique identification.

Strong stellar activity as observed on CoRoT-2A can mask
the true values of the physical parameters, leading to differences
between individual measurements. To quantify this activity scat-
ter, a larger sample of measurements, allowing a statistical
analysis, would be needed.

0.8 T T

T T T
Data without correction ——+ -
Orbital RV -------- |

0.6 !
04

T
b
»
>
F—e—
b
—e—
—e—
1

02

of }

-0.2

T
{
e
1
/
¥
—o—i
i
'—.‘—lll
K
{ e
’/
/!
/!
/
e
e—
/—e—i
e—|
£
—e—1
1

T
B
£
—e—i
)
—e—i
—e—i/
7’—/0—4
b—o—i1
=
—e—i
L

-0.4

T
= —
‘
\
;
;
1

-0.6 - : B .

Radial velocity difference [km s'l]

0.8 1 1 1 1 1
-0.1 -0.05 0 0.05 0.1

BID - 2,455,354.79631 [d]

0.15

Fig. 5. Chromospheric Rossiter-McLaughlin effect: radial velocity shift
of the Can H and K lines. Circular data points: RV corrected for telluric
drift; triangles: uncorrected RV shift; and dashed line: orbital radial ve-
locity model.

3.3. The chromospheric Rossiter-McLaughlin effect

As the planet eclipses the chromosphere during the transit, the
RME should also be observable in chromospheric emission
lines. Among the chromospheric features in CoRoT-2A’s spec-
trum, we find that only the cores of the Can H and K lines
are usable for our analysis. These lines are both strong enough
and sufficiently uncontaminated by photospheric emission. A de-
tailed analysis of the chromospheric features in He, HB, the Na I
lines, or the Ca infrared triplet is impeded by a comparably large
photospheric background, which is small in the Can H and K
emission-line cores (see Fig. 7, or Fig. 4 in Schroter et al. 2011).

In the red, we used the telluric lines as standards to improve
our wavelength calibration (cf., Sect. 3.1). Because this proce-
dure remains impossible in the blue owing to the lack of appro-
priate telluric lines, we adopted another approach to obtain a cor-
rection for the instrumental drift: We derived the photospheric
RME in the blue part of the spectrum using a synthetic spectrum
and a line list obtained from VALD (Piskunov et al. 1995) to de-
termine the wavelength of 38 unblended stellar absorption lines
between 3800 and 4300 A. Our previously calculated red RME
model was then subtracted and the residual signal was attributed
to the drift. While we used the thus derived correction to model
the chromospheric RME, we emphasize that the detection of the
effect is independent of this correction.

To estimate the apparent RV shift of the Can H and K line
cores, we determined their barycenters using small 0.5 A-wide
segments centered around the cores’ nominal positions (cf.,
Fig. 7). As both should be similarly affected, we averaged the
results yielding a mean RV shift in the Cam H and K emission
line cores.

In an alternative approach, we approximated the Camn
H and K emission-line cores with Gaussians and used MCMC
sampling to explore the posterior probability distribution. The
measurement errors were assumed to obey a normal distribu-
tion and were derived by comparing the observed spectrum to
an appropriate synthetic template. Both the barycenter and the
Gaussian fit approach yielded comparable results. The resulting
RV shifts are listed in Table A.1, and the outcome of the MCMC
analysis is shown in Fig. 5, which shows an RV curve with a sig-
nature strongly reminiscent of the photospheric RME; the errors
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correspond to 68% credibility intervals. We found that the cen-
ter of the Gaussian is not correlated with any other parameter
and concluded that the estimate is insensitive to the shape of the
emission-line core.

To check the significance of the detection, we tested the null
hypothesis that the RV variation in the Cam H and K cores is
described by the orbital motion of the planet alone. Applying
x° statistics, the null hypothesis can be rejected with a p-value
of 10719, indicating that our data include an additional contribu-
tion to the RV variation, which we attribute to the chromospheric
RME.

To exclude the possibility that we merely detected the RME
present in the residual photospheric flux underneath the Can
H and K emission-line cores, we used simulated spectra. First,
we obtained a synthetic spectrum of the Cam H and K line region
without emission-line cores, shifted it according to the observed
photospheric RME, and applied noise to simulate the observa-
tion. We then used the same barycenter method applied to the
UVES spectra and found that no RV shift can be detected that
can be distinguished from noise. This is a consequence of the
broad Can H and K line wings. Second, we added the emission-
line cores. Our simulations show that both the RV signal re-
sulting from the barycenter method and the Gaussian fit to the
cores are dominated by the shift in the cores and virtually unaf-
fected by the underlying photospheric flux. We, therefore, con-
clude that the observed additional RV shift is not a relic of the
photospheric RME, but is, indeed, related to the chromospheric
emission.

3.3.1. Interpreting the radial velocity signature

The similarity of the chromospheric RV signature (see Fig. 5)
and the photospheric RME suggests that the surface of
CoRoT-2A is covered by active regions — at least the fraction
eclipsed by the planet. The chromospheric and photospheric
RME can, however, be described by the same model with
different parameter values accounting for the physical condi-
tions in the chromosphere and the photosphere. In particular,
the wavelength-dependent center-to-limb variation and a, poten-
tially, wavelength-dependent radius ratio must be taken into ac-
count (Vidal-Madjar et al. 2003; Dreizler et al. 2009).

In a first attempt to model the chromospheric RME, we con-
sidered only the RV offset, VS, and the center-to-limb variation,
i.e., the limb-darkening coefficient, €, as free parameters. The
remaining model parameters remained fixed at the photospheric
values given in Table 1. We, again, imposed uniform priors on
all parameters and used MCMC sampling to explore the pos-
terior probability distribution. The optimal solution found after
10° iterations is shown in Fig. 6. The fit describes the data qual-
itatively, but, formally, the quality remains poor with a y?-value
of 76.3 for 22 degrees of freedom.

In a second fitting attempt, we allowed for an extended chro-
mosphere, i.e., a larger radius of the star, by introducing a scal-
ing factor. Using a uniform prior for the scaling, we repeated the
MCMC sampling and found that the data are reproduced best
if the chromospheric radius is a factor of 1.16 (1.1, 1.23) larger
than the photospheric radius, Rp,. Formally, the fit is improved
yielding a y?-value of 58.8 with 21 degrees of freedom for the
lowest deviance solution.

Clearly, the 95% highest probability density (HPD) interval
favors a larger chromospheric radius (see Table 2). To solidify
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Fig. 6. Chromospheric Rossiter-McLaughlin effect: data points (filled
black circles), best-fit model with radii fixed at photospheric values
(dashed red), and best-fit model with free stellar radius (solid blue).

Table 2. Results of the modeling of the chromospheric Rossiter-
McLaughlin effect.

Quantity Value* 95 % HPD

€ -0.4 [-16.5, 1.0°]
Ve [kms™'] 21953  [21.918, 21.987]
€ —4.4 [-20.0°, —-0.6]
Ve [kms™'] 21957  [21.922,21.992]
R [Rpnoto] 1.16 [1.10, 1.23]

Notes. > We report the value pertaining to the lowest deviance solution
after 10° iterations.  This limit of the credibility interval is determined
by the finite range of our uniform prior.

the significance of the result, we used an F'-test to compare the
vying models. We calculated the estimator

0= XD/ (va =)

F= -
Xb/vb

2

and compared its value to an F-distribution with v, — v; and v,
degrees of freedom (e.g., Rawlings et al. 1998). We found that
the improvement is significant at the 98% confidence level.

In an alternative approach, we used the method described by
Newton & Raftery (1994, see their Sect. 7, Eq. (13)) to estimate
the marginal likelihood using the harmonic mean computed from
the posterior sample generated by the Markov chain. Given the
marginal likelihoods, we computed the Bayes factor, B, and ob-
tained log,,(B) = 3.5. In the scale introduced by Jeffreys (see,
e.g., Kass & Raftery 1995, and references), this yields “deci-
sive” evidence in favor of the model that proposes a larger chro-
mospheric radius for CoRoT-2A. We conclude that this model
provides a significantly better description of the data.

We note that a model in which the planetary radius is en-
larged to account for the prolonged transit is not supported by
our data. To explain the longer transit, the planetary radius would
have to be larger by about a factor of two, which would drasti-
cally increase the amplitude of the RME as a whole and is in-
consistent with the data.

Taking the stellar radius into account, the relative enlarge-
ment of 16% can be converted into an absolute “chromospheric”
scale of 100000 km. For the Sun, Beck & Rezaei (2011) ob-
served Ca H and K emission up to 5000 km above the solar
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limb. The largest solar prominences such as the “Grand Daddy
Prominence” reach projected heights of 112 000 km as measured
in Ha emission (Pettit 1946). Reverting to the solar analog, we
speculate that CoRoT-2A is covered with structures reminiscent
of the Grand Daddy Prominence in size. Whether these struc-
tures are stable cannot be decided on the basis of the data, al-
though, in our measurement, the chromospheric RME appears
to be symmetric, which indicates the presence of extended struc-
tures on both sides of the star. We interpret this as evidence of
a stable configuration or at least a high filling factor of active
regions creating large chromospheric structures.

We found that e, which parametrizes the chromospheric
center-to-limb variation, appears to be negative. This indi-
cates that the chromosphere is limb-brightened. At some point,
the limb-brightened RME model effectively becomes a “ring
model”, which is relatively indifferent to further changes in €.
As our data do not rule out this region, the exact level of chro-
mospheric limb-brightening cannot currently be determined.

As shown in Fig. 6, some data points are incompatible with
either RME model. This may be due to the following reasons:
statistics and systematics, chromospheric inhomogeneities, and
intrinsic variability.

During the transit, the RME curve could be affected by
plage-crossing events. We checked that features with RV ampli-
tudes of ~150 ms~! can be reproduced assuming a plage region
with a size similar to that of the planetary disk and twice the
photospheric brightness (cf., Sect. 3.3.2). Additionally, the chro-
mospheric emission may show intrinsic variability unrelated to
the transit. However, we argue that neither intrinsic variability
nor systematics due to the wavelength calibration are likely to
mimic the prolonged transit signature observed in Can H and K.
Nevertheless, such an effect cannot ultimately be excluded.

3.3.2. Distribution of chromospheric and photospheric
emission

The detection of the RME in the Cam H and K lines shows
that a significant fraction of the chromospheric emission regions
must be eclipsed during the entire transit. Any differences in the
distribution of chromospheric and photospheric surface bright-
nesses should be reflected by a variable equivalent width (EW)
of the Can H and K emission-line cores during the transit, be-
cause chromospheric emission would be measured relative to
the photospheric continuum. To obtain an estimate of the EW,
we summed the signal in 1.4 A wide bands centered on the
Can H and K emission-line cores (see Fig. 7) and compared it to
the signal obtained in the two photospheric bands in the regions
3981-3996 A and 3861-3909 A. The choice of these bands is
arbitrary, but we verified that our results depend only weakly on
this choice. The resulting ratio, R, is a measure of the quantity

<bvis(/lCa)>(t) (3)
(byis(Apn))(1)°
where (Dyis(Acapn)) 1s the mean surface brightnesses of the visi-
ble fraction of the star in Can H and K and the photosphere.

Figure 8 shows the outcome. No variation in the observed
EW is detectable within the limits of our uncertainties. The ratio
of Can H and K signal to the continuum signal in the aforemen-
tioned bands amounts to R = (2.31 + 0.028) x 1072. The given
error corresponds to the sample standard deviation. It does not
differ for in- and out-of-transit points and is attributed to a com-
bination of measurement errors and intrinsic variability.

If the photospheric and chromospheric emission were
equally distributed on the visible surface of CORoT-2A, the EW

R(t) =

07 F T T T ]

Normalized flux

'O 1 1 1 1 1 1 1 1
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Fig.7. CoRoT-2A’s Can Hand K lines. Gray intervals indicate the
bands used to measure the flux in the emission-line cores (see text for
details).
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Fig. 8. Ratio of integrated fluxes in both the Can H and K emission-line
cores (see Fig. 7) to those in the comparison bands (see text).

of the Cam H and K cores and, therefore, R would remain con-
stant during transit, because the occultation has the same effect
on both photospheric and chromospheric emission. A change in
R indicates a deviation from the equal distribution on the cur-
rently occulted section of the stellar disk. If, for example, an ac-
tive region is occulted, more chromospheric than photospheric
emission should be blocked, leading to a decrease in R.

In the following, we quantify the relation between surface
brightness distribution and R. The brightness, B(1), of the entire
stellar disk at any wavelength, A, can be written as

B(1) = f(bocc(/l» + F<bvis(ﬁ)> 4)

where f is the occulted area of the stellar disk and F the vis-
ible area. For the special case of (boec) = (byis) = by, we ob-
viously obtain B = (f + F)by. Starting from exactly this situ-
ation, we introduce a bright chromospheric plage region with a
local surface brightness, (. .(Aca)), which is a factor of @ higher
than the mean surface brightness. Hence, we write (b, .(dca)) =
abo(Aca).

The conservation of total brightness demands that a local in-
crease in the surface brightness across the eclipsed section of the
star must be balanced by an adjustment of the mean brightness
of the visible fraction, (byis(1ca)), which we parametrize by 8 so
that (b, (Acy)) = fbo.

Assuming that the photospheric surface brightness remains
unaffected, the ratio R is proportional to 8 (see Eq. (3)). Starting
from B = faby + Ff3by, we obtain the relation

ﬁ=1+§(1—a). )

In the case of CoRoT-2A, the factor f/F amounts to ~0.03.
Thus, if a plage region with a local Can Hand K surface
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brightness that is a factor of @ = 15 higher than the mean
brightness were eclipsed, the observed EW would be a fac-
tor of 2 lower. The relative stability of R, which varies by
only about 3%, suggests that the surface brightness of the Can
H and K emission does not strongly deviate from that of the pho-
tosphere. According to our result, the photospheric and chromo-
spheric surface brightnesses are the same to within a factor of
about 2.

An analysis of the chromospheric emission in the Ca in-
frared triplet, which is visible as a substantial filling-in of the
line cores, yielded compatible but less conclusive results due to
the much larger photospheric contribution.

3.4. Searching for planetary Na | absorption

During a primary eclipse, stellar light passes through the plane-
tary atmosphere, potentially giving rise to planetary absorption
features. These features have, indeed, been detected in several
systems using the Hubble Space Telescope and more recently
ground-based data (e.g., Charbonneau et al. 2002; Redfield
et al. 2008). According to Seager & Sasselov (2000), the most
prominent planetary absorption features in the optical should be
caused by neutral sodium.

To search for planetary sodium absorption features in our
spectra, we combined them to yield in- and out-of-transit tem-
plates with a S/N ratio of 90 and 110 around Nar, respec-
tively. As discussed by Schréter et al. (2011), the sodium dou-
blet is affected by strong blue-shifted interstellar absorption.
Additionally, the line core is contaminated by residual sky emis-
sion. In the course of our observations, the strength of the sky
contribution increased monotonically following the airmass. We
found that a correction for the sky emission is problematic,
because the sky spectrum shifts in wavelength relative to the
stellar spectrum producing spurious absorption in the in-transit
template. The quality of our combined template spectra does
not allow us to subtract a heuristic model of the sky emission
without introducing additional residuals. Therefore, we found it
impossible to deduce a reasonable upper limit to the planetary
sodium absorption.

4. Discussion and conclusion

We have presented our analysis of 24 high-resolution UVES
spectra of CoRoT-2A and simultaneously obtained photometry,
observed during a planetary transit. We have reported on the
— to the best of our knowledge — first detection of a prolonged
RME in the chromospheric Can H and K emission-line cores.
Furthermore, we have presented a joint analysis of the photo-
spheric RME and the transit photometry.

During our analysis, we found that the wavelength calibra-
tion of UVES undergoes a substantial drift, which we corrected
using telluric standards. While the modeling of the RME de-
pends on the details of this correction, neither the detection of
the photospheric nor the chromospheric RME does.

Our modeling yielded an improved estimate of the orbital
period of the planet and shows that our data favor an RME am-
plitude slightly larger than that reported by Bouchy et al. (2008)
using HARPS and SOPHIE data. This results in a larger estimate
of the projected rotational velocity, v sin(/s), of the star. This dif-
ference potentially reflects a change in the total stellar spot cov-
erage between the observations. As Alonso et al. (2008), we de-
rived a weak limb-darkening relative to the theoretical numbers
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given by Claret (2004). We speculate that a larger contribution
from plage regions and, therefore, the observed activity, may
be responsible for this. While the planet clearly passes across
the stellar disk, our search for planetary absorption features in
sodium remained inconclusive, owing to the lack of signal and
contaminating sky emission.

The presence of the chromospheric RME indicated that chro-
mospheric emission was eclipsed during every phase of the vi-
sual transit — and beyond. We present evidence that the transit
observed in Can H and K lasts about 15% longer than its vi-
sual counterpart. Our modeling shows that the data are most
closely reproduced by increasing the size of the stellar chro-
mosphere. In contrast, boosting the planetary radius by a fac-
tor of two, as would be needed to explain the longer transit, is
incompatible with the data. The observed chromospheric scale
of 100000 km is compatible with large solar structures such as
the “Grand Daddy Prominence”. Our observations indicate that
such structures could cover a substantial fraction of the surface
of CoRoT-2A and other very active stars.

The analysis of the chromospheric RME favors chromo-
spheric limb-brightening. However, in a subsequent analysis of
the EW of the Can H and K emission-line cores, we found no
differences between the surface brightness distributions of chro-
mospheric and photospheric emission to within the uncertainties
of our data.

Besides the scale height of the chromosphere, the analysis
of the chromospheric RME allows to explore the structure of
the stellar chromosphere covered by the planetary disk, i.e., the
center-to-limb variation and inhomogeneities due to active re-
gions. Indeed, the asymmetry of the chromospheric RME curve
(see Fig. 6; 0 < time < 0.05 d) may be a consequence of inhomo-
geneities in the chromospheric surface-brightness distribution.
However, the sparse phase coverage, the uncertainties imposed
by the instrumental RV drift, and the likely presence of intrin-
sic variability do not allow to safely attribute these variations
to surface features. Nonetheless, both points could be addressed
by dedicated observations with today’s instrumentation. In par-
ticular, what is needed to verify our results is higher temporal
resolution, spectra of equivalent or higher S/N, and improved
RV stability — hence, a brighter target.

To increase the amount of chromospheric signal, future ob-
servations could include other emission-line cores in the UV re-
gion such as the Mg H and K lines at ~2800 A, which are not
covered by the present data. As for Can H and K, these lines
have weak photospheric contributions, but are, unfortunately,
impossible to observe from the ground.

As an alternative to the chromospheric RME, the chromo-
spheric center-to-limb variation and inhomogeneities could also
be studied using narrow-band transit-photometry centered on
chromospheric emission lines (Assef et al. 2009; Schlawin et al.
2010). In contrast to the RME, however, this method relies on a
precise photometric calibration (Snellen 2004), which is difficult
to achieve especially in ground-based observations.

Our analysis demonstrates the power of the Rossiter-
McLaughlin effect for the exploration of the stellar atmosphere
and clearly underlines the need for dedicated observations.
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Appendix A: Details of observations and data analysis

Table A.1. Details of data and data analysis.

No. HID IS  Airmass Seeing Pressure Temp. 77 RV ARV Can
—2400000 d ["] [hPa] [°C] [kms™!] [kms™!]
1 55354701526 n 1.377 0.94 744.27 1062 n  23424+0.017 0.16 £0.07
2 55354.711337 n 1.319 1.07 744.31 1059 n 23.412+0.017 -0.06 +0.08
3 55354721503  n 1.270 0.89 74432 1057 n 23.400+0.017  0.19+0.09
4 55354731315 n 1.231 1.08 74432 1052 n 23.389+0.017  0.09+0.08
5 55354741612 n 1.196 0.95 74429 1038 n 23.335+0.016 0.01 £0.09
6 55354751424 n 1.170 1.03 744.25 1026 'y 23357+0.017 0.44 +0.09
7 55354761459  n 1.149 1.07 744.19 1024 y  23.559+0.017  0.20 +£0.07
8 55354.771271 n 1.133 1.12 74416 1023 y  23.528£0.017  0.34 £0.08
9 55354.781191 n 1.122 1.36 744.08 1026y 23422+0.022 0.41+0.10
10 55354.791007 n 1.115 1.31 74396 1020 y 23376+0.016 0.12+0.07
11 55354.801043 n 1.113 1.15 74389 1026 y  23.233+£0.020 0.03+0.10
12 55354.812237 y 1.116 1.45 743.80  10.12 'y  23.086+0.019 0.08+0.11
13 55354.822116 y 1.124 1.29 743.78 1013y 22940+0.023 -0.04 £0.09
14 55354.831931 y 1.135 0.98 743.73 9.91 y  22990+0.019 -0.32+0.09
15 55354.841743 y 1.152 0.98 743.74 9.91 y  23.100+0.020 -0.44 +0.09
16 55354.851776 y 1.174 0.95 743.70 9.85 n  23.152+0.021 0.23+0.09
17 55354.861589 'y 1.201 0.92 743.78 9.92 n  23.096+0.030 0.03 +0.09
18  55354.871404 y 1.235 0.83 743.80 9.86 n  23.056+0.051 -0.26 +0.09
19 55354.881691 y 1.277 0.85 743.75 9.89 n 23121 +£0.033 -0.20+0.08
20 55354.891506 y 1.326 0.83 743.68 9.71 n  23.048+0.029 -0.29 +0.08
21 55354.901320 y 1.385 0.71 743.68 9.78 n  23.014+£0.037 -0.15+0.09
22 55354911400 vy 1.456 0.73 743.71 9.91 n  22950+0.044 -0.23+0.11
23 55354921213 y 1.539 0.86 74374 10.15 n 22984 +0.058 —0.15+0.09
24 55354.931026 y 1.640 1.18 743.79 9.98 n  22.890+0.034 -0.16 +0.09

Notes. © Was the Image Slicer (IS) used? (Yes/No). ) Was the observation obtained during transit? (Yes/No).
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