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ABSTRACT

High-energy irradiation of exoplanets has been identified to be a key influence on the stability of these planets’ atmospheres. So far,
irradiation-driven mass-loss has been observed only in two Hot Jupiters, and the observational data remain even more sparse in the
super-Earth regime. We present an investigation of the high-energy emission in the CoRoT-7 system, which hosts the first known
transiting super-Earth. To characterize the high-energy XUYV radiation field into which the rocky planets CoRoT-7b and CoRoT-7c¢ are
immersed, we analyzed a 25 ks XMM-Newton observation of the host star. Our analysis yields the first clear (3.50") X-ray detection of
CoRoT-7. We determine a coronal temperature of ~3 MK and an X-ray luminosity of 3 X 10?® ergs~'. The level of XUV irradiation
on CoRoT-7b amounts to ~37 000 ergcm™s~!. Current theories for planetary evaporation can only provide an order-of-magnitude
estimate for the planetary mass loss; assuming that CoRoT-7b has formed as a rocky planet, we estimate that CoRoT-7b evaporates at
arate of about 1.3 x 10'! gs~! and has lost ~4—10 earth masses in total.
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1. Introduction

After more than a decade of finding Jovian exoplanets, planetary
research has entered a new stage heralded by the discovery of
low-mass — possibly Earth-like — exoplanets. Léger et al. (2009)
reported on the detection of the first known transiting super-
Earth, CoRoT-7b. In quick succession, intense radial-velocity
follow-up revealed a second, CoRoT-7c (Queloz et al. 2009),
and potentially a third planet, CoRoT-7d (Hatzes et al. 2010),
making CoRoT-7 a compact super-Earth system.

CoRoT-7b orbits its host star every 0.85 d, has a mass of
~7.4 Mg, and a semi-major axis of 0.017 AU (Hatzes et al.
2011). CoRoT-7c¢ orbits at a distance of 0.046 AU, has roughly
twice CoRoT-7b’s mass, and an orbital period of 3.7 d (Queloz
et al. 2009). The spectral properties of the host star, CoRoT-7,
have been analyzed before (Léger et al. 2009; Bruntt et al. 2010).
CoRoT-7 has an effective temperature of 5250 + 60 K, a surface
gravity of log(g) = 4.47 = 0.05, and a metal overabundance of
[M/H] = 0.12 + 0.06 with an abundance pattern consistent with
that of the Sun. Bruntt et al. (2010) concluded that CoRoT-7b
orbits a main-sequence star of spectral type G8V-KOV.

The two super-Earths CoRoT-7b and CoRoT-7c cause RV
amplitudes of only ~5 ms~!. Accurate RV measurements in the
CoRoT-7 system are made difficult because of the host star’s ac-
tivity; indeed, the analysis of Queloz et al. (2009) showed that
the dominating RV signal can be attributed to stellar rotation and,
thus, activity. Those authors found a mean log(R},,) index of
—4.612 and a 2% variation in phase with the 23 d stellar rotation
period. This result is in line with the optical variability observed
in the CoRoT light-curve (Léger et al. 2009). Pinpointing the
exact mass of CoRoT-7b has proven to be difficult because of
the fairly high activity of the host star. The mass estimates of
various authors differ by several Earth masses, see for example
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Queloz et al. (2009), Hatzes et al. (2010), and Ferraz-Mello et al.
(2011); here we use the mass determination from Hatzes et al.
(2011) of M, = 7.4 Mg, yielding a mean planetary density of
pp =104 gem™.

Interestingly, the known super-Earths differ drastically in
their physical properties. For example, the Earth-like density of
7-10 gcrn‘3 found for CoRoT-7b (Bruntt et al. 2010; Hatzes
et al. 2011) is in sharp contrast to findings for GJ 1214b, which
shows a density of only 1.9 + 0.4 gcm™3, suggesting the exis-
tence of a gaseous envelope (Rogers & Seager 2010; Nettelmann
et al. 2011). One possible source of these differences is the high-
energy irradiation from the planets’ host stars, which has been
identified as the main driver of planetary mass-loss and is there-
fore an important factor for their evolution (e.g., Sanz-Forcada
et al. 2010). Observational evidence for ongoing evaporation has
been found for two transiting Hot Jupiters: HD 209458b (Vidal-
Madjar et al. 2003) and HD 189733b (Lecavelier Des Etangs
et al. 2010). The accumulated effect of stellar high-energy emis-
sion could have left fingerprints on today’s planetary population
(Sanz-Forcada et al. 2010). For CoRoT-7b, Valencia et al. (2010)
showed that the accumulated planetary mass-loss may be as high
as 100 My if the planet initially hosted a massive hydrogen-
helium envelope and ca. 3—4 Mg if the inital planetary density
was similar to today’s value.

To shed light on the possible atmospheric evaporation of
CoRoT-7b, we present here the first measurement of the high-
energy emission of the super-Earth host-star CoRoT-7.

2. Data analysis

CoRoT-7 was observed with XMM-Newton for approximately
25 ks on September 22, 2010 (ObsID 0652640201, PI V.
Kashyap). The observation does not cover any planetary transit.
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Fig. 1. Soft X-ray image of CoRoT-7, merged data from XMM-Newton’s
MOS1, MOS2, and PN camera in the 0.2-2 keV energy band.

For our analysis of the X-ray data we used SAS version 11.0 and
followed standard routines for data reduction. The observation,
carried out with the thin filter, is afflicted by strong background
after the first 10 ks; the background contribution is particularly
strong in the PN detector. In our analysis we did not disregard
time intervals of strong background, as this would have meant
losing most of the data, too. However, the EPIC background
contributes strongest at energies above 2 keV and can therefore
be reduced by choosing an approriate low-energy range where
moderately active stars have their strongest X-ray emission.

In Fig. 1 we show the soft X-ray image of CoRoT-7. We
extracted the source signal from a circular region with 15” ra-
dius centered on the nominal, proper-motion corrected position
of CoRoT-7 from SIMBAD; the background signal was mea-
sured in a source-free region close to CoRoT-7 and subtracted
from the signal in the source region.

Our analysis was carried out in the soft energy band from
0.2-2 keV, as this is where stellar emission is typically strong
for weakly to moderately active stars as CoRoT-7, see for ex-
ample Telleschi et al. (2005). In this way, the strength of the
background in relation to the source signal was reduced.

XMM-Newton’s Optical Monitor (OM) was used in the fast
mode with the UVW!1 filter inserted during the observation. The
UVWI filter covers a wavelength range of ca. 240-360 nm. In
Fig. 2, we show the OM light-curve with 200 s binning obtained
from the raw data.

To obtain a distance estimate from interstellar absorption-
features, we analyzed 46 optical VLT-UVES spectra of CoRoT-
7 obtained during five nights (Sep. 14, 2008, Dec. 28, 2009,
Jan. 03, 2010, Jan. 07, 2010, Feb. 07, 2010; programs 081.C-
0413(C) and 384.C-0820(A)). The data were reduced using the
ESO UVES-pipeline in version 4.4.8 (Ballester et al. 2000).
These data have been analyzed before to study possible emission
and absorption features of the planetary atmosphere, resulting in
a nondetection and an upper limit of 2—6 x 107 L, for planetary
emission in the Ca1, Can, and NaD lines (Guenther et al. 2011).

3. Results

To determine the X-ray luminosity of CoRoT-7 and the re-
sulting evaporation rates, the distance to the system is crucial.
Therefore, we start our discussion by deriving new and comple-
mentary distance estimates based on interstellar absorption and
the Wilson-Bappu effect.
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Fig.2. UV light curve of CoRoT-7 recorded with XMM-Newton’s
Optical Monitor and rebinned to 200 s time resolution.
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Fig. 3. Combined UVES spectra of CoRoT-7 showing the Nar1 D, line
and interstellar absorption. After subtracting a Voigt profile (dashed red)
from the data (blue) the blueshifted absorption feature becomes visi-
ble in the residuals (solid red); the RV shift of the interstellar feature
(+19 kms™!) and the CoRoT-7 system (+31 km s~!) are marked by ver-
tical, dashed lines. The absorption lines in the outer parts of the line
wing are due to Fer.

3.1. The distance to CoRoT-7

In Fig. 3 we show an excerpt of the combined optical UVES
spectra of CoRoT-7. In the blue wings of the Nart absorption-line
doublet, we detected an additional, narrow absorption feature,
which shows a relative displacement of —12 kms~! with respect
to CoRoT-7 in radial velocity. This corresponds to a barycentric
velocity shift of +19 kms~!. Because the feature is visible in
all spectra and shows no intrinsic variability, we attribute it to
interstellar Na1 absorption.

The equivalent widths (EWs) of the Na D, and Na D, fea-
tures are 12.1 + 1.6 mA and 6.8 + 1.8 mA. Using the line-ratio
method (Stromgren 1948), we converted this measurement into
a column density of 7 X 10'° cm™2. Welsh et al. (2010) com-
piled a catalog of interstellar Na absorption lines and provide
a map of the local interstellar medium, which we used to ob-
tain a distance estimate from the absorption measured along
the line-of-sight. Comparing the Na D;, EWs with the catalog
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Table 1. X-ray net source counts of CoRoT-7 in the soft energy band
(0.2-2 keV).

MOS 1+2 PN  EPIC merged

Source region 183 567 750
Background 1389 5578 6967
Net counts 58 65 123
Significance 340 2.10 3.50

Notes. Net counts obtained by subtracting the background signal after
scaling it to the same area (factor 0.09).

data, we determined distance estimates of 160 + 80 pc (D) and
110 = 70 pc (D)) for CoRoT-7; the errors were estimated as
the standard deviation of the distances of stars with interstellar
NaEews in a £5 mA band around the measured EW's (cf., Schroter
etal. 2011).

Using the Wilson-Bappu effect, Bruntt et al. (2010) obtained
an absolute visual magnitude of 5.4 + 0.6 mag for CoRoT-7.
Given the apparent brightness of V = 11.7 mag, this translates
into a distance of 180 + 50 pc for CoRoT-7.

Although the results derived from Na D, and the photomet-
ric parallax favor a value of ~170 pc, all estimates remain con-
sistent with the distance of 150 + 20 pc given by Léger et al.
(2009). Therefore, we assume the same distance of 150 pc in
our analysis.

3.2. X-ray and UV properties

We report a clear X-ray detection of CoRoT-7. The merged EPIC
image (MOS1, MOS2, and PN) shows an X-ray excess at the
nominal position of CoRoT-7 (see Fig. 1). The detailed source
and background count numbers are given in Table 1. From the
merged data, we derived a detection significance of 3.50 in the
soft energy band (0.2-2 keV).

Owing to the strong background signal a detailed analy-
sis of the source’s temporal variability and spectral proper-
ties remained impossible. To obtain an estimate of the coro-
nal temperature despite this, we determined a hardness ratio
from the collected source counts in the MOS1, MOS2, and
PN detector. Using a soft band of 0.2—0.7 keV and a hard
band of 0.7-2.0 keV, we determined a hardness ratio of HR =
—0.22*)3; the given errors denote the equal-tail 68% credibility
interval.

We proceeded by calculating theoretical predictions for the
hardness ratio assuming different coronal temperatures. The
modeling was carried out using Xspec v12.0 and the result is
shown in Fig. 4 along with our measurement. From this analy-
sis, we can constrain the coronal temperature of CoRoT-7 to be
between 2.5 and 3.7 MK, which is compatible with the coronal
temperatures seen in moderately active stars such as the Sun at
its maximum activity. Consequently, we assume a coronal tem-
perature of 3 MK to calculate CoRoT-7’s X-ray luminosity.

At a stellar distance of 150 pc, interstellar hydrogen might
produce noticeable absorption of the X-ray flux. According
to Ferlet et al. (1985), the interstellar Nacolumn density is a
suitable tracer for hydrogen. Our measurement of the sodium
column density N(Na) = 7 x 10'° cm™2 converts to a hydro-
gen column density of N(H1 + Hy) = 3 x 10'° cm™2. Assuming
a distance of 150 pc to CoRoT-7 (see Sect. 3.1), this corresponds
to a number density of about 0.1 cm™ compatible with typical
densities observed in the Local Cavity (Cox 2005).

Using WebPIMMS, we converted the mean count rate of a
single XMM-Newton MOS instrument of 1.16 x 1073 counts s™!
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Fig. 4. Expected hardness ratio in XMM-Newton’s MOS and PN de-
tectors, depending on the mean coronal temperature (black); measured
hardness ratio of CoRoT-7 (red dashed) shown with 68% credibility in-
terval (orange dash-dotted).

into an unabsorbed X-ray flux of 1.0 x 107'* ergscm™2s7! in

the 0.2-2 keV energy band, taking into account the encircled
energy fraction of 68% for our 15” extraction region. Given
a distance of 150 pc, this translates into an X-ray luminosity
of 3 x 10 ergs~!. This is well in line with previous esti-
mates derived from chromospheric Can H and K line emission,
which yielded a predicted X-ray luminosity of ~2 x 108 ergs™!
(Poppenhaeger & Schmitt 2011). For a star of spectral type late
G to early K, CoRoT-7 displays a typical moderate level of coro-
nal activity, which is also observed in stars with solar-like activ-
ity cycles (Hempelmann et al. 2006; Favata et al. 2008): with
a bolometric correction of —0.437 (Flower 1996), we derived a
bolometric luminosity of log Ly, = 33.3 and, therefore, an X-ray
activity indicator, log Lx / Lyol, of —4.8.

The UV light-curve seen with the OM does not show strong
flares (see Fig. 2). To determine the level and slope of the light
curve, we fitted it with a linear model with free offset and gra-
dient and determined errors using a Markov-Chain Monte-Carlo
(MCMC) analysis. The mean count-rate amounts to 23.5(23.4—
23.6) countss~!, where the 95% credibility interval is given in
parenthesis. Using the count-to-energy conversion factors for a
star of spectral type KO from the XMM-Newton handbook, we
calculated a flux of 9 x 107" ergem™2s™! in the covered band
of 240-360 nm. Combining this with a distance of 150 pc, we
obtain a luminosity of 2.4 x 10?® ergs™! in the same band.

According to our analysis, the slope amounts to
8(1.8—14) x 1072 countsh™!, indicating a slight increase in
UV luminosity during the observation, which may be due to
intrinsic short-term variability induced by active regions or ro-
tational modulation. Although a temporal analysis of the X-ray
flux was not possible, the lack of pronounced UV variability
indicates that it can be interpreted as quiescent emission.

4. Discussion: evaporation of CoRoT-7b
and CoRoT-7¢c

Although an X-ray luminosity of ~3 x 10% erg cm™2s~! does not
place CoRoT-7 among the very active stars, the extreme prox-
imity of its planets exposes them to high levels of high-energy
irradiation.

Given semi-major axes of 0.017 AU and 0.046 AU for
CoRoT-7b and CoRoT-7¢ (Queloz et al. 2009), we calculated
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X-ray fluxes of fxp = 3.7 x 10* ergem™2s7! and fx. = 5 x
103 erg cm™2s~! at the orbital distances of the planets. Assuming
a solar X-ray luminosity of 10?7 ergs™!, these fluxes exceed the
solar X-ray flux on Earth by factors of 100 000 and 14 000.

We now derive an order-of-magnitude estimate for the
amount of mass that has been evaporated from CoRoT-7b due
to the stellar high-energy emission. Planetary evaporation is
thought to be mainly driven by X-ray and EUV irradiation. The
process is hydrodynamical (Tian et al. 2005; Murray-Clay et al.
2009) and is much more efficient than pure Jeans escape. The
approach has been refined for expanded absorption radii and
mass-loss effects through Roche lobe overflow (Lammer et al.
2003; Erkaev et al. 2007). However, there are still considerable
uncertainties about the dynamics of the process. In addition, we
assume here that CoRoT-7b has formed as a rocky planet and
that the orbital distance is stable; there are other calculations
that consider planetary migration as well as CoRoT-7b being the
solid core of an evaporated gaseous planet, which consequently
derive very different mass loss histories (Jackson et al. 2010).
Here, we apply the same formula as used by Sanz-Forcada et al.
(2011) and Valencia et al. (2010). The latter authors argue that
the mass-loss rates, originally estimated for gaseous planets, can
in principle remain true also for rocky planets, because the rate
of sublimation in close vicinity to the star should be able to coun-
terbalances the mass-loss:

. 3eFxyv
~ 4GppK’

where Fxyvy is the incident XUV flux at the planetary orbit, G is
the gravitational constant, p, the mean planetary density, which
we assume to be 10.4 gcm™ according to Hatzes et al. (2011),
and € is a factor to account for heating efficiency of the plan-
etary atmosphere, with € = 1 denoting that all incident energy
is converted into particle escape. Several authors chose € = 0.4
(Valencia et al. 2010; Jackson et al. 2010), inspired by observa-
tions of the evaporating Hot Jupiter HD 209458b, and we fol-
low their approach. However, this can only be a rough estimate
of the true heating efficiency, which cannot be stated more pre-
cisely without detailed models of the dynamics of the exoplane-
tary atmosphere. K is a factor for taking into account effects from
mass loss through Roche lobe overflow; we neglect these effects
by assuming K = 1. This is justified because the approximate
Roche lobe radius (Eggleton 1983) is about three times today’s
radius of CoRoT-7b. If the planetary mass had been three times
as large initially, the Roche lobe radius would still have exceeded
the initial planetary radius, as modeled by Seager et al. (2007)
for rocky planets, by a factor of approximately two. Roche-lobe
influenced mass loss was therefore likely insignificant for the
planetary evolution.

Because we have not measured CoRoT-7’s EUV flux, we use
a relation between X-ray (0.1-2.5 keV) and EUV (100-920 A)
flux (Sanz-Forcada et al. 2011):

log Leyy = (4.80 £ 1.99) + (0.860 + 0.073) log L. 2)

ey

We measured the X-ray luminosity in the 0.2-2 keV band to
be 3 x 10?® ergs™!'; we used WebPIMMS to extrapolate this
to the required energy band of 0.1-2.5 keV, the result be-
ing 3.3 x 10 ergs~!. This leads to an EUV luminosity of
Leuy = 2.1 x 10% erg s7!, and thus a combined XUV (X-ray
and EUV) luminosity of Lxyy = 2.4 x 10?° ergs™! of CoRoT-7,
which is about ten times higher than the X-ray luminosity alone.
Substituting this number into Eq. (1) yields an estimate of
1.3 x 10" gs~! for CoRoT-7b’s current mass-loss rate.
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This number is higher than the one derived by Valencia et al.
(2010), who estimated the XUV flux purely from an age-activity
relation for solar-like stars given by Ribas et al. (2005), since no
X-ray detection of the star was available. CoRoT-7 has a slightly
sub-solar mass, being of spectral type G8-KO; however, for an
order-of-magnitude estimate of the mass loss, the difference in
activity evolution of G and early K stars is small (Lammer et al.
2009) and can be neglected. Valencia et al. (2010) estimate the
XUV luminosity as 5x 102 erg s~!. Assuming a lower planetary
density than in this work, 4—8 g cm ™3, they derived a lower mass
loss rate of 0.5-1 x 10! gs~!.

For CoRoT-7c¢, we estimate that the mass-loss rate should be
about an order of magnitude lower than for CoRoT-7b due to
the weaker irradiation. Because this planet does, however, not
transit, its radius — and thus density — remains unknown.

Planetary mass-loss rates have been measured for two Hot
Jupiters so far by using the transit depth in the hydrogen Ly «
line as an indicator for extended and escaping planetary atmo-
spheres. Vidal-Madjar et al. (2003) reported a lower limit for
the mass loss rate of HD 209458b of ~10'°gs~!. Similarly,
Lecavelier Des Etangs et al. (2010) derived a mass loss rate be-
tween 10° and 10! gs~! for HD 189733b. The orders of magni-
tude are compatible with our calculations, even if these observa-
tional results were obtained for gaseous, not rocky planets.

Based on our mass-loss rate determination for CoRoT-7b, we
can derive an order-of-magnitude estimate for the total planetary
mass-loss over time. The possible stellar age range for CoRoT-7
is given by Léger et al. (2009) as 1.2-2.3 Gyr; we adopt here
an age of 1.5 Gyr. Along the lines of Valencia et al. (2010) we
assume a constant density of CoRoT-7b. Likewise, for the stel-
lar activity evolution, we assume that the combined X-ray and
EUV luminosity increases at younger stellar ages 7 by a factor
of (t/7,)""* with 7, being the current stellar age in Gyr (Ribas
et al. 2005), and that the activity remains at a constant level for
ages younger than 0.1 Gyr. Inserting the time-variable XUV flux
into Eq. (1) and integrating over 1.5 Gyr yields a total mass loss
of ca. 6 Mg. This is higher than the result of Valencia et al. (2010)
of 3—4 Mg, who used a lower stellar XUV flux and lower plan-
etary density. If we consider the uncertainty in the age deter-
mination of CoRoT-7, our estimated mass loss range extends to
4—10 Mg. Given the current uncertainties in the analytical mod-
els for planetary evaporation, we consider the possible range for
the true mass loss of CoRoT-7b to be even wider.

5. Conclusion

We report the first X-ray detection of CoRoT-7, host star to at
least two close-in super-Earths. After veryfying the distance es-
timate of 150 pc of Léger et al. (2009), we converted the X-ray
flux of 10~'* ergcm™2s~! measured with XMM-Newton into a
luminosity of 3 x 108 ergs™" (0.2-2 keV).

An X-ray activity indicator of log Lx /Ly, = —4.8, com-
bined with a likely coronal temperature of ~3 MK, character-
izes CoRoT-7 as a moderately active star. Employing an ana-
Iytical model for planetary evaporation — with the caveat that
many aspects of this evaporation are not yet understood —, the
combined X-ray and EUV irradiation can be converted into an
order-of-magnitude estimate of the planetary mass loss. We de-
rive a current mass loss rate of 1.3 x 10'! gs~! for the closest
planet, CoRoT-7b. Assuming that the planet was formed as a
rock and integrating the likely activity history of the CoRoT-
7 system, we estimate that CoRoT-7b has suffered a total mass
loss of #4—10 Earth masses.
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