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ABSTRACT

Context. The current distribution of planet mass vs. incident stellar X-ray flux supports the idea that photoevaporation of the atmo-
sphere may take place in close-in planets. Integrated effects have to be accounted for. A proper calculation of the mass loss rate through
photoevaporation requires the estimation of the total irradiation from the whole XUV (X-rays and extreme ultraviolet, EUV) range.
Aims. The purpose of this paper is to extend the analysis of the photoevaporation in planetary atmospheres from the accessible X-rays
to the mostly unobserved EUV range by using the coronal models of stars to calculate the EUV contribution to the stellar spectra. The
mass evolution of planets can be traced assuming that thermal losses dominate the mass loss of their atmospheres.

Methods. We determine coronal models for 82 stars with exoplanets that have X-ray observations available. Then a synthetic spec-
trum is produced for the whole XUV range (~1-912 A). The determination of the EUV stellar flux, calibrated with real EUV data,
allows us to calculate the accumulated effects of the XUV irradiation on the planet atmosphere with time, as well as the mass evolution
for planets with known density.

Results. We calibrate for the first time a relation of the EUV luminosity with stellar age valid for late-type stars. In a sample of
109 exoplanets, few planets with masses larger than ~1.5 M; receive high XUV flux, suggesting that intense photoevaporation takes
place in a short period of time, as previously found in X-rays. The scenario is also consistent with the observed distribution of planet
masses with density. The accumulated effects of photoevaporation over time indicate that HD 209458b may have lost 0.2 Mj since an
age of 20 Myr.

Conclusions. Coronal radiation produces rapid photoevaporation of the atmospheres of planets close to young late-type stars.
More complex models are needed to explain the observations fully. Spectral energy distributions in the XUV range are made available

for stars in the sample through the Virtual Observatory for the use in future planet atmospheric models.
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1. Introduction

After 15 years of exoplanetary science, the discipline has
reached a point at which it is possible to study in more detail
the physical properties of planets, their formation and evolu-
tion. With more than 500 exoplanets known to date, it is possi-
ble to explore relations between the planets and their host stars.
In particular, the mass of the planets and the atmospheric condi-
tions are partly linked to the stellar radiation. Once the planet is
formed and the original disc is dissipated, the main agent inter-
acting with the atmosphere should be the high-energy emission
from the corona of the star, for late type stars (Lammer et al.
2003; Erkaev et al. 2007; Penz et al. 2008; Cecchi-Pestellini
et al. 2009; Sanz-Forcada et al. 2010b, and references therein).
Recently Sanz-Forcada et al. (2010b, hereafter Paper I) noticed

* Appendices and Tables 3 and 4 are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

that erosion in exoplanets may be taking place as an effect of
coronal radiation that vaporizes the atmosphere of close-in plan-
ets: the authors showed that the distribution of planet masses
with the X-ray flux at the planet implies that the least massive
planets currently receive a high X-ray flux. This is interpreted as
the effect of radiation erosion in the long term.

Photons with A < 912 A can ionize the hydrogen atoms that
are assumed to be the main component of the atmospheres of
giant planets. The effects of X-rays (14 5-100) and extreme
ultraviolet (EUV, A4 100-912) photons take place at different
heights in the atmosphere of the planet. While EUV photons
mainly ionize the atoms in the upper atmosphere, X-rays pene-
trate deeper into the atmosphere. The free electrons carry a high
momentum, producing a cascade of collisions, while the X-rays
photons are absorbed in the atmosphere (Cecchi-Pestellini et al.
2009). These collisions heat the atmosphere, which leads to its
“inflation” and eventually the evaporation of a part of it. The
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gravity of the planet acts as protection, trying to keep the atmo-
sphere attached to the planet. If we assume that the planet at-
mosphere is mainly composed of hydrogen, and all the photons
in the whole XUV range (X-rays+EUV) are absorbed and con-
tribute to the heating of the atmosphere, it is possible to calculate
the mass loss of the atmosphere by balancing the losses with the
planet gravity (Watson et al. 1981; Lammer et al. 2003). Mass
loss also takes place through the Roche lobe for close-in planets
(Erkaev et al. 2007; see also Lecavelier des Etangs et al. 2004;
Jaritz et al. 2005, for detailed simulations of the escape through
the Roche lobe). The resulting formula (Paper I) is

ﬂR;FXUV

M=—2_ 1
GKM, )

where K (K < 1) accounts for the planet radius Roche lobe
losses (Erkaev et al. 2007), Fxyy is the X-ray and EUV flux
at the planet orbit, and G is the gravitational constant'. Baraffe
et al. (2004) consider that evaporation actually takes place at a
point somewhere above the planet radius Rp, at the “expansion
radius” R;. However, the bulk of the XUV radiation should be
absorbed by material enclosed within the planet radius, so we
assume that Ry = R,. The formula can be simplified using the
mean density of the planet (o), and assuming that K ~ 1 (valid
for most cases, and a lower limit to the mass loss in any case):

7Y

Stars in the range of late-F to mid-M stellar types are char-
acterized by coronae with temperatures of ~1 MK, exceeding
10 MK in the most active cases. The high-temperature material
in the transition region (~log T = 4—5.8) and corona (~log T =
5.8-7.4) emits copious X-rays and EUV flux. Fast rotators have
hotter coronae, resulting in higher XUV fluxes. Current astro-
nomical instruments give access to the X-rays band only. More
energetic flux (1 < 1 A) is negligible even for active stars, while
the radiation in the EUV band is severely absorbed by the neu-
tral and molecular hydrogen in the interstellar medium (ISM).
There are no missions currently observing in the EUV band, and
the few data from past telescopes, such as the EUVE (Extreme
UltraViolet Explorer), are limited to the closest stars in the
range A1100—400. Only one star hosting an exoplanet has been
observed in this band, € Eri (Sanz-Forcada et al. 2003a).

The present-day distribution of planet masses should reflect
the accumulated effects of mass loss in the atmospheres of the
planet over time (Paper I). Moreover, if we know the evolution of
the emission in the whole XUV band, we should be able to trace
the planet evolution, given an accurate knowledge of the den-
sity of the planet, according to Eq. (2). Since younger stars have
faster rotation, their coronae emit more XUV flux, which there-
fore decreases with time. The evolution of the X-ray emission
with age has been studied for the Sun (e.g. Maggio et al. 1987,
Ayres 1997; Ribas et al. 2005) and extended to G and M stars
(Penz & Micela 2008; Penz et al. 2008). A relation using late F
to early M stars has been calibrated by Garcés et al. (in prep.)
in the X-ray band, allowing us to calculate the age of the stars
from its X-ray emission (Paper I) and to trace the time evolu-
tion of this emission. In the EUV band the time evolution of the
emission has only been studied for the Sun (Ribas et al. 2005).

' A factor of 4, used in Penz et al. (2008) and Paper I, was removed
to account for geometrical considerations, as explained in Eq. (21) of
Erkaev et al. (2007)
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Table 1. Observation log of stars with exoplanets® .

Star name Measured coordinates Date Instr.? t S/N Notes
a, 6 (J2000.0) (ks)
14 Her 16:10:24.6  +43:49:01  2005/09/11  EPIC 5 49
16 Cyg B 19:41:48.9 +50:31:28 2008/11/08 EPIC 11 2.0
2M1207 A 12:07:33.5 —39:32:54 2003/03/03 ACIS 50 0.4
30 Ari B 02:36:57.6  +24:38:52 2001/01/16 EPIC 20 244
2001/01/17 EPIC 34
47 UMa 10:59:28.4  +40:25:46 2006/06/11  EPIC 8 4.8
51 Peg 22:57:28.1  +20:46:08 2008/12/06  ACIS 5 2.6
55 Cnc 08:52:35.7 +28:19:47 2009/04/11 EPIC 12 14.0
B Pic 05:47:17.1 —51:03:59 2004/01/04 EPIC 68 5.7
€Eri 03:32:55.9 -09:27:31 2003/01/19 EPIC 12 297
GJ 86 02:10:28.1  =50:49:19 2008/06/10 EPIC 15 43.0 WD in field
GJI 317 08:40:59.0 —23:27:15 2009/04/20 EPIC 18 9.6
GJ 436 11:42:11.6  +26:42:16 2008/12/10 EPIC 30 145
Gl 674 17:28:40.3 —46:53:50 2008/09/05 EPIC 44 179
GJ 876 22:53:17.3 —14:15:55 2008/11/14 EPIC 23 347
GQ Lup 15:49:12.1 —35:39:05 2008/08/16  EPIC 8 317
HD 4308 00:44:39.4 —65:39:05 2008/12/02  EPIC 9 2.5
HD 20367 03:17:40.1 +31:07:37 2005/02/11 EPIC 10 140
HD 27442 04:16:29.0 —59:18:09 2009/02/10  EPIC 7 2.7
HD 46375 06:33:12.4  +05:27:49 2005/10/14  EPIC 8 7.3
HD 49674 06:51:30.9 +40:52:03 2006/04/10  EPIC 8 6.5
HD 50554 06:54:42.8 +24:14:43  2006/04/16  EPIC 9 2.7
HD 52265 07:00:18.0 —05:22:01 2008/09/19  EPIC 9 54
HD 70642 08:21:28.2 —39:42:18 2006/04/08 EPIC 13 4.2
HD 75289 08:47:40.1 —41:44:14 2005/04/28 EPIC 8 2.3
HD 93083 10:44:20.9 -33:34:38 2008/05/26 EPIC 12 6.3
HD 95089 10:58:47.7 +01:43:44 2009/05/26 EPIC 37 0.8
HD 99492 11:26:45.9 +03:00:24 2008/06/19 EPIC 24 11.3
HD 101930  11:43:30.1 —58:00:21 2009/01/06  EPIC 2 0.4
HD 102195  11:45:42.2 +02:49:16 2008/06/15 EPIC 18 53.1
HD 108147  12:25:46.2 —64:01:20 2002/08/10 EPIC 6 4.2
HD 111232 12:48:51.8 —68:25:29 2008/07/29 EPIC 9 0.9
HD 114386  13:10:39.7 -35:03:20 2008/07/29 EPIC 9 3.0
HD 114762  13:12:19.7 +17:31:02 2004/06/28 EPIC 29 1.4 dMin field
HD 114783  13:12:43.7 -02:15:54 2009/01/22 EPIC 8 3.0
HD 130322  14:47:32.8 -00:16:54 2005/07/21 EPIC 7 7.7
HD 154345  17:02:36.5 +47:05:02 2008/12/25 EPIC 8 9.0
HD 164922  18:02:33.4 +26:18:43 2009/03/19 EPIC 9 1.0
HD 179949  19:15:33.3 —24:10:46 2005/05/21 ACIS 30 101
2005/05/22 ACIS 30
2005/05/29 ACIS 30
2005/05/30  ACIS 32
2005/05/31  ACIS 30
HD 187123  19:46:57.9 +34:25:09 2006/04/21 EPIC 16 1.4
HD 189733  20:00:43.8 +22:42:34 2007/04/17 EPIC 43 925
HD 190360  20:03:37.9 +29:53:45 2005/04/25 EPIC 4 1.4
HD 195019  20:28:18.6 +18:46:10 2006/04/24 EPIC 10 2.7 dKin field
HD 209458  22:03:10.8 +18:53:03 2006/11/15 EPIC 31 1.8
HD 216435  22:53:38.1 —48:35:55 2006/04/21 EPIC 7 119
HD 216437  22:54:39.6 —70:04:26 2005/04/13 EPIC 6 4.0
HD 217107  22:58:15.7 —02:23:43 2005/05/16  EPIC 7 2.3
HD 218566  23:09:10.9 -02:15:39 2001/06/10 EPIC 3 6.8
2004/06/05 EPIC 10
HD 330075  15:49:37.7 -49:57:48 2005/08/07 EPIC 16 3.1
HR 8799 23:07:28.8  +21:08:02 2009/08/30 ACIS 10 6.5
u Ara 17:44:08.7 —51:50:04 2008/09/06 EPIC 6 29
2008/10/02  EPIC 9
NGC 24233 07:37:09.2 —13:54:24 2008/05/05 EPIC 9 1.1
Pollux 07:45:18.8  +28:01:33  2001/04/26 EPIC 32 34.0
7 Boo 13:47:15.9 +17:27:22  2003/06/24 EPIC 56 317 dM2in field
v And 01:36:47.7 +41:24:15 2009/10/20 ACIS 15 52.0
2009/10/22 ACIS 15
2009/10/27 ACIS 14
2009/10/29 ACIS 14

Notes. @ XMM-Newton (EPIC) or Chandra (ACIS) instrument used to
measure the X-ray flux.

In this work we extend the analysis of Paper I to the
EUV band to account for all stellar radiation capable to ionize
hydrogen in a planet atmosphere. Lecavelier Des Etangs (2007)
extrapolated the EUV flux from the X-ray flux, using the Sun
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Table 2. ROSAT/PSPC X-ray flux (0.12-2.48 keV) of stars with exo-
planets.

Star name Coordinates S/N log fx Notes
@, § (J2000.0) (ergs! ecm™?)
18 Del 20:58:25.9 +10:50:21 4.5 -12.48
IRXS 1609  16:09:30.3 -21:04:58 3.5 —-12.52
4 UMa 08:40:12.8  +64:19:40 11.6 -13.26 K-M in field
61 Vir 13:18:24.3 -18:18:40 5.7 -13.06
a Ari 02:07:10.4 +23:27:44 5.1 —-13.50
BD-103166 10:58:28.8 —10:46:13 3.1 <-12.52 +dMS5, uncertain d
y Cep 23:39:20.8 +77:37:56 8.1 <-13.03 dM4 in field
GJ 176 04:42:55.8  +18:57:29 3.2 -12.62
GJ 832 21:33:34.0 -49:00:32 7.3 —-12.69
GJ 3021 00:16:12.7  -79:51:04 7.8 <-11.62 dM4 in field
HD 3651 00:39:21.8  +21:15:01 4.5 —-12.89
HD 10647 01:42:29.3 -53:44:27 N/A —-12.24
HD 38529 05:46:34.9 +01:10:05 5.3 —-12.37
HD 41004 A 05:59:49.6 -48:14:22 7.5 <-12.02 dM2 in field
HD 48265 06:40:01.7 -48:32:31 6.0 -12.43
HD 70573 08:22:50.0 +01:51:33 4.0 -12.31 uncertain d
HD 87883 10:08:43.1 +34:14:32 N/A -12.99
HD 89744 10:22:10.6  +41:13:46 7.6 -13.17
HD 102365  11:46:31.1 -40:30:01 4.8 -13.20 faint dM4 in field
HD 128311  14:36:00.6 +09:44:47 7.5 —-12.04
HD 142415  15:57:40.8 -60:12:00 5.0 —-12.50
HD 147513  16:24:01.3 -39:11:34 16.2 —11.40
HD 150706  16:31:17.6  +79:47:23 12.0 —-12.13
HD 169830  18:27:49.5 -29:49:00 16.8 -12.94
HD 176051  18:57:01.5 +32:54:06 7.2 <-12.27 F9V in field
HIP 75458 15:24:55.8  +58:57:57 3.5 —-13.66
HIP 79431 16:12:41.8 —18:52:31 3.6 -13.50 ROSAT/WGA detector
HR 810 02:42:33.5 -50:48:01 7.0 -11.67

Notes. The star GJ 667C (M1V) was well detected with ROSAT/PSPC
(S/N = 7.1), but its X-ray emission is attributed to its companions
GJ 667A (K3V) and GJ 667B (K5V), at 43”.

as pattern for all kind of stars, without checking whether the re-
lation is valid at all levels of activity, and therefore ages. Since
there are essentially no measurements in the range ~400-912 A
for stars other than the Sun, we have used coronal models to
synthesize the spectral energy distribution (SED) in the whole
EUYV range, and tested the results in X-rays and the lower wave-
lengths of the band (100—400 A) for a few cases with EUV spec-
tra available. We have set up a database (http://sdc.cab.
inta-csic.es/xexoplanets) that is freely available (within
the Spanish Virtual Observatory), “X-exoplanets”. The database
includes synthetic SEDs in the range 1—1200 A for all stars listed
in Table 1. Objects will be incorporated in the future as they are
observed in X-rays.

The paper is structured as follows: Sect. 2 describes the ob-
servations, Sect. 3 extends the X-ray analysis to the EUV band;
Sect. 4 shows the results found for the sample, which are dis-
cussed in Sect. 5, and we list the conclusions of the work
in Sect. 6.

2. Observations

We used data acquired with the X-ray telescopes XMM-Newton,
Chandra and ROSAT (Tables 1, 2). XMM-Newton and Chandra
data were taken from their public archives, including data
awarded to us as P.I. or co-1. (XMM prop. ID #020653, #020000,
#055102). Data were reduced following standard procedures, re-
moving time intervals affected by high background, likely pro-
duced by space weather events. The expected position of the tar-
gets were calculated using the coordinates and proper motions
provided by SIMBAD. XMM-Newton/EPIC and Chandra/ACIS
have spatial resolution of 6" and 2” respectively. The cleaned
observations (Table 1) were used to extract the low-resolution
spectra provided by XMM-Newton/EPIC and Chandra/ACIS
(E/AE = 20-50). The ISIS package (Houck & Denicola 2000)

and the Astrophysics Plasma Emission Database (APED, Smith
et al. 2001) were used to fit the spectra with coronal models of
one to three temperature components (Table 3), depending on the
quality of the spectra, and variable stellar coronal abundances,
using the generally low value of the ISM absorption. The back-
ground spectrum was fitted simultaneously to the source to ac-
count for its contribution to the total spectrum. Spectra and light
curves for each target are available online (http://sdc.cab.
inta-csic.es/xexoplanets)in the “X-exoplanets” database
(Sanz-Forcada et al. 2010a), described in detail in Appendix C.
Spectra in the XUV range can be used for planet atmospheric
models.

The spectra with lowest statistics have a deficient fit. This
yields low abundance and very high emission measure, de-
spite of the low temperature observed (emission measures in
stellar coronae increase with the their coronal temperature).
The use of solar abundance provides a similar fit, but with
more realistic values of the emission measure. In these cases
we fixed temperature and abundance to the solar values. We
use log 7' [K] = 6.3 and the solar photospheric abundances of
Asplund et al. (2005), corresponding to [Fe/H] = —0.2 in the
scale of Anders & Grevesse (1989) used in Table 3. The ac-
tual model used in the fit has little influence on the calculation
of the X-ray (0.12-2.48 keV or ~5-100 A) flux displayed in
Table 3, but it is important for the extension to the EUV range,
as explained in Sect. 3. Table 3 also lists the errors for objects
with net count rates with §/N > 3, and considers the rest of de-
tections as upper limits. We marked GJ 86 as an upper limit to
account for the contribution of an unresolved companion.

ROSAT/PSPC observations were added to the sample. We
considered only detections with §/N > 3, given the lower spa-
tial resolution of this instrument (25”), marking as upper lim-
its objects with suspected X-ray bright companions, as indi-
cated in Table 2 (as a reference, a dM3 star may have up to
logLx ~ 27.5). To calculate the X-ray flux of the targets,
we considered the count rate (CR) reported in HEASARC
(http://heasarc.gsfc.nasa.gov/), corresponding to the
spectral range 0.12—2.48 keV, and then transformed it into flux
using fx = CR x 6.19 x 1072 erg cm™ cts™!, as proposed by
Schmitt et al. (1995) and Huensch et al. (1998), using a hardness
ratio of —0.4 (corresponding to a middle activity level star, € Eri).

The stellar distance, which was not available for three
ROSAT stars, was calculated using the spectroscopic parallax
method, i.e., comparing the visual magnitude V with the abso-
lute magnitude My that corresponds to the spectral type of the
star (Cox 2000). We calculated the bolometric luminosity (Lpor)
of each star using the bolometric corrections by Flower (1996)
and B — V colors based on spectral types in Cox (2000) if no di-
rect measurements were available in SIMBAD. The calculation
of the age of the stars partly depends on Ly, (Paper I). Some
X-ray fluxes differ from other surveys (Kashyap et al. 2008;
Poppenhaeger et al. 2010) mainly because they calculated the
X-ray flux as a count rate conversion for most objects, or be-
cause of misidentifications of the stellar position in the field,
as described in Paper L.

3. Extension to the EUV

In Paper I we calculated the X-ray fluxes that were received at
the planet orbit (Fx). We need to consider the whole flux emitted
by the star in the X-ray and EUV range to calculate the mass loss
rate of the planet according to Eq. (2). Lecavelier Des Etangs
(2007) extrapolated the EUV flux from the X-ray-to-EUV ra-
tio observed in the Sun, assuming the same ratio for all spectral
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Fig. 1. Emission measure distribution (EMD) of three K2V stars with
different levels of activity. The shape of solar EMD (Orlando et al. 2001)
is similar to that of @ Cen B.

types and activity levels (thus age). The few observations of late-
type stars in the EUV contradict this view (e.g. Sanz-Forcada
et al. 2003a). A better way to determine the radiation in the EUV
range is to calculate a synthetic spectrum of each star using a
coronal model. Such a model must describe accurately how the
mass is distributed with temperature in the corona and transi-
tion region, the so-called emission measure distribution (EMD).
The EMD is complemented with the abundances of the different
elements in the corona. If combined with an appropriate atomic
model, it will be possible to predict the spectral energy distri-
bution generated at coronal temperatures. Atomic models in this
range have been tested only with solar data, and at the shorter
wavelengths (14 ~ 100—400 A) with more active stars. We ex-
pect that a few lines formed at high temperature have inaccu-
rate calculations or are missing from the models. But the bulk of
the emission is already included in the models, and the flux in
a given range should be quite accurate. We use in our case the
atomic model APED (Smith et al. 2001).

The atomic model needs to be folded with a coronal model.
Figure 1 shows the EMDs of three K2V stars with good high-
resolution spectra that allow us to construct an EMD with a reso-
lution of 0.1 dex in temperature, following the method described
in Sanz-Forcada et al. (2003b, and references therein). In gen-
eral we do not have an accurate determination of the EMD for
the stars in the sample, most of them limited to fits with less
than three temperature components. Moreover, the observations
in X-rays give us access only to the EM at T 2 1 MK, be-
cause lower temperature lines are rare in X-rays. However, we
cannot ignore the lower temperature part of the EMD, which
corresponds to the transition region, because many lines in the
EUYV band are formed at 7 < 1 MK, notibly He 1 1304 A, one of
the strongest lines in the XUV spectrum of most cool stars.

3.1. Transition region EMD

It is possible to calculate the EMD at 7 < 1 MK by using
lines in the UV (e.g. Dupree et al. 1993), but most of our
objects have no UV spectra available. The large sample of
EMDs reported by Sanz-Forcada et al. (2003a) showed that the
“cool” side of the EMD is approximately proportional to the
EMD at log T (K) ~ 6—6.3. We checked that a reasonable pro-
portionality exists among the values at these two temperature
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Fig.2. X-ray vs. EUV luminosity in selected stars of the sample
(see text). Uncertainties come from calculating the transition re-
gion EMD.

ranges (Appendix A). We calibrated the relation using stars with
known EMD at all temperatures, and extrapolated the lower tem-
perature EMD for the stars unobserved in UV with this rela-
tion, as described in Appendix A. In particular we chose the
EMD of the sample of stars in Sanz-Forcada et al. (2003a) that
have well calculated EMD: we separated the sample into three
groups depending on the level of activity (interpreted from the
amount of EMD found at the highest temperatures). We then
defined three parameters: a parameter to account for the trans-
formation between an EMD with 0.1 dex of temperature reso-
lution and a 3T fit, the difference between the minimum of the
EMD and the local maximum found at log T (K) ~ 6.2—6.4, and
the slope of the EMD at temperatures below the EMD mini-
mum. We then tested this extrapolation with one star of each
of the three classes: AB Dor (Sanz-Forcada et al. 2003b), € Eri
(Sanz-Forcada et al. 2004), and @ Cen B (Sect. B), all of
type K2V (Fig. 1). The XUV flux calculated using a 3-T model
(log T (K) > 5.8) and a synthetic EMD (log T (K) < 5.8) agrees
in all cases within 0.37 dex with that calculated using a com-
plete EMD. Therefore, we are confident that the method can
be safely applied to the stars in our sample. As a compari-
son, the solar activity cycle spans 1.7 dex in X-ray luminosity
(Orlando et al. 2001). We also used these stars to check how
much flux we would be missing if we considered the EMD only
above 1 MK, for the different levels of activity: we would miss
a 3% of the flux (AB Dor, very active), 19% (intermediate ac-
tivity € Eri), and 40% (a Cen B, low activity). We conclude that
the extension of the EMD to the cooler temperatures is neces-
sary, especially for the less active stars. The reason is because
in & Cen B 91% of the XUV flux is generated in the EUV band,
while for AB Dor only 23% is in the EUV. Table 4 includes the
predicted flux in different bands of the EUV range, with a formal
precision of 0.01 dex well below the expected cyclic variability
of the stars.

The application of this calculation to the ROSAT data is not
possible because we do not have a coronal model for these ob-
jects. Instead we calculated a direct relation between X-ray and
EUV luminosities for all the XMM and Chandra objects in our
sample that have an X-ray flux available (i.e., it is not an upper
limit), with the EUV flux calculated as explained. A fit to these
data (Fig. 2) yields

log Lgyy = (4.80 £ 1.99) + (0.860 + 0.073) log Lx, 3)

where Lx and Lpyy are the X-ray (14 5-100 A) and EUV
(A1 100-920 A) luminosities, in erg s™'. We then applied this
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Table 5. ROSAT X-ray (5-100 A) and EUV (100-920 A) luminosity of stars with exoplanets® (ROSAT). XUV includes the 5-920 A range.

Planet name Sp. type Stellar distance log Lx log Leuv log Lwer age Mysini  a, log Fx log Fxuv log Fxaccum. log Fxyyaccum. pMX /JMXUV
(star) (pc) (ergs™") (ergs™) (ergs™) (Gyr) (my) (au)  (ergs™'em™?) (erg cm™2) (g% s em™3)?
18 Del b Go6III 73.10 £ 3.74 29.33 30.02 35.11 ... 10.30  2.60 1.05 1.82 .. ... 1.3e+08  7.5e+08
IRXS1609 b K7V 145 : 29.88 30.50  33.20 0.09 800 330.00 -2.61 -1.90 12.91 13.72 2.8e+04 1.4e+05
4 UMab KI1III 77.40 £4.25 28.41 29.23 35.65 ... 7.10 0.87 1.08 1.97 . ... 1.4e+08 1.0e+09
61 Virb G5V 8.53 £ 0.05 26.88 27.92 3349 796 0.02 0.05 2.03 3.10 21.02 21.76 1.2e+09 1.4e+10
61 Virc 0.06 022 0.76 1.83 19.75 21.76 6.4e+07  7.6e+08
61 Vird 0.07 0.48 0.08 1.15 19.07 21.76 1.3e+07 1.6e+08
a Arib K21l 2021 +£040 27.19  28.18 35.51 .. 1.80 1.20 -0.42 0.62 .. .. 4.3e+06 4.7e+07
BD-103166b G4V 66 : <29.20 <2991 3319 0.25 048 0.05 <443 <521 20.84 21.61 (3.0e+11) (1.8e+12)
yCepb K21v 1379 +0.10 <27.33 <2830 3463 4.08 160 204 <-0.74 <0.28 18.16: 18.62: (2.0e+06) (2.1e+07)
Gl 176 b M2.5V 9.42 +£0.22 27.41 28.37 31.74 3.62 0.03 0.07 2.32 3.33 20.12 21.43 2.4e+09 2.4e+10
GJ832b M1.5V 494 +0.03 26.78 27.83 31.81 924 0.64 340 -1.73 -0.64 16.77 18.05 2.1e+05 2.5e+06
GJ 3021 b G6V 17.62+0.16 <2895 <29.70 3339 0.37 337 049 <212 <294 18.91 19.61 (1.5e+09) (9.8¢+09)
HD 3651 b KoV 11.11 £0.09 27.27 28.25 3336 446 0.20 0.28 0.91 1.94 19.47 20.23 9.2e+07 9.8e+08
HD 10647 b F8V 17.35+0.19  28.31 29.15 3375 095 093 203 025 1.14 17.83 18.47 2.0e+07 1.6e+08
HD 38529 b G41vV 42.43 +1.66 28.96 29.71 3441 0.36: 0.78 0.13 3.28 4.09 20.42: 20.86: 2.1e+10  1.4e+l11
HD 39091 b G111V 1821 +0.15 2749 2844 3374 322: 1030 328 -0.99 0.01 17.44: 18.12: 1.1e+06 1.1e+07
HD 41004 Ab KIV 43.03 +1.89 <2931 <30.01 3336 022 254 1.64 <143 <221 17.79 18.50 (3.0e+08) (1.8e+09)
HD 48265 b G5V 87.41 +£5.50  29.53 3020 34.18 0.16 1.16 1.51 1.72 2.47 18.15 18.61 5.9e+08 3.3e+09
HD 70573b  GI1-1.5V 45.7 : 29.09 29.82 3333 0.30 6.10 1.76 1.15 1.95 17.76 18.48 1.6e+08  1.0e+09
HD 87883 b KoV 18.06 £ 0.31 27.60 28.54 33.10 273 12.10 3.60 -0.96 0.02 17.17 18.00 1.2e+06 1.2e+07
HD 89744 b F7V 38.99+1.06 28.11 28.97 3438 128 7.20 0.88 0.77 1.69 18.79 19.28 6.6e+07  5.5e+08
HD 102365 b G2V 9.24 £ 0.06 26.81 27.86 3349 8.83 0.05 0.46 0.04 1.12 19.10 19.84 1.2e+07 1.5e+08
HD 128311 b KOV 16.57 +0.27  28.48 2929  33.06 074 2.18 1.10  0.95 1.82 18.13 18.95 1.0e+08  7.5e+08
HD 128311 ¢ 3.21 1.76 0.54 1.41 17.72 18.95 3.9e+07 2.9e+08
HD 142415b  G1V 3457 +1.00  28.65 2944  33.63 057 1.62 1.05 1.16 2.01 18.35 19.01 1.6e+08 1.2e+09
HD 147513 b G3/G5V  12.87 +£0.14 28.90 29.65 3356 040 1.21 1.32 1.21 2.03 18.11 18.77 1.8e+08 1.2e+09
HD 150706 b GO 27.23 £0.42 28.82 29.59 3355 045 1.00 0.82 1.54 2.38 18.53 19.20 3.9e+08 2.7e+09
HD 169830 b F8V 36.32+1.20 2826  29.10 3423 1.02 288 0.8l 0.99 1.90 18.80 19.32 1.1e+08 8.8e+08
HD 169830 ¢ 4.04 3.60 -0.30 0.60 17.50 19.32 5.6e+06 4.5e+07
HD 176051 b K1V 1498 +0.12 <2822 <29.07 3286 1.09 1.50 1.76  <0.28 <I1.19 17.67 18.56 (2.1e+07) (1.7e+08)
HIP 75458 b K2IIT 31.33 £0.50 27.41 28.37 35.38 ... 8.82 1.27 -0.25 0.76 .. ... 6.3e+06  6.4e+07
HIP 79431 b M3V 1490+0.79 2689  27.93 60.02 7.84 210 036 033 1.40 28.76 28.76 2.4e+07 2.8e+08
HR 810 b GOV 17.24 £ 0.16 28.79 29.56 3380 047 226 0.93 1.41 2.25 18.49 19.11 2.9e+08 2.0e+09

Notes. @ Planet data from The Extrasolar Planets Encyclopedia (http://exoplanet.eu). ® 1 M; Gyr™! = 6.02 x 10'3 gs7!.

conversion to the ROSAT data. The calculated EUV luminosi-
ties are listed in Table 5.

3.2. EUV luminosity evolution with age

We calibrated a relation of age-Lgyy to calculate better the ef-
fects of the radiation in the whole XUV range. We selected all
stars in our sample for the calibration, except for those with only
an upper limit of the X-ray flux and stars that show a formal re-
sult with age larger than 20 Gyr (those with spectral type A and
some M stars). The age determination is made with the X-ray
luminosity as explained in next section. The fit (Fig. 3) follows
a power-law relation

log Lgyy = (29.12 £ 0.11) — (1.24 £ 0.15) log 7, “4)
where 7 is the age in Gyr. This relation was used to calculate the
accumulated effects of the coronal radiation in the planet atmo-
sphere as listed in Tables 5 and 6. Although Ribas et al. (2005)
studied the time evolution of the EUV luminosity, this is the first
time that a general relation between age and Lgyy has been cal-
culated. Ribas et al. (2005) studied the spectral energy distribu-
tions of six solar analogs covering a wide range (0.1-6.7 Gyr) of
stellar ages in the X-rays and UV regimes. The authors used real
spectra in the ranges 1-360 A and 920—1950 A as available. The
distribution of stellar fluxes in the different bands with the stellar
age was used to calibrate the time evolution of the high-energy
irradiance in these bands. The results were used to interpolate
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Fig. 3. Distribution of EUV luminosities against age (in Gyr) deter-
mined using the X-ray luminosities. The line indicates the best linear
fit to the sample.

the evolution in the 360—920 A band, resulting in a less steeper
dependence (exponent ~—1.0 in this range, —1.20 in 100-360 A)
than in our case (—1.24 in 100-920 A).

4. Results

Processes of mass loss in the atmosphere of a planet are not
well understood. Once the circumstellar disk is dissipated it is
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Table 6. X-ray (5-100 A) and EUV (100-920 A) luminosity of stars with exoplanets® (XMM-Newton and Chandra).

Planet name  Sp. type Stellar distance logLx logLgyv logLyo age Mpsini ap log Fx log Fxuy log Fx accum. log Fxyy accum. pMX prUv
(star) (pc) (ergs™") (ergs™) (ergs™)) (Gyr) (my) (au)  (ergs™' cm™?) (erg cm™2) (g% s em™3)°
14 Her b KOV 18.15+0.19  26.92 27.75‘:83‘;‘ 3343 745 464 277 -141 -053 17.52 18.28 4.4e+05 3.3e+06
16CygBb  G2.5V  21.62+023 <2671 <28.04 3378 1031 1.68 1.68 <-1.19 <0.16 18.04 18.74 (7.2e+05) (1.6e+07)
2M1207 b M8 5241 +1.10 <2624 <27.16 3007 <15 4.00 46.00 <-4.53 <-3.56 13.71 15.78 (3.3e+02) (3.1e+03)
30 AriB b F6v 3943 +1.71 29.53 29.36‘:8:83 33.83 0.16 9.88 1.00  2.09 2.31 18.35 18.93 1.4e+09 2.3e+09
47 UMab GOV 14.08 £ 0.13  25.45 26.56‘:8:;‘2‘ 33.74 <15 253 2.10 -2.64 -1.50 17.84 18.55 2.6e+04  3.6e+05
47 UMac 054 360 -3.11 -197 17.37 18.08 8.8e+03 1.2e+05
47 UMad 1.64 11.60 -4.12 -298 16.36 17.06 8.4e+02 1.2e+04
51 Pegb G22IV 1536+0.18 <2652 <27.86 33.65 13.50: 047 0.05 <1.64 <3.00 21.04: 21.76: (4.9¢+08) (1.1e+10)
55 Cnc b G8V 12.53 £0.13  26.65 27.49jg:jg 33.39 11.19 082 0.12 1.08 1.98 20.28 21.05 1.4e+08 1.1e+09
55Cncec 0.17 024 044 1.34 19.64 20.41 3.1e+07 2.4e+08
55Cncd 3.84 577 -232 -142 16.88 17.65 5.4e+04  4.2e+05
55Cnce 0.02 004 2.04 2.94 21.24 22.01 1.2e+09 9.7e+09
55Cnc f 0.14 079 -0.59 0.31 18.61 19.38 2.9e+06 2.3e+07
B Picb A6V 19.28 +0.19  25.63 27.01‘:8:;‘;‘ 34.49 o 8.00 12.00 -397 -2.58 . o 1.2e+03  2.9e+04
€ Eridani b K2V 3.22 +£0.01 28.20 28.44tg:88 33.10 1.12  1.55 339 -0.31 0.13 17.19 18.00 5.5e+06 1.5e+07
GJ86b K1V 1091 £0.07 <2742 <29.15 33.16 359 4.01 0.11 <1.88 <3.63 20.23 21.04 (8.6e+08) (4.8e+10)
GJ317b M3.5 9.01 £0.97 26.12 27.43‘:8:2; 30.18 <15 1.20 095 -1.28 0.05 17.15 19.15 5.9e+05 1.3e+07
GJ 436D M2.5 10.23 £0.24  25.96 26.87tg:j(5) 31.67 <15 0.07 0.03 1.59 2.55 20.88 22.20 4.4e+08 4.0e+09
GJ 674 b M2.5 4.54 +0.03 27.72 28.01tgf§ 31.54 227 004 0.04 3.09 3.56 20.42 21.86 1.4e+10 4.1e+10
GJ 876 b M4V 4.70 £ 0.05 26.16 26.65‘:8:;‘} 31.37 <15 228 0.21 0.07 0.69 19.04 20.48 1.3e+07 5.5e+07
GJ 876 ¢ 0.71 0.13  0.48 1.10 19.45 20.89 3.4e+07 1.4e+08
GJ876d 0.02 002 207 2.69 21.04 22.48 1.3e+09  5.5¢+09
GJ 876 ¢ 0.05 0.33  -0.34 0.28 18.63 20.07 5.2e+06 2.1e+07
GQLupb K7V 140 : 29.45 31.05jg:j§ 33.36 0.17 21.50 103.00 -2.02 -0.41 14.16 14.87 1.1e+05 4.3e+06
HD 4308 b G5V 21.85+0.27 <2594 <2728 3357 <15 0.04 0.12 <035 <1.71 20.31 21.04 (2.5e+07) (5.7e+08)
HD20367b GOV 27.13+0.79  29.29 29.43‘:83? 33.78 022 1.07 1.25 1.65 2.02 18.17 18.77 5.0e+08 1.2e+09
HD27442b K2IV 1823 +0.17 <26.14 <2747 3440 <15 1.35 1.16 <-1.44 <-0.09 18.58: 19.12: (4.1e+05) (9.2e+06)
HD46375b KIIV ~ 3341+1.19 27.16 28.49tg:j§ 3348 522: 025 004 249 3.84 21.19: 21.93: 3.5¢e+09 7.7e+10
HD 49674b G5V 40.73+1.89 2741 29.36tg:(1)‘; 33,51 362 012 006 243 4.39 20.89 21.61 3.1e+09 2.8e+11
HD 50554 b F8 31.03+0.97 <2632 <27.66 3374 <15 516 241 <-1.89 <-0.53 17.72 18.43 (1.4e+05) (3.3e+06)
HD 52265b GOV 28.07 +£0.66  26.89 27.72t8;3§ 33.86 7.80 1.05 0.50  0.05 0.93 19.11 19.78 1.3e+07 9.7e+07
HD 70642b GSIV-V  28.76 £ 0.50  26.38 27.71‘:8:21 33,58 <15 200 330 -2.10 -0.76 17.41: 18.15: 8.9e+04  2.0e+06
HD 75289b GOV 28.94+0.47 <2590 <2724 3387 <15 042 0.05 <I1.13 <249 21.19 21.87 (1.5e+08) (3.4e+09)
HD 93083 b K3V 2890 +0.84  26.90 28.36tg:j§ 33.19  7.77 037 048  0.09 1.56 18.98 19.79 1.4e+07 4.1e+08
HD95089b KOIV  139.08 £0.00 <27.09 <2843 3471 585 1.20 1.51 <-0.72 <0.64 18.46: 18.90: (2.1e+06) (4.9¢+07)
HD99492b K2V 17.99 £ 1.07  26.55 27.85‘:8:2; 33.11 13.01 0.11 0.12 092 2.24 20.14 20.98 9.3e+07  2.0e+09
HD 99492 ¢ 036 540 -236 -1.04 16.85 17.70 4.9e+04  1.0e+06
HD 101930 b K1V 30.50 +0.89  26.05 27.00tg:g§ 3327 <15 030 030 -0.36 0.64 19.41 20.21 4.9e+06 4.9e+07
HD 102195b KOV 2898 +0.97 2843 29.76‘:8:;‘; 33.26  0.80 0.45 0.05 3.60 4.95 20.91 21.67 4.5e+10 1.0e+12
HD 108147 b F8/GOV 38.57+1.03  27.39 28.67jg:j§ 33.85 374 026 0.10 1.92 3.23 20.48 21.14 9.4e+08 1.9e+10
HD 111232b G8V 28.88 £0.67 <2635 <27.69 3340 <15 6.80 1.97 <-1.69 <-0.33 17.81 18.59 (2.3e+05) (5.3e+06)
HD 114386 b K3V 28.04 +1.04  26.53 27.40‘:8:;‘31 33.02 1341 1.24 1.65 -1.36 -0.43 17.85 18.72 5.0e+05 4.1e+06
HD 114762b F9V 40.57 £2.37 <2651 <27.83 3376 1373 11.68 036 <-0.06 <I1.28 19.37 20.07 (9.9e+06) (2.1e+08)
HD 114783 b KOV 20.43 +0.44 <2654 <27.83 33.19 13.17 1.00 1.20 <-1.07 <0.24 18.18 19.01 (9.6e+05) (2.0e+07)
HD 130322b KOV 29.76 + 1.34  27.25 28.57‘:8:21 33.28 4.60 1.02 0.09 1.91 3.25 20.47 21.25 9.2e+08 2.0e+10
HD 154345b G8V 18.06 £ 0.18  27.12 27.95jg:% 3336 5.60 0.95 419 -1.58 -0.69 17.14 17.90 3.0e+05 2.3e+06
HD 164922 b KOV 21.93+034 <2574 <27.08 3344 <15 036 211 <-235 <-1.00 17.77 18.53 (5.0e+04) (1.1e+06)
HD 179949b F8V 27.05+0.59  28.38 29.52‘:833 33.84 0.85 095 0.05 3.63 4.80 21.15 21.78 4.8¢+10 7.0e+11
HD 187123b G5 4792 +1.63 <2724 <28.62 3378 4.67 052 004 <253 <393 21.22 21.90 (3.8e+09) (9.6e+10)
HD 187123 ¢ 1.99 489 <-1.59 <-0.19 17.11 17.78 (2.9e+05) (7.3e+06)
HD 189733 b KI-K2 19.25+0.32  28.18 28.48‘:8:(')2 33.10 1.16 1.15 0.03 3.73 4.21 21.26 22.07 6.1e+10 1.8e+11
HD 190360 b G6IV 1589 +0.16 <2635 <27.69 33.65 <15 1.50 392 <-229 <-093 17.28: 18.00: (5.8e+04) (1.3e+06)
HD 190360 ¢ 0.06 0.13 <0.69 <2.05 20.25: 20.98: (5.5e+07) (1.3e+09)
HD 195019b G3IV-V 37.36+1.24 <2623 <27.57 3389 <15 370 0.14 <050 <1.86 20.24: 20.92: (3.5e+07) (8.1e+08)
HD 209458 b GOV 47.08 £+2.22 <2640 <27.74 3378 <15 0.71 0.05 <1.60 <2.96 21.14 21.84 (4.5e+08) (1.0e+10)
HD 216435b GOV 33.29 +0.81 27.74 28.99*047 3414 222 126 256 -0.53 0.75 17.78 18.35 3.3e+06  6.3e+07

0.44
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Table 6. continued.

Planet name  Sp. type Stellar distance logLx logLgyv loglLyo age Mpsini a, logFx logFxuy log Fx accum. log Fxyy accum. pMX /JMXUV
(star) (pc) (ergs™) (ergs™) (ergs™') (Gyr) (my) (au) (ergs™' em™?) (erg cm™2) (g% s7! em™3)°
HD216437b G4IV-V 2652+0.41 2662 27.47'0%2 3392 11.68: 182 232 -156 -0.65 17.80: 18.47: 3.1e+05  2.5e+06
HD 217107b  G8IV  19.72+0.29 <2550 <26.84 33.64 <15 133 007 <032 <1.68 20.74: 21.46: (2.4e+07) (5.4e+08)
HD 217107 ¢ 249 527 <-340 <-2.03 17.02: 17.75: (4.5e+03) (1.0e+05)
HD218566b K3V  29.94+1.07 27.04 2835704 3313 628 021 069 -008 125 18.64 19.47 9.3e+06  2.0e+08
HD 330075 b G5 5020+3.75  26.51 27.36t8ﬁg 3326 13.80 0.62 0.04 1.88 2.79 21.18 21.99 8.5e+08  6.9e+09
HR 8799 b A5V 3994 +136  28.02 29.37t8ﬂ 34.26 7.00 68.00 -3.09 -1.72 9.0e+03  2.1e+05
HR 8799 ¢ 10.00 38.00 —-2.59 -1.22 2.9e+04  6.8e+05
HR 8799 d 10.00 24.00 -2.19 -0.82 7.3e+04  1.7e+06
HR 8799 e 9.00 1450 -1.75 -0.38 .. .. 2.0e+05 4.7e+06
uArab G3IV-V  1528+0.19 <2599 <2732 3383 <15 168 150 <-1.81 <-0.46 18.15: 18.84: (1.7e+05) (3.9e+06)
pArac 0.03 0.09 <0.62 <197 20.59: 21.28: (4.7e+07) (1.1e+09)
pArad 052 092 <-1.39 <-0.04 18.58: 19.27: (4.6e+05) (1.0e+07)
uArae 1.81 524 <290 <-1.55 17.07: 17.76: (1.4e+04) (3.2e+05)
NGC 24233 b 766 : <29.27 <3491 3554 023 1060 210 <I.18 <6.82 18.45 18.64 (1.7e+08) (7.4e+13)
Pollux b KOII  10.34+0.09  27.13 28.38t8z% 35.19 .. 290 1.69 -0.77 0.50 .. .. 1.9e+06  3.6e+07
7Boob FIV  1560=0.17 2895 29.40%03 3406 037 390 005 4.18 476 21.19 21.72 17e+11  6de+1l
v Andb F8V  1347x0.13 27.56 28.73'04 3411 288 069 006 257 3.77 21.04 21.63 4.2e+09  6.6e+10
vAndc 1457 0.86 0.25 1.44 18.72 19.30 2.0e+07 3.1e+08
v Andd 1019 255 -0.70  0.50 17.77 18.36 23e+06  3.6e+07
v Ande 1.06 525 -132 -0.13 17.15 17.73 53e+05  8.4e+06
Notes. © Planet data from The Extrasolar Planets Encyclopedia (http://exoplanet.eu). © 1 M; Gyr™' =6.02 x 10" gs7!.
expected that thermal losses are dominant. The mass loss rate SCT T T T T T T T T T T r]
through thermal losses in a planet with an atmosphere mostly - gLz -
composed of hydrogen is defined by Eq. (2). To account for ~ ? . HEdvde -
the energy budget in the XUV band, we need to know the ra- R IR @ loglx>29 ]
diation tha:t is absorbed by neutral hydrogen, i.e., photons with Ng e U I
A < 912 A. In Paper I we considered only the X-rays photons R o AR SR a
as a proxy of the whole XUV radiation. It is therefore neces-  § 2| *% & - 7 e S
sary to test whether the conclusions achieved hold for the whole 5 L Of Woo JVo el @ e
XUV range as well. With the whole energy budget we can make s 57 o . o ! el © —
a first estimate of the total mass lost through thermal losses g O—pe ™ Iﬁ : o ]
for the planets in the sample with known density (see below). 5 [ free i B
Figures 4 and 5 show the distribution of planet masses (Mp sin i) Mol 1L %_ . |
with the X-ray flux at the planet orbit (directly measured) and the & -2|— [V { ¥ 1 1 1 ! !
XUV flux that we calculated after modeling the corona and tran- ™ e ! . ’ o 7
sition region. A dashed line (log Fx = 3—0.5 M, sin i) is plotted oL ! i B
in Fig. 4 to indicate the “erosion line”, proposed in Paper I to 4l . | | 1
separate what could be a regime of fast erosion from a slower 5 L , L . L . L . ‘

erosion phase, based on the observed distribution. Figure 5 is a
direct indication of the current mass loss rate in exoplanets, as-
suming that thermal losses are dominant and the density is the
same for all planets (according to Eq. (2)). Regrettably, we know
the planet density of only four planets in our sample (Table 7).
Rocky planets (p ~ 5 g cm™>) are not supposed to be affected
in the same manner (a gaseous planet like Jupiter has p = 1.24).
We marked in the plot the XUV flux that would have arrived at
the Earth’s orbit at an age of ~100 Myr and ~1 Gyr. To calculate
this flux, we used two young solar analogs, « Cet and EK Dra,
as explained in Paper I. The emission in the EUV range was cal-
culated by Sanz-Forcada et al. (in prep.) extrapolating from a
coronal model determined with high-resolution spectra.

A better way to measure the long-term effects of the ra-
diation is to calculate the accumulated XUV flux at the orbit
of the planet. To do that, we need to know how coronal ra-
diation evolves with time. Several laws have been reported in
the past, mostly devoted to explain the coronal history of the

Planet mass, Mp sin i (MJ)

Fig. 4. Distribution of planetary masses (M, sini) with X-ray flux at the
planet orbit. Filled symbols (squares for subgiants, circles for dwarfs)
are XMM-Newton and Chandra data. Arrows indicate upper limits.
Open symbols are ROSAT data without error bars. Diamonds represent
Jupiter, Saturn, and the Earth. The dashed line marks the “erosion line”
that might separate the phases of strong and weak evaporation (Paper I).
Dotted lines indicate the X-ray flux of the younger Sun at 1 au.

Sun as a law of the kind Lx ~ 1, calibrated with G dwarfs.
Some examples are Maggio et al. (1987, « = -1.5), Ayres
(1997, @« = —1.74), Guedel et al. (1997, «a —1.5), Ribas
et al. (2005, @ = —1.27 or —1.92, for 1-20 A and 20—100 A
respectively), Penz et al. (2008, @ = —1.69), and Penz & Micela
(2008, @ = —1.34, calibrated with M dwarfs). We use the law
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Fig. 5. Distribution of planetary masses (M, sini) with XUV flux at
the planet orbit. Symbols as in Fig. 4 Error bars indicate the limits in
EUV flux calculated with the models. Dotted lines indicate the X-ray
flux of the younger Sun at 1 au. Note that mass loss rates increase with
the XUV flux.

by Garcés et al. (in prep.; see also Garcés et al. 2011), calibrated
with late F to early M dwarfs:

Lx = 6.3 % 107 Ly
Lx = 1.89 x 102 719

(t<1)
(t>1), )

with 7; = 2.03 x 102 ngl'“. Lx and Ly are in erg s7!, and 7is
the age in Gyr. The 7; parameter marks the typical change from
saturation regime to an inverse proportionality between Ly /Ly,
and rotation period (e.g. Pizzolato et al. 2003). The relation
shows a similar behavior to former calibrations, but it can be
applied to a wider range of stellar masses. We use Eq. (5) to cal-
culate the stellar age (Table 6), with the caveat that there is an
uncertainty of about an order of magnitude in the Lx levels of
stars of the same spectral type and age (Penz et al. 2008; Penz &
Micela 2008), and that the solar cycle in X-rays spans as much
as 1.7 dex in Lx (Orlando et al. 2001). We consider a formal up-
per limit of the age at 15 Gyr (current estimate of the age of the
Universe is 13.7 Gyr, Bennett et al. 2003). This method is not
optimal for the age determination of a star, but it is more appro-
priate if we aim to know the “X-ray age” in the evolution of the
coronal emission of a given star.

The accumulated X-ray and XUV flux at the planet orbit
(Table 6, Fig. 6) is calculated using Eqgs. (4) and (5), between
20 Myr and the present. Most protoplanetary disks would have
dissipated after 20 Myr. We do not calculate the age for giants
and A-type stars, and mark the subgiants with different symbols
because it is not known whether they follow the same relation,
but sometimes the determination of the star as dwarf or subgiant
is not precise. Only planets with M sini < 9 Mj are considered
for further calculations. According to Eq. (2), Fig. 6 is a direct
indication of the total mass lost to date, assuming same density
for all planets. A planet like 7 Boo b, with 10?!7 erg cm™2 ac-
cumulated in the XUV band during 350 Myr, would have lost
~0.04 My if the density is 1 g cm™3, but as much as ~0.7 M if the
density is 0.1 g cm™3, among the lowest observed in exoplanets.
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Table 7. Mass lost in planets with known density.

Planet name Rp Mp o M. ap K¢ Mios”  (My)
(Ry) (M) (gem™) (M) (aw) [N
GJ 436 b 0365  0.0737 1.88 0452 00289 076 006 0.8
HD 189733b  1.151 1.15 0.94 08 00314 067 011 0.1
HD209458b  1.38  0.714 0.34 1.0 00475 065 0.8 0.17
2MI1207 A b 15 4.0 1.47 0.025 46 100 2e-8 2e-8

Notes. ¥ K parameter to account for the Roche lobe effects as in Eq. (7).
®) Mass lost since 20 Myr old, including Roche lobe effects and thermal
losses. (1) is for constant density; (2) with M — R relation as explained
in the text.
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Fig. 6. Distribution of planetary masses (M, sini) with the XUV flux
accumulated at the planet orbit since an age of 20 Myr to the present
day (see text). Symbols as in Fig. 4. Note that increasing XUV flux
accumulated indicates a larger mass lost to date.

4.1. Accumulated effects in planets with known density

It is expected that the accumulated effects of the XUV radiation
result in a population of close-in planets with less massive plan-
ets, unless they have higher densities, or they simply have little
or no atmosphere. The current distribution of planets with known
density is dominated by close-in planets, and therefore it has an
appropriate bias to test these effects, even if we do not know the
radiation of their parent stars. It is remarkable to observe in this
distribution that there are no massive planets with low density
at short distances of the star (Paper I). We do not know now if
this is also applicable for planets at farther distances; that would
indicate that this is an effect of planet formation. Theoretical
models (e.g. Guillot 2005; Fortney et al. 2007) indicate that ir-
radiated planets might have a nearly constant radius for planets
with Mp 2 1 Mj, explaining the increasing density with mass in
Fig. 3 of Paper 1. The radius-mass relation of the same sample
supports this idea (Fig. 7), although actual values of planet ra-
dius are slightly higher on average than Fig. 10 of Guillot (2005).
This empirical relation can be defined as follows:

Rp =(0.15+0.07) + (4.1 £ 3.0) Mp (Mp < 0.05)
Rp=(029+0.11)+(245+036)Mp  (0.05 < Mp <0.5)
Rp = (1.23+£0.05) + (0.00 £ 0.02) Mp (0.5 < Mp < 4.5). (6)
With the estimate of the total XUV flux it is possible now to

check the mass loss history of the few planets in our sample
with known density (we exclude the ASV star HR 8799). While
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2M1207b suffers basically no erosion (Table 6), the other three
planets (GJ 436 b, HD 189733 b, HD 209458 b) show that strong
mass loss takes place. As we know the stellar and planet param-
eters for these cases, we can also calculate the mass loss through
the Roche lobe point. The formula in Eq. (1) would be then

3Fxuv
4GKp’

(N

Mxyy ~

where the K parameter is defined as a function of Rp, Mp (planet
radius and mass), ap (semimajor axis) and M, (stellar mass),
as described in Erkaev et al. (2007). Table 7 lists the parameters
used in the calculation. Note that Erkaev et al. (2007) calculates
the wrong values of K, likely because of a mistake in the sub-
stitution of the units used to determine the Roche lobe distance,
overestimating the mass losses through the Roche lobe. Figure 8
represents the mass loss history, assuming that planet density
remains constant and only thermal losses are eroding the atmo-
sphere. We consider also the hypothesis of mass losses following
the same trend (constant radius for HD 209458 b, HD 189733 b
and 2M 1207 A b, Rp ~ 2.45 Mp for GJ 436) found in the mass-
radius relation of close-in planets (Eq. (6)), which better agrees
with theoretical models. Future development of Eq. (7) should
give a more accurate view of the thermal losses. In this sense,
Lammer et al. (in prep.; see also Lammer et al. 2009) multiply
Eq. (7) by the heating efficiency (about 10—25%). This would
imply much lower effects of evaporation, but it is insufficient
to justify the mass loss rate measured in HD 209458 b (see be-
low). Other models include different effects of EUV radiation
in the atmosphere and infrared cooling (Yelle 2004; Tian et al.
2005; Garcia Mufioz 2007; Murray-Clay et al. 2009), which usu-
ally yields lower escape rates than Eq. (7). Those models are not
easy to test with our sample, and they do not consider the effects
of X-rays.

5. Discussion

The distribution of planetary masses with X-ray flux received
seems to indicate that planets have lost mass in their first stages.
Figure 4 can be interpreted in the same manner as an HR dia-
gram: the lack of planets in a given area of the diagram indicates
that they spend only a short time in that phase, while the accu-
mulation of planets in other areas indicates that they spend a long
time in that position. We can divide the diagram into four boxes
based on the mass (at 1.5 M) and the X-ray flux at the planet or-
bit (at log Fx = 2.15). Only 1 out of 12 (8%) of the planets with
high flux have a high mass, while 38 out of 84 (45%) of those
receiving lower fluxes have a high mass (up to 9 Mj in this dia-
gram). Therefore there is a notable absence of high mass planets
suffering high flux levels. The same exercise applies to Fig. 5.
To explain this distribution, we propose three alterna-
tives: (i) an observational bias; (ii) an effect of planet forma-
tion; and (iii) a physical phenomenon that moves the planets
from their original positions in the diagram. The observational
biases (discussed in Paper I) easily explain the lack of plan-
ets in the lower left corner of the diagram, corresponding to
low mass planets at long distances from the star. But the same
biases should lead to more planets in the upper right corner,
where no planets are found. The second possibility, the effects of
planet formation, cannot be easily identified at the present level
of knowledge. Simulations carried out by, e.g., Mordasini et al.
(2009) do not cover planets with ap < 0.1 au, and more recent
simulations (Benitez-Llambay et al. 2011) might justify only the
gap observed in the mass-distance diagram at M < 1 Mj and
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Fig. 7. Mass-radius relation in the sample of exoplanets (8 Mar. 2011) of
known radius (filled circles). Open diamonds represent the solar system
planets. Solid lines indicate the least-squares fit to the data (see text).

ap < 0.04 au. The effects of X-rays in an eventual photoevap-
oration of the protoplanetary disk has been analyzed by Drake
et al. (2009) and Owen et al. (2011). If planet formation favors
low mass planets close to the star, Figs. 4 and 5 just reflect a lack
of high mass population at short distances (Fx o d~2). However,
the distribution of density with mass at short distance of the star
(Paper I) reveals that this type of population does exist (32% of
the 120 planets currently in the sample have M > 1.5 Mj), but
they have an increasing density with mass, an important detail
also for (iii). Finally, it is possible that one or several physical
processes related to the XUV emission (and X-rays as a proxy)
are eroding the atmospheres of planets at close distances to the
star, yielding in the long term an uneven distribution of masses
with Fx. Equation (2) also indicates that the planet density pro-
vides protection against thermal losses, consistent with the ob-
served trend in the mass-density diagram just mentioned. The
distribution of masses with the XUV flux accumulated over time
(Fig. 6) additionally supports the interpretation of mass losses as
the effect of XUV irradiation, either by thermal or non-thermal
effects: most massive exoplanets that were initially exposed to
high radiation would now have less than 1.5 M.

The upper limit of the hydrogen mass loss rate we calcu-
lated for HD 209458 b (1 x 10'° g s7!) is consistent with the val-
ues of ~10'° g s7! (Vidal-Madjar et al. 2003) interpreted by the
authors as hydrogen escaping the planet atmosphere, and with
the calculation of ~8 x 10'® g s~! extrapolated from Cu line
absorption by Linsky et al. (2010). Similarly our calculation
for HD 189733 (2 x 10" g s7!) is consistent with the value
of ~10"" g s~! estimated by Lecavelier Des Etangs et al. (2010).
Additional support for our interpretation is found if we look at
the chromosphere: Hartman (2010) finds that there is a correla-
tion between chromospheric activity and planet surface gravity.
Contrary to the statement by Scharf (2010), this relation supports
our conclusions, because denser planets also have a stronger sur-
face gravity. Therefore, the accumulated effects of erosion over
time favor a resulting distribution with denser (and with higher
surface gravity) planets close to active stars.

The presence of an “erosion line” (Fig. 4) that might separate
the stages of strong and weak evaporation (Paper I) cannot be
precisely quantified until we have a large sample of planets with
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Fig.8. Time evolution of planetary mass, assuming thermal and
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lution under constant density conditions, while dashed lines consider
the radius-mass relation as explained in the text (constant radius if
Mp > 0.5 M;). Current age is marked with solid circles.

known density and X-ray measurements of their parent stars. It is
possible that such a line separates the phase of heavy erosion of
a planet from that of slow or no erosion. The establishment of
such a line would be interesting for future works to test whether
a planet is still suffering strong erosion. Planets above the line
are potential targets for detecting atmospheric features.

6. Conclusions

The bulk of evidence supports the effects of erosion on planet
atmospheres as an effect of XUV radiation. The accumulated ef-
fects of evaporation by radiation yield a population of only low
mass planets exposed to a currently high XUV radiation. This in-
terpretation is also supported by the lack of low density massive
planets among the close-in planets population. We used a sim-
ple physical model to test the observed distribution. This model
assumes that mass loses are controlled by the thermal evapo-
ration through the XUV radiation absorbed in the atmosphere.
In the four planets of the sample with known density we recon-
structed the mass loss history, starting at a stellar age of 20 Myr,
including thermal losses and losses through the Roche lobe. The
density protects the planet atmosphere from further losses, but in
a low density planet such as HD 209458 b, up to ~0.2 Mj have
been lost according to this model. Future model developments
should take into account nonthermal losses, the role of planetary
magnetic field, and the impact of different atmospheric compo-
sition. This research will benefit from the future inclusion of a
larger population of planets with known density and X-ray stel-
lar emission.
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Table 3. X-ray flux (0.12-2.48 keV) and fits of stars with exoplanets (XMM-Newton and Chandra data).

Star name log fx log T log EM Elements (X) [X/H]
(erg slem™?) (K) (cm™) (Solar values of Anders & Grevesse 1989)

14 Her ~13.67 6.491006 49.5810:19 Fe -0.22+0%

16 Cyg B <-14.04 6.30 49.40+024 Fe -0.20

IMI207 A <-15.27 6.30 48.52%034 Fe -0.20

30 Ari B —11.74  6.667091,6.30*098 691001 52.02¢003 51.057017, 51.6170%3  Fe, O, Ne —0.01*992,-0.48+0:04, —0.17+0

47 UMa -14.92 6.207026 48.237024 Fe -0.10*99

51 Peg <-13.93 6.30 49.22+024 Fe -0.20

55 Cne ~13.62 6.65°095 49.3579% Fe ~0.301020

B Pic -15.01 6.29*010 48.35%018 Fe -0.30*920

€ Eri -10.89  6.607001, 6.27+095 6.87+092 50.67+093, 5029097, 50.22+007 Fe, O, N, Ne, C —0.17+993, —0.257097, 0.30%04%, —0.1470:95, 0.25+0:17

G317 -13.86 6.62000 48.81+012 Fe —0.23+04¢

GJ 436 -14.13 6.767013. 6.267030 48.59*017. 48224022 Fe -0.74704

GJ 674 —-11.67  6.887098 6.487001 7.137095 49.62012, 50.44*003 49.71*304  Fe, O, Ne —0.277093, —0.51*003 —0.13*07

GJ 86 <-12.74 6.54*003 50.06093 Fe ~0.05*01!

GJ 876 -13.26 6.657002,6.18+000 48.84%0:02 4793018 Fe —0.37+9¢

GQ Lup -12.92 6.8900¢,7.60* 00 52434096, 52.71+004 Fe -0.30*9%

HD 4308 <-14.82 6.30 48.64+028 Fe -0.20

HD 20367 -11.65  6.307077,6.657032. 695003 50.717098, 51.791095 51.39*005  Fe, O, N, Ne —0.017004, —0.3670:19. 0.19*028, —0.4703)

HD 27442 <-14.46 6.30 48.83+024 Fe -0.20

HD 46375 -13.96 6.637012 49.87+09 Fe -0.307999

HD 49674 -13.89 6.49*018 16.0070:90 50.13*941.50.83+0:00 Fe,O 0.41%037, -0.417019

HD 50554 <-14.74 6.30 49.02+022 Fe -0.20

HD 52265 -14.08 6.430:12 49.46*923 Fe 027530

HD70642  -14.61 6.53*0% 49.08016 Fe ~0.30%020

HD 75289 <-15.10 6.30 48.601 03 Fe -0.20

HD 93083  -14.10 6.77*54] 49.74+015 Fe ~112409%

HD 95089 <-15.18 6.30 47.941%41 Fe -0.20

HD 99492 -14.04 6.59+0.10 49.23+0:12 Fe -0.227042

HD 101930  -14.99 6.30 48754041 Fe -0.20

HD 102195 -12.57 6741092 6.01700¢ 50.80*00¢, 51.04709% Fe -0.05+9%7

HD 108147  -13.86 6.60*019 50.05*013 Fe -0.10*9%

HD 111232 <-14.65 6.30 49.05+0:06 Fe -0.20

HD 114386  —14.44 6.397039 49.2070%9 Fe ~0.307020

HD 114762 <-14.78 6.30 49.191% 13 Fe -0.20

HD 114783  <-14.16 6.3802 49.21%017 Fe -0.30*920

HD 130322  -13.78 6.56*00° 49.94+0-10 Fe —0.2470.14

HD 154345  -13.47 6.42+008 49.67+01} Fe 0.31*940

HD 164922 <-15.02 6.30 48.44700 Fe -0.20

HD 179949  -12.56 6.067093, 6.72+09! 50.77+913, 50.74+003 Fe 0.12+904

HD 187123  <-14.20 6.30 49.98+001 Fe -0.20

HD 189733 —1247  6.85700,6.13700!, 6.68700¢ 50.667002, 50497093, 50.2370%  Fe, O, Ne -0.407099. —0.05:02, —0.40%9

HD 190360  <-14.13 6.30 49.05+001 Fe -0.20

HD 195019  <-14.99 6.30 48.91+02¢ Fe 0.00*9%0

HD 209458  <-15.02 6.30 49.10+006 Fe -0.20

HD 216435  -13.38 6.58+004 5036299 Fe -0.007999

HD 216437  —14.30 6.40*921 49.28+019 Fe -0.30*920

HD 217107  <-15.17 6.30 48207043 Fe -0.20

HD 218566  —13.99 6.52*017 49.72+038 Fe -0.24407%

HD 330075  -14.97 6.60%)39 49.22+030 Fe -0.307920

HR 8799 -13.26 6.54+000 50752911 Fe -0.55+06

p Ara <-14.46 6.30 48.68+016 Fe -0.20

NGC 24233  <-14.58 6.30 56.274\3% Fe -0.20

Pollux -12.97 6.231295 6.54+021 49.90+09% 4870198 Fe,O 0.43%033, 036039

7 Boo 1151 6.62709!,6.307004, 6.92709! 51.70*002, 50.94*008 50.93*00¢  Fe, O, Ne, Mg —0.287090, —0.56*003, —0.51*905 —0.28+0:0
Si,C,N -0.0970%, -0.22+0:00, —0.37+00

v And -12.77 6.53+002 50.09*903 Fe 0.30*9%
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Table 4. Stars with exoplanets. XUV luminosity predicted in different bands® .

Star Luminosity (erg s™!) in the wavelength ranges indicated (in A)

100-200 200-300 300400 400-550 550-700 700-920
14 Her 26.01 £0.08 26.61 £0.15 27.10+0.39 26.63 +0.39 27.06 +0.44 27.34 +0.48
16 Cyg B <26.32 <27.00 <27.37 <26.89 <27.33 <27.65
2M1207 A <25.44 <26.12 <26.49 <26.01 <26.45 <26.77
30 Ari B 28.65 +0.00 28.90+0.00 28.83+0.05 28.19+0.05 27.92+020 28.02+0.35
47 UMa 25.64 +£0.01 25.88 +£0.04 25.86+0.31 2529+0.38 2574 +0.42 26.00+0.48
51 Peg <26.14 <26.82 <27.19 <26.71 <27.15 <27.47
55 Cnc 25.68 £0.09 26.10 +£0.28 26.84 +0.43 2637 +0.42 2683 +044 27.11 +0.49
B Pic 2531 +£0.07 2591 +0.14 2634 +043 2587042 2633+044 26.61 +0.49
€ Eri 27.69 £0.00 27.96 +£0.00 27.81 £0.00 27.26+0.00 27.31+0.00 27.49 +0.00
GJ 86 <26.85 <27.64 <28.50 <28.02 <28.49 <28.81
GJ 317 2532+0.19 2595+0.36 26.77+045 2631+045 26.79+044 27.07 +0.49
GJ 436 2526 +£0.05 25.66+0.19 2621 +042 2575+041 2621 +044 2648 +0.48
GJ 674 26.94 +0.01 27.37+0.03 27.49+0.24 2697+0.20 27.02+0.37 27.29+0.46
GJ 876 2544 £0.02 25.65+0.10 2601 +£0.34 2552+035 2593+042 26.20+0.48
GQ Lup 29.17£0.11 2951 £0.41 3038 £0.47 29.92+045 3041 +0.44 30.69 +0.49
HD 4308 <25.56 <26.24 <26.61 <26.13 <26.57 <26.89
HD 20367 28.44 +0.01 28.67 £0.05 28.90+0.26 28.25+0.26 2851 +0.42 28.81 +0.48
HD 27442 <25.75 <26.43 <26.80 <26.32 <26.76 <27.08
HD 46375 26.37 £0.18 27.00 £ 0.36 27.83 +0.46 2737+045 27.85+044 28.13+0.49
HD 49674 29.06 £ 0.00 28.43 +0.04 28.61 +0.21 27.88+0.32 28.11+0.38 28.41=+0.44
HD 50554 <25.94 <26.62 <26.99 <26.51 <26.95 <27.27
HD 52265 26.05+0.08 2697 £0.05 27.11 +£0.29 26.54+0.36 2695+044 27.22+048
HD 70642 25.62 +0.17 2628 £0.31 27.05+045 2659+044 27.06+044 27.34+0.49
HD 75289 <25.52 <26.20 <26.57 <26.09 <26.53 <26.85
HD 93083 26.14 £ 0.19 2681 £042 27.69+047 27.23+045 27.72+044 28.00 +0.49
HD 95089 <26.71 <27.39 <27.76 <27.28 <27.72 <28.04
HD 99492 2575 +0.18 2639034 2720+045 2673+044 2721+044 2749 +049
HD 101930  25.63 £ 0.03 26.27 +£0.05 26.32 +0.35 25.84+0.36 2624 +0.43 26.52 +0.48
HD 102195 28.84 £ 0.01 2851 +0.17 29.09+0.36 2857+041 29.03+043 29.31+0.48
HD 108147  26.59 £ 0.19 27.21 £0.34 28.02 +0.45 27.55+0.44 28.03 +0.44 28.31 +0.49
HD 111232 <2597 <26.65 <27.02 <26.54 <26.98 <27.30
HD 114386  25.79 £ 0.05 26.45+0.10 26.73 £0.38 26.27 £ 0.37 26.69 + 0.44 26.96 + 0.48
HD 114762 <26.11 <26.79 <27.16 <26.68 <27.12 <27.44
HD 114783 <25.90 <26.62 <27.17 <26.69 <27.14 <27.46
HD 130322 2647 +0.18 27.13+0.32 2791+045 2744+044 2792+0.44 28.20=+0.49
HD 154345 26.29 £ 0.08 27.24 +0.05 27.34 +0.28 26.76 £ 0.36 27.16 + 0.44 27.43 +0.48
HD 164922 <25.36 <26.04 <26.41 <2593 <26.37 <26.69
HD 179949  28.70 £ 0.01 28.42 +0.12 28.83 £0.36 28.29+0.42 28.76 +0.43 29.04 +0.48
HD 187123 <26.90 <27.58 <27.95 <27.47 <2791 <28.23
HD 189733 2790 £0.00 27.86+0.02 27.84+0.13 27.08+0.19 2748 +0.27 27.60 + 0.43
HD 190360 <25.97 <26.65 <27.02 <26.54 <26.98 <27.30
HD 195019 <25.92 <26.64 <26.89 <26.40 <26.84 <27.16
HD 209458 <26.02 <26.70 <27.07 <26.59 <27.03 <27.35
HD 216435 2692 £0.19 27.56 +£0.31 28.34+0.44 27.86+0.44 2834 +0.44 28.62+0.49
HD 216437  25.83+£0.06 26.50+0.10 26.81+0.38 2635+037 26.77+0.43 27.04+0.48
HD 217107 <25.12 <25.80 <26.17 <25.69 <26.13 <26.45
HD 218566  26.27 £0.17 2694 +0.29 27.69 +0.45 2723 +044 27.70+0.44 27.98 +0.49
HD 330075 25.56 £0.09 26.02+0.25 26.71 £0.42 2625+041 26.70+0.44 2698 +0.49
HR 8799 2726 £0.16 2792 +033 2871 +046 2826+044 28.73+044 29.01 +0.49
u Ara <25.60 <26.28 <26.65 <26.17 <26.61 <26.93
NGC 24233 <33.19 <33.87 <34.24 <33.76 <34.20 <34.52
Pollux 27.68 £0.01 2798 +£0.01 27.66+0.23 2693 +0.34 27.18+0.41 27.47+0.48
7 Boo 28.21 £0.01 2847 +0.12 2897 +0.37 2835+0.27 2850+042 28.77 +0.49
v And 26.75+0.20 2746 +0.22 28.10+0.40 27.60+0.44 28.07 +0.44 28.35+0.49

Notes.  Only stars with XMM-Newton or Chandra data.
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Appendix A: Extrapolation of the lower temperature
EMD

The determination of the EMD in the transition region
(log T [K] ~ 4.2-5.8) usually benefits from the information pro-
vided by UV lines. For the sources without UV spectroscopic
observations we need to develop a method to calculate the EMD
in this region. We extrapolate the values of the EMD at those
temperatures based on the coronal counterpart, for which a gen-
eral proportionality seems to be present. Both transition region
and coronal material are supposed to be part of the same geo-
metrical structures (loops). In the coronal EMD of all sources
we can identify material at log 7' [K] ~ 6.3, the typical tempera-
ture of the solar corona, despite of their activity level. We use the
EM level at that peak, averaged over three values of T, to cal-
ibrate the relation to the lower temperature EMD. We used a
sample of objects with a well calculated EMD over the whole
range, using same technique in all cases (Sanz-Forcada et al.
2002; Sanz-Forcada & Micela 2002; Sanz-Forcada et al. 2003a;
Huenemoerder et al. 2003; Sanz-Forcada et al. 2004), and adding
a Cen B (Sect. B). We separated the sample in three groups
according to the level of activity (interpreted from the amount
of EMD found at the highest temperatures): low activity stars
(group 1: Procyon, @ Cen B), moderately active stars (group 2:
€ Eri, ¢ UMa B), and active stars (group 3: VY Ari, o> CrB,
AR Lac, FK Aqr, AD Leo, UX Ari, V711 Tau, II Peg, AB Dor).

The lower temperature EMD can be defined using three pa-
rameters (see Fig. A.1, Table A.1). Two come from the fitting of
the EMD with a straight line: the slope of this line and the differ-
ence between the minimum EM (at T,;,) and the local maximum
at log T [K] = 6.2—-6.4 (AEM,). The fit makes use of values in
the temperature range log T [K] = 4.2 — Thn. Since groups 1
and 2 have only four objects between them, we applied the same
model to all of them.

We also need a way to account for the different sampling of
the EMD in T, from the 0.1 dex binning used in the EMD to
the 3-temperature fit typical in low-resolution spectra. The fits
with one or two temperatures are assumed to be like the 3-T fits
with the remaining temperatures considered as negligible. The
third parameter needed in our model accounts for this binning
in the form of a vertical shift of the EM (AEM,) to be added
to AEM,. This parameter shows a dependence on the level of ac-
tivity, according to the distribution of mass in temperature. We
used a representative star for each group, all of them of spec-
tral type K2V: @ Cen B (group 1), € Eri (group 2), and AB Dor
(group 3). The AEM, of each case is listed in Table A.1.

Depending on the temperature and EM found in the targets
in our sample, we use one of the three groups and extrapolate
the EM of the transition region using the value of EM at the
temperature closer to log 7 (K) = 6.3 (EMg 3): we first determine
the EM of T, (using log Tin (K) = 5.7): EMpin = EMigg 763 —
AEM; — AEM,. Then we extend the EM at lower temperatures
with a straight line with the slope in Table A.1, resulting in the
values listed in Table A.2. Uncertainties in the lower temperature
EMD are calculated based on those from Table A.1.

We tested the accuracy of the calculation with this method.
We used the same three representative stars (@ Cen B, € Eri,
and AB Dor) with a complete EMD calculated using UV lines
and compared this to the flux in same spectral ranges using
3-T model combined with the extrapolated EM at lower tem-
peratures. The values measured from both models (Table A.3)
are very similar, so we are confident that the approach followed
is correct.

log INGNy; dV fem]
g

49

48

47

Lo b b b e b |
4.5 5.0 55 6.0 6.5 7.0

SN L L L NN LA L L L R B B

IS

Fig. A.1. Linear fits (dashed lines) applied to the cool side of the EMD
(solid lines) of well known coronal models.

Table A.1. Transition region EMD. Fit parameters.

Activity level Slope AEM, (cm™) AEM, (cm™)
Low —1.66 £ 0.15 1.84 +0.36 0.6
Medium -1.66 +0.15 1.84 £0.36 0.1
High -1.53 +£0.26 1.19 £ 0.25 1.8

Finally, we compared the calculation of the EUV flux of
€ Eri with the direct EUVE spectrum. The luminosity in the band
80—170 A in the observed spectrum was 3.2e+27 erg s, in the
model based on the whole EMD was 2.7e+27, and in the model
based on the 3T+extrapolated EMs we obtain 1.9e+27. These
differences are very small considering the process followed to
obtain the synthetic spectra. We are confident that the method
can be safely applied to all late-type stars (late F to mid M spec-
tral types).
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Table A.3. Comparison of fluxes depending on models used” .
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o Cen B, XMM RGS, 1st order, t=80.4225 ks .. . . .
Table B.2. Emission measure distribution of & Cen B.

log T (K) EM (cm™3)“
Qr J 4.0 49.53:
4.1 49.48:
42 49.43:
< 4.3 49337020
g Sl , 4.4 49.18+029
3 45 49.08+029
4.6 48.98020
4.7 48.8870.10
- 4.8 48.58+020
4.9 48.13+010
| | | | | | 5.0 47.83+010
5 10 15 20 25 30 35 5.1 4763102
Wavelength [Angstrom] 5.2 47.43:
Fig. B.1. XMM-Newton RGS combined spectrum of & Cen B. 5.3 47.33:
5.4 47.33:
S A L R R R 5.5 47.53:
o gl ] 5.6 47.73:
5% o CenB E 57 47.93:
3 400 = 5.8 48.28+040
zZ ] 59 48.5310%
Z 48 7 6.0 48.78+020
g r E 6.1 48.93+010
oL ] 6.2 49.137020
40 45 50 55 6.0 : : 6.3 49.23+019
log Tg (K) 6.4 48.83+010
6.5 48.58%0-10
R o5 s
S o5l 3 6.7 48.13%0%
£ o . ] 6.8 47.83+0.10
g £ et ’ ] 6.9 47.33:
3 SO0 vETe Tt . 7.0 46.83:
a = ; .
2 05— ] Notes. ¥ Emission measure (EM = log f N.NydV), where N, and Ny
?,, - ] are electron and hydrogen densities, in cm™. Error bars provided are
K= L e e R R not independent between the different temperatures, as explained in
! v X xv xx xxv Sanz-Forcada et al. (2003a).

lonization Stage

Fig. B.2. Upper panel: EMD of « Cen B. Thin lines represent the rel-
ative contribution function for each ion (the emissivity function multi-
plied by the EMD at each point). Small numbers indicate the ionization

Table B.3. Coronal abundances of @ Cen B (solar units® ).

stages of thﬁ.t species. prer pane{ indicates the observed—to—predigted X FIP (eV) Ref.” (AG89) [X/H]

g:rel:oitieu); ;:élt((); i(grthe ion stages in the upper figure. The dotted lines C 126 839 8.56) 0042011
N 14.53 7.78 (8.05) -0.01 £ 0.14
o 13.61 8.66 (8.93) —0.40 £ 0.12
Ne 21.56 7.84 (8.09) —0.48 +0.19
Si 8.15 7.51 (7.55) —0.44 +0.10
S 10.36 7.14 (7.21) 0.49 £ 0.18
Ca 6.11 6.31 (6.36) 0.22 £ 0.27
Fe 7.87 7.45 (7.67) 0.19 £0.19

Notes.  Solar photospheric abundances from Asplund et al. (2005),
adopted in this table, are expressed in logarithmic scale. Note that sev-
eral values have been updated in the literature since Anders & Grevesse
(1989, AG89), also listed in parenthesis for easier comparison.
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STAR INFORMATION

Found: 3 stars.

Spectra:ASCI™  Light Curves: PLOT ™
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Fig. C.1. The data server X-Exoplanets. Result of a query.

Appendix C: The data server X-Exoplanets

The data server X-Exoplanets®> provides information on the
planet-bearing stars that have been observed with XMM-Newton
or Chandra. In the near future, synthetic spectra covering the
EUYV range (Sanz-Forcada et al. 2010a) and EUVE data will also
be available. The system contains reduced, science-ready data
and was set up to facilitate the analysis of the effects of coronal
radiation on exoplanets atmospheres.

2 http://sdc.cab.inta-csic.es/xexoplanets/

C.1. Functionalities: search

The data server X-Exoplanets is accessed by means of a web-
based fill-in form that permits queries by list of objects and coor-
dinates and radius. Searches can be customized to include physi-
cal parameters of the stars and planets as well as light curves and
reduced spectra obtained from XMM-Newton and Chandra data.

C.2. Functionalities: results

An example of the result of a query is given in Fig. C.1. Light
curves and reduced spectra can be visualized by clicking on the
corresponding link (Fig. C.2). The system incorporates multi-
download and preview capabilities. Links to SIMBAD and the
Extrasolar Planet Encyclopaedia are also provided.

C.3. The Virtual Observatory service

VO-compliance of an astronomical archive constitutes an added
value of enormous importance for the optimum scientific ex-
ploitation of their datasets. The X-Exoplanet service has been
designed following the IVOA standards and requirements. In
particular, it implements the SSA (Simple Spectral Access) pro-
tocol and its associated data model, a standard defined for re-
trieving 1D data.
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HD 20367, EPIC/pn, 1=8.98295 ks
0.85 0.90 0.95 1.00 1.05 1.10

1.0:\\\\\‘mmm‘um\m‘mmm‘mmm‘\mum‘mm\:
0.8 ; HD 189733 (pn+mos1+mos2, Apr 2007) é
f" WW ! *+++++++++++ # HW* o
0.2 — N
0.0E o e ]
° Time (hrs since1 8D2454208) 1 Energy [keV]

Fig. C.2. The data server X-Exoplanets. Light curve (/eft) and reduced spectrum (right). In the light curve of HD 189733 we mark the orbital phase
(Winn et al. 2007) of HD 189733 b in the upper axis, as well as the interval when the transit takes place (partial in dotted line, total in solid line).
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