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ABSTRACT

Context. According to theory, high-energy emission from the coronae of cool stars can severely erode the atmospheres of orbiting
planets. No observational tests of the long-term erosion effects have been made yet.
Aims. We analyze the current distribution of planetary mass with X-ray irradiation of the atmospheres to make an observational
assessment of the consequences of erosion by coronal radiation.
Methods. We studied a large sample of planet-hosting stars with XMM-Newton, Chandra, and ROSAT, carefully identified the X-ray
counterparts, and fit their spectra to accurately measure the stellar X-ray flux.
Results. The distribution of the planetary masses with X-ray flux suggests that erosion has taken place. Most surviving massive planets
(Mp sin i > 1.5 MJ) have been exposed to lower accumulated irradiation. Heavy erosion during the initial stages of stellar evolution
is followed by a phase of much weaker erosion. A line dividing these two phases could be present, showing a strong dependence
on planet mass. Although a larger sample will be required to establish a well-defined erosion line, the distribution found is very
suggestive.
Conclusions. The distribution of planetary mass with X-ray flux is consistent with a scenario in which planet atmospheres have
suffered the effects of erosion by coronal X-ray and EUV emission. The erosion line is an observational constraint for models of
atmospheric erosion.
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1. Introduction

The expected effects on the erosion of exoplanetary atmospheres
by stellar radiation have been the subject of much theoretical
work (Lammer et al. 2003; Baraffe et al. 2004; Yelle 2004;
Ribas et al. 2005; Tian et al. 2005; Cecchi-Pestellini et al.
2006; Lecavelier Des Etangs 2007; García Muñoz 2007; Erkaev
et al. 2007; Hubbard et al. 2007; Penz & Micela 2008; Penz
et al. 2008; Cecchi-Pestellini et al. 2009; Davis & Wheatley
2009). In planets around late-type stars, stellar radiation in
the X-ray (∼1−100 Å) and EUV (∼100−900 Å) ranges has
the strongest effect on atmospheric evaporation. Late-type stars
are copious emitters of X-ray and EUV radiation from high-
temperature (∼1−30 MK) material in coronae, whose devel-
opment is favoured by fast rotation making it most important
for young stars that retain much of the angular momentum of
the parent cloud. Observations of stellar clusters have shown
that X-ray emission decreases with age, as the rotation slows
(cf. Favata & Micela 2003). The sample of known exoplanets is
now large enough for an observational search to be made for the
erosion effects on planet masses.

� Table 1 is only available in electronic form at
http://www.aanda.org

After planet formation and once the protoplanetary disk
has dissipated, a planet is exposed to high levels of coronal
emission from the rapidly rotating young host star, which is
much stronger for closer-in planets. This emission is expected to
progressively erode the planet atmosphere through evaporation
(thermal losses) mediated by gravity. A planetary magnetic field
should provide some protection against losses of ionized ma-
terial, although little work has been done on these effects (e.g.
Grießmeier et al. 2009, and references therein). Once the star
slows down and becomes more X-ray and EUV quiet, the planet
mass decreases at a lower rate. The relatively simple approach
proposed by Watson et al. (1981) and subsequently modified by
Lammer et al. (2003), Baraffe et al. (2004), and Erkaev et al.
(2007) to account for the expansion radius of the atmosphere R1
(R1 ≥ Rp) and the filling of the Roche lobe (using the K parame-
ter, with K ≤ 1) leads to the following expression for the thermal
planetary mass-loss rate

Ṁ =
4πβ3R3

pFXUV

GKMp
(1)

where β = R1/Rp, FXUV is the X-ray and EUV flux at the planet
orbit, and G is the gravitational constant.
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Fig. 1. Distribution of planetary masses (Mp sin i) 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 repre-
sent Jupiter, Saturn, and the Earth. The dashed line marks the “erosion
line”. Dotted lines indicate the X-ray flux of the younger Sun at 1 au.

We have adopted the direct experimental approach of exam-
ining the dependence of planet mass on the X-ray flux it has
received. In the long term the effects of erosion by atmospheric
losses should result in an uneven distribution of planet masses
with the X-ray flux at the planet orbit. We set up a database
of X-ray and EUV emission of the stars hosting exoplanets
(“X-exoplanets”, Sanz-Forcada et al. 2009) to facilitate analy-
sis of the effects of coronal radiation on exoplanet atmospheres.
In this work we present the results of a study with the whole sam-
ple of 59 non-giant stars hosting 75 exoplanets with masses up
to 8 MJ that have been observed in X-rays with XMM-Newton,
Chandra, or ROSAT, making what we consider to be the safe as-
sumption that the X-ray flux is proportional to the entire evapo-
rating flux, because both X-rays and EUV stem from similar pro-
cesses in the corona of the star. Present-day telescopes give no
access to stellar EUV observations, which would also be limited
by absorption in the insterstellar medium. In Sect. 2 we describe
the observations, data reduction, and results, before discussing
their implications in Sect. 3, and finish with the conclusions
in Sect. 4.

2. Observations and results

The XMM-Newton and Chandra X-ray observations shown in
Table 1 were reduced following standard procedures following
corrections for proper motion. These corrections were particu-
larly important in some cases for discarding erroneous detec-
tions reported in the literature. For 47 UMa, for example, we
find log LX ∼ 25.45 erg s−1 compared to the value of log LX =
27.13 erg s−1 estimated by Kashyap et al. (2008). The star was
detected near its expected position α = 10:59:28.0, δ = 40:25:46
close to a brighter source α = 10:59:26.7, δ = 40:26:04: the in-
strumental spatial resolution is 6′′. Tentative evidence for detec-
tion of a Fe Kα emission line suggests the brighter source may be
a highly obscured AGN at z ∼ 0.2 (G. Miniutti, private comm.).
In the same way as for HD 209458, we calculated an upper limit
of log LX < 26.12 erg s−1, a value much lower than reported
elsewhere by Kashyap et al. (2008) and Penz & Micela (2008),
who might have confused the star with a nearby object.

Extracted spectra were fit using standard procedures with
coronal models of 1 to 3 temperature components (see e.g.,
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Fig. 2. Distribution of planetary masses (Mp sin i) with the X-ray flux
accumulated at the planet orbit since an age of 20 Myr to the present
day (see text). Symbols as in Fig. 1.

Sanz-Forcada et al. 2003b). The actual model used in the fit
has little influence on the calculated X-ray (0.12−2.48 keV or
5−103 Å) flux shown in Table 1. More details on the data
reduction and treatment will be given in Sanz-Forcada et al.
2010 (in prep.). Measurements with S/N < 3 were considered
as upper limits. We complemented the sample with lower spa-
tial resolution ROSAT measurements, excluding detections with
low statistics (S/N < 3), and further marking as upper limits
the objects with suspected X-ray bright companions. The sam-
ple of 75 exoplanets including XMM-Newton, Chandra, and
ROSAT detections have been compared with the whole exo-
planet database (417 objects to date) to check whether our sam-
ple is representative of the known exoplanets. We applied the
Kolmogorov-Smirnov test to compare both samples, and they
represent the same distributions in mass (99.7% probability) or
period (92.8% probability) in single variable tests.

The stellar X-ray flux was converted into X-ray luminos-
ity, LX, using the distances listed in Table 1. Also listed are some
physical properties of the hosted exoplanets, collected from
the exoplanets database (Schneider 1995, http://exoplanet.
eu/). The X-ray flux received at the orbit of the planet is then
given by FX = LX/(4πa2

p), where ap is the semimajor axis. The
mass-loss rate from atmospheric losses with β = K = 1 pro-
duced by X-rays simplifies to

ṀX ∼ 3FX

Gρ
· (2)

Table 1 includes this calculation for a density of ρ = 1.0 g cm−3.
As references Jupiter, HD 209458b, and HD 189733b have
ρ = 1.24, 0.37, and 0.95 g cm−3, respectively.

The distribution of FX against the planet mass, Mp sin i,
is plotted in Fig. 1. There is a separation that seems to be related
to mass. We plotted a line that roughly follows this separation:
log FX = 3−0.5 (Mp sin i), with Mp in Jovian masses and FX
in CGS units. This line is not based on any previous assump-
tion or physical law. We also include the Solar System planets
in the diagram by using current emission of the solar corona,
which ranges 26 ≤ log LX ≤ 27.7 (Orlando et al. 2001), with
the vertical segments indicating the variations over the solar cy-
cle. In this context we can compare the radiation arriving at the
Earth when life first appeared about ∼3.5 Gyr ago (see Cnossen
et al. 2007, and references therein) and at an earlier stage, to
see whether coronal erosion could have affected the Earth at that
time. We use two stars considered proxies of the Sun at an early
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age (Ribas et al. 2005), κ Cet (∼1 Gyr, log LX = 28.89) and
EK Dra (∼0.1 Gyr, log LX = 30.06)1. Lines indicating their FX
received at 1 au are plotted in Fig. 1 to mimic the flux at the
Earth’s orbit in the past.

Since the effects of erosion accumulate over the planet’s life-
time, we calculated the integrated X-ray flux that has arrived on
the planet orbit between the age of 20 Myr, when most proto-
planetary disks would have dissipated, and the present day. We
need to know the stellar age and the X-ray luminosity evolu-
tion with time for each star in the sample. We can estimate both
following Garcés et al. (2010, in prep.), who relate the average
X-ray luminosity to the age of late F to early M dwarfs:

LX = 6.3 × 10−4 Lbol (τ < τi)

LX = 1.89 × 1028 τ−1.55 (τ > τi) (3)

with τi = 2.03 × 1020 L−0.65
bol . LX and Lbol are in erg s−1, and τ

is the age in Gyr. The relation was found with independent
age indicators and/or wide binary coeval companions to X-ray
sources. The τi parameter marks the typical change from satu-
ration regime to an inverse proportionality between LX/Lbol and
rotation period (e.g. Pizzolato et al. 2003). The calculation is
taken as a first approximation of the stellar age (Table 1), con-
sidering also 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). The accumu-
lated X-ray flux at the planet orbit is shown in Fig. 2. Subgiants
are marked with different symbols since it is not known whether
they follow the same relation. A hard limit of ∼1021.76 erg cm−2

in 10 Gyr is found by combining the highest luminosity (Lbol =
1034.5 erg s−1) and the shortest distance to the star (0.02 au)
of planets in the sample. No higher values are expected to be
found in future observations of “hot Jupiters”. Our highest flux
is 1021.05 erg cm−2.

The effects of erosion in the long term are also expected to
have an effect on the density of the population of close-in plan-
ets. The valuable information regarding the density is provided
in most cases by the transit technique, that favours detection
of planets with short periods, hence short distances. Our sam-
ple only has four planets with known density (HD 209458 b,
HD 189733 b, Gj 436 b, and 2M1207 b), but we can check the
distribution of density with mass (Fig. 3). This distribution is not
representative of the whole population of exoplanets, and its re-
sults should only apply to close-in planets since erosion effects
might be relevant.

3. Discussion

The observed sample seems to indicate an “erosion line” (Fig. 1)
below which most planets are located. There are few planets
above the erosion line, and they are probably at an early evo-
lutionary stage and have spent less time exposed to high FX.
The long-term accumulation effects are clearer in Fig. 2, which
shows that only 3 out of 34 planets above 1.5 MJ have survived
a flux of 1019 erg cm−2, although the determination of this flux
could be wrong for two of them (see below). This plot partially
removes the effect of age. Following dissipation of the proto-
planetary disk, planets exposed to high radiation should suffer
heavy erosion, until the X-ray flux decreases as stellar rotation
slows or the planet has become small enough for gravity or mag-
netospheric trapping to halt erosion. The thermal losses (Eq. (2))
indicate that FX and density control the mass loss rate. The

1 LX calculated from XMM-Newton data.
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Fig. 3. Density of the 66 planets of known radius (7 Jan. 2010) with
Mp < 8 MJ (filled circles). Diamonds represent the Solar System
planets.

dependence of the erosion line on mass, combined with the mass
distribution observed in Fig. 2, confirms that FX is the main vari-
able, with few massive planets surviving exposure to high radia-
tion as discussed below. The distribution of density with mass
displayed in Fig. 3 is also consistent with the effects of ero-
sion, since planets with higher densities would suffer less ero-
sion, resulting in a population of massive planets in the long
term that are denser than lower mass planets. Gaseous plan-
ets should not substantially increase their density, while being
eroded above jovian-like masses. Note also that Eq. (2) is only
valid for gaseous planets, and rocky planets should suffer little
erosion from XUV radiation.

In addition to thermal evaporation, non-thermal losses,
such as ion pick up and sputtering processes, could also be im-
portant following ionization of the outer atmosphere by the coro-
nal radiation or high-energy particles mediated by any planetary
magnetic field. Indeed, it is possible that the observations already
reflect the relative weakness of magnetic fields in massive plan-
ets and the consequent inability to slow erosion. Low-mass plan-
ets, with a wide range of densities and distances in this sample,
might have stronger fields that reduce erosion.

The planets τ Boo b, HD 195019 b, and Gl 86 b, seem to
challenge this interpretation (Fig. 2), retaining high masses de-
spite the high X-ray flux received. However, the fact that we see a
young planet, τ Boo b (age∼ 400 Myr, according to Eq. (3)), still
suffering heavy erosion (ṀX = 11 MJ Gyr−1 for ρ = 1 g cm−3) re-
inforces our interpretation of the erosion line. The age and accu-
mulated X-ray flux determination of HD 195019, a G3IV-V star,
could be inaccurate, although it would have to be much younger
for the accumulated X-ray flux to be substantially reduced. This
object falls below the erosion line though. The third case, Gl 86,
has a white dwarf at only ∼21 au (Els et al. 2001; Mugrauer &
Neuhäuser 2005), and although its contribution to the X-ray flux
should not be significant, we cannot discard that dynamical pro-
cesses have changed the distance of the planet to the star over
its lifetime (see also Lagrange et al. 2006). Finally, it is possi-
ble that these three planets have higher densities that have partly
protected them against erosion.

No significant evaporation is currently underway in Solar
System planets, consistent with their location in Figs. 1, 2. It is
interesting to see that, when life appeared on Earth, the planet
was well below the “erosion line”, so probably suffering little
or no erosion. Even 100 Myr after the Sun was born, the Earth
was still below the the erosion line. By contrast, any atmosphere
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on Mercury, much nearer the Sun (0.47 au), would have been
stripped away.

The sample of known exoplanets is by no means complete.
Several selection effects could be present. (i) With the methods
used in exoplanet surveys, it is easier to detect massive plan-
ets close to stars. This should bring more massive planets with
high FX into our sample, thereby yielding a positive relation
of FX with planet mass. This bias reinforces our conclusions,
since we find the opposite effect: the more massive planets re-
ceive a lower FX. (ii) Initial conditions in the disk could yield
to more massive planets placed at longer distances. The current
sample of extrasolar planets has a deficit of massive planets at
the shortest distances. We assume that initial conditions have lit-
tle impact within this range of distances but we cannot exclude
that the observed distribution is an effect of planet formation.
(iii) X-ray luminous stars are easier to detect in X-rays surveys,
so we should be biased towards planets with high FX (very few
present in our sample), independent of planet mass. On the other
hand, the planet-hunting programs generally discard the active
(young) stars. Among these stars, we would likely find more
planets above the “erosion line”, but the planet would still be
under heavy erosion for a young star, in good agreement with
our interpretation of the data. (iv) Finally, most of the planets in
the sample have Mp sin i < 2.5 MJ, with few planets above this
mass, that would actually be the most useful objects for confirm-
ing our conclusions.

Our approach is an alternative to the one followed by
Lecavelier Des Etangs (2007), who balance the potential energy
of the planet with the EUV flux received from the star, based
on a number of assumptions for estimating the present and past
EUV flux (with no estimation of the age of each star), and the ra-
dius and composition of the planet. In particular, the EUV flux is
estimated using the flux in the range 110−200 Å typical of each
spectral type, and then scaled to the range 100−1200 Å based
on the solar pattern, an approach discouraged by the differences
seen in the few known EUV spectra in the literature (see, e.g.,
Sanz-Forcada et al. 2003a). Lecavelier Des Etangs (2007) ex-
tend this calculation for individual cases, most notably claiming
that Gj 876 b must be dense to have survived the large estimated
EUV flux. Our real measurements (close to the ROSAT value
of log LX = 26.5) indicate that this planet receives less coronal
radiation than others with low density, such as HD 189733 b.
Davis & Wheatley (2009) instead balance the potential energy
with the X-ray flux that would arrive just during the saturation
period of stellar evolution, averaged according to spectral type.
This would be a lower limit of the XUV flux, as the EUV band
is missing. As a result they suggest there is a “destruction limit”
below which only dense planets would survive. The present
sample of exoplanets has at least three planets (GJ 1214 b,
GJ 436 b, HAT-P-12 b) with low densities (ρ = 1.58, 1.06, and
0.30 g cm−3, respectively) below this limit.

4. Conclusions

Among 75 extrasolar planets, only 3 out of 34 high-mass planets
of Mp sin i > 1.5 (one of them still young) have been exposed
to the levels of radiation suffered by most of the low-mass
planets in the sample. We suggest that this is a consequence of
the long-term effects of erosion of gaseous planets by coronal

radiation. We propose that the existence of an “erosion line” that
depends on the planet mass for the mass range explored, indi-
cating that erosion would have stronger effects for more massive
planets. The heterogeneity of our sample makes it difficult to ap-
ply the thermal erosion models in the long term, but these models
cannot explain the observed dependence on mass. More com-
plex models are required that consider the chemical composition
that could be very different among planets: different molecules
and ionization stages have different responses to XUV radiation.
Non-thermal losses should also be considered, against which the
presence of a planetary magnetic field might provide protection.
Planets above the erosion line, such as the young τ Boo b, would
be good candidates to search for current effects of erosion by
coronal radiation. Finally we cannot exclude that the observed
distribution is not partly an effect of planetary formation pro-
cesses that would result in massive planets on wider orbits. More
observations of X-ray emission of planets with Mp sin i >∼ 2.5 MJ
are needed to confirm our conclusions.
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Table 1. X-ray flux (0.12−2.48 keV) of stars with exoplanetsa .

Planet name Sp. type Measured coordinates Stellar distance log LX S/N age Mp sin i ap log FX log FXaccum. ρṀX Instr.b Date t
(star) α, δ (J2000.0) (pc) (erg s−1) (LX) (Gyr) (mJ) (au) (erg s−1 cm−2) (erg cm−2) (g2 s−1 cm−3)c (ks)

14 Her b K0V 16:10:24.6 +43:49:01 18.10 ± 0.19 26.92 4.9 7.47 4.64 2.77 −1.41 17.32 1.7e+06 EPIC 2005/09/11 5
16 Cyg B b G2.5V 19:41:48.9 +50:31:28 21.41 ± 0.23 <25.48 1.7 <15 1.68 1.68 <−2.43 17.81 (1.7e+05) EPIC 2008/11/08 11
2M1207 b M8 12:07:33.5 −39:32:54 52.40 ± 1.10 <26.24 0.4 <15 4.00 46.00 <−4.53 12.84: (1.3e+03) ACIS 2003/03/03 50
47 UMa b G0V 10:59:28.4 +40:25:46 13.97 ± 0.13 25.45 4.8 <15 2.60 2.11 −2.65 17.61 1.0e+05 EPIC 2006/06/11 8
47 UMa c 0.46 3.39 −3.07 17.20 3.9e+04
51 Peg b G2IV 22:57:28.1 +20:46:08 15.36 ± 0.18 <26.26 2.6 <15 0.47 0.05 <1.38 20.83: (1.1e+09) ACIS 2008/12/06 5
β Pic b A6V 05:47:17.1 −51:03:59 19.30 ± 0.19 25.63 5.7 <15 8.00 8.00 −3.62 16.57 1.1e+04 EPIC 2004/01/04 68
ε Eri b K2V 03:32:55.9 −09:27:31 3.20 ± 0.01 28.20 296.7 1.12 1.55 3.39 −0.31 16.97 2.2e+07 EPIC 2003/01/19 12
GJ 436 b M2.5 11:42:11.6 +26:42:16 10.20 ± 0.24 25.96 14.5 <15 0.07 0.03 1.60 20.65 1.8e+09 EPIC 2008/12/10 30
GJ 674 b M2.5 17:28:40.3 −46:53:50 4.54 ± 0.03 27.73 178.5 2.84 0.04 0.04 3.09 19.67 5.6e+10 EPIC 2008/09/05 44
GJ 86 b K1V 02:10:28.1 −50:49:19 11.00 ± 0.07 <27.42 43.0 3.56 4.01 0.11 <1.89 20.06 (3.5e+09) EPIC 2008/06/10 15
GJ 876 b M4V 22:53:17.3 −14:15:55 4.72 ± 0.05 26.16 34.7 <15 1.93 0.21 0.08 18.64 5.4e+07 EPIC 2008/11/14 23
GJ 876 c 0.62 0.13 0.48 19.04 1.4e+08
GJ 876 d 0.02 0.02 2.07 20.64 5.3e+09
HD 4308 b G5V 00:44:39.4 −65:39:05 21.90 ± 0.27 <25.84 2.5 <15 0.04 0.12 <0.24 20.12 (7.9e+07) EPIC 2008/12/02 9
HD 20367 b G0 03:17:40.1 +31:07:37 27.00 ± 0.79 29.30 139.6 0.22 1.07 1.25 1.65 17.81 2.0e+09 EPIC 2005/02/11 10
HD 46375 b K1IV 06:33:12.4 +05:27:49 33.40 ± 1.19 27.16 7.3 5.23: 0.25 0.04 2.49 20.98: 1.4e+10 EPIC 2005/10/14 8
HD 49674 b G5V 06:51:30.9 +40:52:03 40.70 ± 1.89 27.41 6.5 3.62 0.12 0.06 2.43 20.68 1.2e+10 EPIC 2006/04/10 8
HD 50554 b F8 06:54:42.8 +24:14:43 31.03 ± 0.97 <26.59 2.7 12.21 4.90 2.38 <−1.61 17.50 (1.1e+06) EPIC 2006/04/16 9
HD 52265 b G0V 07:00:18.0 −05:22:01 28.00 ± 0.66 26.89 5.4 7.82 1.13 0.49 0.06 18.85 5.2e+07 EPIC 2008/09/19 9
HD 70642 b G5IV-V 08:21:28.2 −39:42:18 29.00 ± 0.50 26.39 4.2 <15 2.00 3.30 −2.10 17.22: 3.6e+05 EPIC 2006/04/08 13
HD 75289 b G0V 08:47:40.1 −41:44:14 28.94 ± 0.47 <26.16 2.2 <15 0.42 0.05 <1.38 20.93 (1.1e+09) EPIC 2005/04/28 8
HD 93083 b K3V 10:44:20.9 −33:34:38 28.90 ± 0.84 26.90 6.3 7.71 0.37 0.48 0.09 18.80 5.6e+07 EPIC 2008/05/26 12
HD 99492 b K2V 11:26:45.9 +03:00:24 18.00 ± 1.07 26.55 11.3 13.00 0.11 0.12 0.92 19.97 3.7e+08 EPIC 2008/06/19 24
HD 102195 b K0V 11:45:42.2 +02:49:16 28.98 ± 0.97 28.43 53.1 0.80 0.45 0.05 3.60 20.67 1.8e+11 EPIC 2008/06/15 18
HD 108147 b F8/G0V 12:25:46.2 −64:01:20 38.57 ± 1.03 27.39 4.2 3.74 0.26 0.10 1.92 20.18 3.7e+09 EPIC 2002/08/10 6
HD 111232 b G8V 12:48:51.8 −68:25:29 29.00 ± 0.67 <26.08 0.9 <15 6.80 1.97 <−1.96 17.65 (4.9e+05) EPIC 2008/07/29 9
HD 114386 b K3V 13:10:39.7 −35:03:20 28.00 ± 1.04 26.53 3.0 13.44 1.24 1.65 −1.36 17.70 2.0e+06 EPIC 2008/07/29 9
HD 130322 b K0V 14:47:32.8 −00:16:54 30.00 ± 1.34 27.26 7.7 4.55 1.08 0.09 1.92 20.28 3.7e+09 EPIC 2005/07/21 7
HD 160691 b G3IV-V 17:44:08.7 −51:50:04 15.30 ± 0.19 <26.16 2.2 <15 1.68 1.50 <−1.64 17.91: (1.0e+06) EPIC 2008/10/02 10
HD 160691 c 0.03 0.09 <0.79 20.34: (2.8e+08)
HD 160691 d 0.52 0.92 <−1.22 18.33: (2.7e+06)
HD 160691 e 1.81 5.24 <−2.73 16.82: (8.4e+04)
HD 179949 b F8V 19:15:33.3 −24:10:46 27.00 ± 0.59 28.38 100.9 0.86 0.95 0.05 3.62 20.82 1.9e+11 ACIS 2005/05/29 150
HD 187123 b G5 19:46:57.9 +34:25:09 50.00 ± 1.63 <26.80 1.4 8.91 0.52 0.04 <2.11 21.00 (5.7e+09) EPIC 2006/04/21 16
HD 187123 c 1.99 4.89 <−2.03 16.87 (4.2e+05)
HD 189733 b K1-K2 20:00:43.8 +22:42:34 19.30 ± 0.32 28.18 92.5 1.15 1.13 0.03 3.75 21.04 2.5e+11 EPIC 2007/04/17 43
HD 190360 b G6IV 20:03:37.9 +29:53:45 15.89 ± 0.16 <26.38 1.4 <15 1.50 3.92 <−2.26 17.08: (2.5e+05) EPIC 2005/04/25 4
HD 190360 c 0.06 0.13 <0.71 20.05: (2.3e+08)
HD 195019 b G3IV-V 20:28:18.6 +18:46:10 37.36 ± 1.24 <26.52 2.7 13.50: 3.70 0.14 <0.79 19.97: (2.8e+08) EPIC 2006/04/24 10
HD 209458 b G0V 22:03:10.8 +18:53:03 47.00 ± 2.22 <26.12 1.8 <15 0.69 0.05 <1.32 20.92 (9.5e+08) EPIC 2006/11/15 31
HD 216435 b G0V 22:53:38.1 −48:35:55 33.30 ± 0.81 27.74 11.9 2.22 1.26 2.56 −0.53 17.41 1.3e+07 EPIC 2006/04/21 7
HD 216437 b G4IV-V 22:54:39.6 −70:04:26 26.50 ± 0.41 26.62 4.0 11.69: 2.10 2.70 −1.69 17.38: 9.1e+05 EPIC 2005/04/13 6
HD 217107 b G8IV 22:58:15.7 −02:23:43 19.72 ± 0.29 <25.30 2.3 <15 1.33 0.07 <0.12 20.54: (5.9e+07) EPIC 2005/05/16 7
HD 217107 c 2.49 5.27 <−3.60 16.82: (1.1e+04)
HD 330075 b G5 15:49:37.7 −49:57:48 50.20 ± 3.75 26.51 3.1 13.80 0.76 0.04 1.79 20.92 2.8e+09 EPIC 2005/08/07 16
τ Boo b F7V 13:47:15.9 +17:27:22 15.60 ± 0.17 28.94 317.4 0.37 3.90 0.05 4.16 20.78 6.5e+11 EPIC 2003/06/24 56
VB 10 b M8V 19:16:57.3 +05:08:49 6.09 ± 0.13 25.83 20.4 <15 6.40 0.36 −0.73 13.87: 8.3e+06 EPIC 2008/04/07 28

ROSAT data Notes
61 Vir b G5V 13:18:24.3 −18:18:40 8.52 ± 0.05 26.88 5.7 7.96 0.02 0.05 2.03 20.83 4.8e+09 PSPC
61 Vir c 0.06 0.22 0.75 19.56 2.5e+08
61 Vir d 0.07 0.48 0.07 18.88 5.3e+07
BD-10 3166 b G4V 10:58:28.8 −10:46:13 66 : <29.20 3.1 0.25 0.48 0.05 <4.42 20.56 (1.2e+12) PSPC +dM5, unc. d
γ Cep b K2V 23:39:20.8 +77:37:56 13.79 ± 0.10 27.33 8.1 4.08 1.60 2.04 −0.74 17.67 8.1e+06 PSPC
GJ 832 b 21:33:34.0 −49:00:32 4.94 ± 0.03 26.78 7.3 9.24 0.64 3.40 −1.73 16.52 8.3e+05 PSPC
GJ 3021 b G6V 00:16:12.7 −79:51:04 17.62 ± 0.16 <28.95 7.8 0.37 3.37 0.49 <2.12 18.64 (5.9e+09) PSPC dM4 in field
HD 3651 b K0V 00:39:21.8 +21:15:01 11.00 ± 0.09 27.27 4.5 4.46 0.20 0.28 0.91 19.26 3.7e+08 PSPC
HD 10647 b F8V 01:42:29.3 −53:44:27 17.30 ± 0.19 28.31 N/A 0.95 0.93 2.03 0.24 17.53 7.9e+07 PSPC
HD 38529 b G4IV 05:46:34.9 +01:10:05 42.43 ± 1.66 28.96 5.3 0.36: 0.78 0.13 3.29 19.95: 8.7e+10 PSPC
HD 41004 A b K1V 05:59:49.6 −48:14:22 42.50 ± 1.89 <29.31 7.5 0.22 2.54 1.64 <1.43 17.50 (1.2e+09) PSPC dM2 in field
HD 48265 b G5V 06:40:01.7 −48:32:31 87.40 ± 5.50 29.53 6.0 0.16 1.16 1.51 1.72 17.66 2.4e+09 PSPC
HD 70573 b G1-1.5V 08:22:50.0 +01:51:33 45.7 : 29.09 4.0 0.30 6.10 1.76 1.15 17.51 6.3e+08 PSPC uncertain d
HD 87883 b K0V 10:08:43.1 +34:14:32 18.10 ± 0.31 27.60 N/A 2.73 1.78 3.60 −0.96 16.97 4.9e+06 PSPC
HD 89744 b F7V 10:22:10.6 +41:13:46 40.00 ± 1.06 28.11 7.6 1.28 7.99 0.89 0.76 18.37 2.6e+08 PSPC
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Table 1. continued.

Planet name Sp. type Measured coordinates Stellar distance log LX S/N age Mp sin i ap log FX log FXaccum. ρṀX Instr.b Date t
(star) α, δ (J2000.0) (pc) (erg s−1) (LX) (Gyr) (mJ) (au) (erg s−1 cm−2) (erg cm−2) (g2 s−1 cm−3)c (ks)

HD 128311 b K0V 14:36:00.6 +09:44:47 16.60 ± 0.27 28.48 7.5 0.74 2.18 1.10 0.95 17.87 4.0e+08 PSPC
HD 128311 c 3.21 1.76 0.54 17.46 1.6e+08
HD 142415 b G1V 15:57:40.8 −60:12:00 34.20 ± 1.00 28.65 5.0 0.57 1.62 1.05 1.16 18.07 6.4e+08 PSPC
HD 147513 b G3/G5V 16:24:01.3 −39:11:34 12.90 ± 0.14 28.90 16.2 0.40 1.00 1.26 1.25 17.87 8.0e+08 PSPC
HD 150706 b G0 16:31:17.6 +79:47:23 27.20 ± 0.42 28.82 12.0 0.45 1.00 0.82 1.54 18.25 1.6e+09 PSPC
HD 169830 b F8V 18:27:49.5 −29:49:00 36.32 ± 1.20 28.26 16.8 1.02 2.88 0.81 0.99 18.40 4.4e+08 PSPC
HD 169830 c 4.04 3.60 −0.30 17.11 2.2e+07
HD 285968 b M2.5V 04:42:55.8 +18:57:29 9.40 ± 0.22 27.41 3.2 3.62 0.03 0.07 2.32 19.76 9.4e+09 PSPC
HR 810 b G0V 02:42:33.5 −50:48:01 15.50 ± 0.16 28.79 7.0 0.47 1.94 0.91 1.42 18.17 1.2e+09 PSPC
υ And b F8V 01:36:47.8 +41:24:19 13.47 ± 0.13 <28.24 6.5 1.06 0.69 0.06 <3.25 20.65 (7.9e+10) PSPC K-M in field
υ And c 1.92 0.83 <0.95 18.35 (4.0e+08)
υ And d 4.13 2.51 <−0.01 17.39 (4.4e+07)

Notes. (a) Planet data from The Extrasolar Planets Encyclopedia (http://exoplanet.eu); (b) XMM-Newton, Chandra or ROSAT instrument
used for the X-ray flux; (c) 1 MJ Gyr−1 = 6.02e + 10 g s−1.
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