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Abstract: Short-period sub-Neptunes with substantial volatile envelopes are among the most
common type of known exoplanets. However, these planets are typically on highly-irradiated orbits
where they are vulnerable to atmospheric photoevaporation. In particular, recent studies of the
Kepler planet population have suggested a dearth of sub-Neptunes on orbits receiving more than
650x the broadband irradiation of the Earth (Lundkvist et al. 2016). Physically, we expect this
“photoevaporation desert” to depend on the lifetime integrated X-ray and extreme ultraviolet flux,
which is the main driver of atmospheric escape for these planets. In this work, we compute planet
occurrence as a function of integrated X-ray flux for the latest samples of confirmed Kepler and
K2 planets. Our objective is to constrain the desert in a parameter space that ties directly to the

photoevaporation process. We find a sharp drop-off in planet occurrence for integrated X-ray flux
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greater than 4 x 10%! erg/cm?, and we also investigate how this drop-off varies with stellar spectral

type.

1 Introduction

The Kepler mission has confirmed over 2268 extrasolar planets (Morton et al., 2016). These dis-
coveries provide valuable information about the distribution of planets in terms of planetary radius
and semi-major axis. Of particular significance has been the discovery that given the curent sample
of close-in planets (5-50 day periods), the most common type are planets with radii of 2 — 2.8 Rg
(Earth radii), hereafter refered to as sub-Neptunes (Fressin et al., 2013; Petigura et al., 2013).

Studies of the mass-radius relations of these planets indicate that they are a diverse population,
spanning bulk densities consistent with compositions of pure rock to pure water, and finally those
whose densities are low enough that they require hydrogen/helium envelopes (Weiss et al., 2013;
Lopez and Fortney, 2014). While there is good evidence that planets with Rg > 1.6 are not purely
rocky (Rogers, 2015), many open questions remain, particularly with respect to the diversity of the
compositions of the planets that do have envelopes. It is important to not only place constraints on
the present-day compositions of these planets, but to also recognize that the observed densities are
snapshots in time, and that an evolution across these different compositions is probable for many
sub-Neptunes.

Specifically, for sub-Neptunes around sun-like stars with orbital periods < 10 days, photoevap-
oration has been suggested as a mechanism for stripping these planets of their hydrogen/helium
envelopes (Owen and Jackson, 2012). This would result in an enrichment in metals and a re-
duction in the radii of these planets. The mechanism of this photoevaporation process involves
the photoionization of hydrogen due to the absorption of X-ray and extreme ultraviolet radiation
(XUV). This process occurs at atmospheric pressures of around a nanobar, where the atmosphere

becomes opaque to the XUV (Murray-clay et al., 2009). The thermal excitation resulting from the



photoionization produces a hydrodynamic escape of the atmospheric hydrogen/helium.

Evolution models of sub-Neptunes, which account for the effects of hydrodynamic mass-loss and
thermal contraction, have been developed to study photoevaporation-driven atmospheric escape.
Studies that have run these models over large parameter spaces in incident bolometric flux and
planetary mass have indicated a threshold above which planets will not be found after > 100 Myr
due to photoevaporation-driven mass loss (Lopez et al., 2012; Owen and Wu, 2013). The thresholds
produced by these models are in good agreement with observations in terms of acting as bounds for
a region where there is a dearth of observed planets (Lopez et al., 2012; Lopez and Fortney, 2014).

Nevertheless, the sample of planets for which masses (and bulk densities) are known is relatively
small. This has motivated searches for regions with a lack of sub-Neptune sized planets in the Kepler
dataset, where masses for most planets are unknown, but planetary radii have been measured. These
searches are carried out in the parameter space of planetary radius and incident bolometric flux.
Sanchis-Ojeda et al. 2014 examined the population of Kepler planets with orbital periods less than
one day, and noted a lack of planets larger than 2 Rg, suggesting that photoevaporation could
be responsible for this observation. More recently, Lundkvist et al. 2016 used a sample of planets
around host stars with asteroseismic observations to suggest a lack of planets with bolometric fluxes
greater than 650 times the solar constant (650 Fyg) and radii between 2.2 and 3.8 Rg,.

The mounting evidence for a “photoevaporation desert,” or a dearth of sub-Neptunes on close-
in orbits, in the Kepler data is intriguing. However, many open questions remain that need to
be answered in order to maximize the information about the evolution of sub-Neptunes that can
be gleaned from the data. Firstly, the current constraints on the photoevaporation desert arise
from a relatively small sample of 157 planets whose host stars have asteroseismic measurements.
Furthermore, one expects the photoevaporation desert to depend on the lifetime integrated XUV
flux, which is the main driver of atmospheric escape for these planets, and not on the present-day
bolometric flux. Finally, the recent rapid increase in the number of known exoplanets, specifically
the 1284 new confirmed planets by the uniform false positive probability analysis of Morton et al.

2016, and the 104 first confirmed planets by Kepler’s K2 mission (Crossfield et al., 2016), present



an opportunity for placing more stringent constraints on the desert’s boundaries. With a sample
size greater than 2350 planets, it is also possible to see how the desert varies as a function of the
host star’s spectral type.

We examine how lifetime-integrated X-ray fluxes vary as a function of stellar spectral type, using
the X-ray flux evolution tracks reported from observations by Jackson et al. 2012 and Shkolnik and
Barman 2014. We then calculate lifetime-integrated X-ray fluxes for the full Kepler sample and
examine the photoevaporation desert in this parameter space. We find that sub-Neptunes become
exceedingly rare for integrated X-ray fluxes greater than 4 x 102! erg/em?. We also examine how
the photoevaporation desert varies as a function of stellar spectral type. Our ultimate goal is to
calculate occurence rates in the planetary radii vs lifetime-integrated X-ray flux parameter space,

for both the Kepler and K2 samples.

2 Methods

2.1 X-ray evolution

To track the evolution of X-ray flux as a function of time for different stellar spectral types, we
use the observationally derived relations in Jackson et al. 2012 and Shkolnik and Barman 2014.
Jackson et al. 2012 use X-ray survey observations of open clusters to report the ratio of the X-ray
to bolmetric luminosity over stellar ages of 10 Myr to 4.5 Gyr, with bins spanning stellar spectral
types from K5 to FO. Shkolnik and Barman 2014 use ROSAT (Rontgensatellit) observations to
determine the X-ray to J-band (centered at 1.25 um) flux from stellar ages of 10 Myr to 5 Gyr for
M4 to K4 spectral types.

The same trend of a saturated phase of X-ray emission early in the lifetime of the star (tens
to hundreds of millions years) followed by a power-law decay is found across all stellar spectral
types (Fig. 1). The difference between spectral types is that as stellar mass decreases, stars

saturate with a greater proportion of their luminosity in the X-rays, while the saturation phase also



increases in duration (Jackson et al., 2012; Shkolnik and Barman, 2014). Both trends are visible in
Fig. 1. This behavior is not monotonic across spectral types as a result of the uncertainties in the
observations—nevertheless the overall trend is apparent.

With the exception of the sun, extreme ultraviolet (EUV, 10-124 nm) observations of stars are
scarce. Thus, while studies have used models derived from solar observations to estimate EUV fluxes
for old, sun-type stars (Lecavelier Des Etangs, 2007; Sanz-Forcada et al., 2011), such extrapolations
are not possible for other stellar types. Thus, we focus specifically on the evolution of the X-rays.
X-rays are the primary driver for hydrodynamic escape (Owen and Jackson, 2012). Furthermore,
the EUV emission for sun-type stars (Sanz-Forcada et al., 2011), and the trends of the near and far
ultraviolet for M-dwarfs (Shkolnik and Barman, 2014), are all suggestive that the EUV evolution

qualitatively follows the same saturation and decay behavior as the X-rays.

2.2 Calculating lifetime-integrated X-ray flux

Our interest is in calculating the lifetime-integrated X-ray flux for the full Kepler sample. We first
need a way of classifying a star’s spectral type; we use stellar mass from the Kepler Q1-17 DR, 24
Stellar catalog, which has been calculated for all Kepler stars by comparing available observations
(which differ among the Kepler host stars—spectroscopic, asteroseismic, photometric observations
etc.) with the Dartmouth Stellar Evolution Database isochrones (Dotter et al., 2008; Huber et al.,
2014).

However, the Jackson et al. 2012 X-ray to bolometric luminosity ratio evolution tracks are
binned by stellar spectral type in the form of B-V color (magnitude in the B band, centered at
445 nm, minus magnitude in the V band, centered at 551 nm. B-V color is not a standard Kepler
measurement), rather than mass. Thus, a method for converting the Kepler Stellar catalog masses
to a B-V color is required. We use the Pecaut and Mamajek 2013 mean dwarf sequence to convert
present-day stellar masses to B-V colors. Furthermore, because the Jackson et al. 2012 and Shkolnik

and Barman 2014 relations describe the ratio of the X-ray luminosity to either the bolometric or



J-band luminosity, we need information on the bolometric or J-band luminosity evolution for the
stars of interest. This information is provided by the Baraffe et al. 1998 stellar evolution models.
Now the X-ray luminosity as a function of stellar age can be determined for stars of any given
mass between 0.3 and 1.598 M, (the bounds of the Jackson et al. 2012 and Shkolnik and Barman
2014 measurements); what remains is to integrate the X-ray luminosity over the lifetime of a given
star. This lifetime-integrated X-ray luminosity is then converted to a flux at the semi-major axis of
the planet of interest, as it is this lifetime-integrated X-ray flux that will control photoevaporation.
Because the majority of Kepler stars do not have age constraints, we assume ages of 5 Gyr for
the full Kepler sample. The small sample of Kepler stars with age estimates from asteroseismic
measurements indicate ages greater than that of the Sun (Silva Aguirre et al., 2015), noting however
that the stars with asteroseismic measurements are not representative of the whole Kepler sample.
Despite the lack of age constraints for most Kepler stars, it is important to consider that the X-ray
luminosity of all stellar types is controlled primarily by the output of the first several hundred
million years (the saturation phase). Thus, changing the assumption of a star’s age from 5 Gyr to

2 Gyr only introduces a factor of ~ 2 change in the calculated lifetime-integrated X-ray flux.

2.3 Application to the Kepler sample

We calculate the lifetime-integrated X-ray fluxes for the full Kepler sample using the method
described in section 2.2. The specific sample that we use is the Kepler Q1-Q17 DR 24 Kepler
Object of Interest (KOI) table, specifically the sample of 2268 planets confirmed with the uniform

false-positive probability analysis of Morton et al. 2016.



3 Results

3.1 Lifetime-integrated X-ray flux as a function of stellar mass

We first present the variation in lifetime-integrated X-ray flux as a function of stellar mass, for a
planet with a semi-major axis of 0.01 AU (Fig. 2). The lifetime-integrated X-ray flux increases
as the stellar mass increases, which is not surprising given that the bolometric luminosity increases
with mass. What is not quite as intuitive, is that the lifetime-integrated X-ray flux changes by
only an order of magnitude for stars with 0.3 < Mg < 1.598, despite the fact that the bolometric
luminosity varies by two orders of magnitude over this mass range. This is a result of competition
between the bolometric luminosity increase with increasing stellar mass and the decrease in the
proportion of the bolometric luminosity emitted in X-rays with increasing stellar mass (as in Fig.
1). The Kepler stars range in spectral type from M to A-dwarfs, thus the lifetime-integrated X-ray
flux for a given planet will depend not only on its distance from its host star, but also on the

spectral type of the star.

3.2 The Kepler planets in lifetime-integrated X-ray flux parameter space

We first present the confirmed Kepler planets in the familiar parameter space of planet radius vs.
present-day bolometric flux at the planet’s semi-major axis (Fig. 3). This is the same presentation
of the Kepler data as that in Lundkvist et al. 2016, with the exception that we are showing the
planets confirmed by the Morton et al. 2016 analysis (adding 1284 planets) and making no cuts to
the sample based on measurement precision. The photoevaporation desert reported by Lundkvist
et al. 2016 is the rectangular region with a bolometric flux > 650 Fg and radii between 2.2 and 3.8
Rg. Without making cuts to the Kepler data based on measurement precision, planets appear in
the desert.

We now show the confirmed Kepler planets after our calculation of lifetime-integrated X-ray

flux for the full sample in Fig. 4. Of interest is the formation of cleaner bounds to the desert



region in this parameter space. In particular, placing a boundary at 4 x 10! erg/cm? and 2.2
and 4 Rg leaves only one planet in the desert region (K06527.01, the planet does not yet have a
Kepler designation because it was confirmed by the uniform false-positive probability analysis of
Morton et al. 2016). This stands in contrast with the > 20 planets that appear in the desert in the

present-day bolometric flux space of Fig. 3.

3.3 The photoevaporation desert as a function of stellar type and the

calculation of occurence rates

The desert region in the lifetime-integrated X-ray flux parameter space as a function of stellar
spectral type is shown in Fig. 5. Visual inspection does not reveal any obvious differences between
the stellar types, except that the predominant constraint on the desert region arises from G-type
stars.

Any statistically significant differences among the stellar subsamples, as well as stringent con-
straints on the desert region will be indentified once occurence rates have been calculated in the
lifetime-integrated X-ray flux parameter space. We are adopting a methodology similar to that of
Howard et al. 2012 in calculating planet occurence rates within cells, wherein the number of planet
candidates within a cell are divided by the number of stars for which a planet detection is feasible.
Our occurence rates will be reported as a function of planet radius and lifetime-integrated X-ray
flux, rather than the orbital period used in Howard et al. 2012 and Dressing and Charbonneau
2013.

The calculation of occurence rates requires a sample for which detection by Kepler is considered
complete. We adopt criteria similar to that of Wolfgang and Lopez 2015 who investigated the
composition distribution of sub-Neptunes in the Kepler data. Specifically, using the Wolfgang and
Lopez 2015 cuts such that the Kepler planets have Rg > 1.2 and host star radii R, < 1.2, while
modifying the orbital period cut to be P < 10 days where photoevaporation is important. Our

restriction to shorter orbital periods than the P < 25 days of Wolfgang and Lopez 2015 enables



us to consider noisier stars (in terms of Combined Differential Photometric Precision, CDPP) with
CDPP < 200 ppm (compared to < 100 ppm in Wolfgang and Lopez 2015).

With a sample for which Kepler detections are complete, we will calculate occurence as a
function of planetary radius and lifetime-integrated X-ray flux. Specifically, we will subdivide the
complete sample into two radii bins: 1.2 — 1.6 Rg and 1.6 -4 Rg, consistent with rocky planets
for the former and those with gaseous envelopes for the latter (Rogers, 2015). Occurence as a
function of lifetime-integrated X-ray flux will be calculated for these two radii bins. Any statistical
significant differences, particularly a dearth of planets with gaseous envelopes for lifetime-integrated

X-ray fluxes > 4 x 10%! erg/cm? anticipated from our current analysis, and any corresponding

~

enhancement in occurence in the rocky planet bin, would suggest an evolution of very close-in

sub-Neptunes initially formed with H/He envelopes to rocky planets through photoevaporation.

4 Conclusions

We have developed a framework for calculating lifetime-integrated X-ray fluxes for planets in the
Kepler database. We find that for an age of 5 Gyr and at a semi-major axis of 0.01 AU, the lifetime-
integrated X-ray flux varies by only an order of magnitude for stars with 0.3 < Mg < 1.598. Upon
calculation of lifetime-integrated X-ray fluxes for all confirmed Kepler planets, we note a dearth of
planets with lifetime-integrated X-ray fluxes > 4 x 102! erg/em?, with evidence that this drop-off is
more pronounced for the lifetime-integrated X-ray flux parameter space (which ties directly to the
photoevaporation process) when compared to the present-day bolometric flux examined in previous
studies.

The relative uncertainties in the Kepler-derived stellar masses and planetary radii are large
(a mean lo relative error of 30% for the latter). Our calculation of planet occurence rates in
the lifetime-integrated X-ray flux parameter space will place more robust bounds on the desert
region, as well as make apparent any variations in the desert region for different stellar spectral

types. Finally, adding the first 104 confirmed planets from the K2 mission will also facillitate the



comparison among stellar spectral types, particularly in increasing the sample size of the planets

around K and M-type stars.
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Figures

X-ray flux as a function of stellar type
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Fig. 1. The evolution of the X-ray to bolometric luminosity ratio as a function of stellar age, for stars with 0.3
< Mg < 1.598. The evolutionary track for stars with 0.3 < Mg < 0.65 is taken from Shkolnik and Barman 2014,

while the relations for stars with Mg > 0.587 are taken from Jackson et al. 2012.
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Fig. 2. The lifetime-integrated X-ray flux as a function of stellar mass. This has been calculated for a planet
with a semi-major axis of 0.01 AU orbiting a star of age 5 Gyr. The separate lines represent the different bins
in stellar spectral type from the Jackson et al. 2012 and Shkolnik and Barman 2014 X-ray luminosity evolution
relations. The trends within each line are solely the result of bolometric luminosity variations as a function of stellar

mass, as taken from the Baraffe et al. 1998 stellar evolution tracks.
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Fig. 3. The full sample of Kepler planets as confirmed by the uniform false-postive probability analysis of
Morton et al. 2016, using the Q1-Q17 DR 24 KOI catalog, in the parameter space of planetary radius vs present-day
bolometric flux. The precision of the measurements for a given planet is indicated by the shading, such that high
precision planets are dark and low precision planets are light-colored. As such, dark regions indicate areas of higher
planet density, either from high precision measurements, or predominantly, from multiple planets with similar radii
and bolometric fluxes. The desert region reported by Lundkvist et al. 2016 is the rectangular region bounded by

dashed purple lines with a bolometric flux j 650 Fg and radii between 2.2 and 3.8 Rg.
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Fig. 4. The same sample of confirmed Kepler planets as Fig. 3, but in the parameter space of planetary radius
vs lifetime-integrated X-ray flux assuming stellar ages of 5 Gyr for the full Kepler sample. The line at 4 x 102!

erg/cm? indicates the inferred lifetime-integrated X-ray flux bound for the desert region. The plotting conventions

are the same as that of Fig. 3.
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Fig. 5. The same sample of confirmed Kepler planets and parameter space shown in Fig. 4, but subdivided by

stellar spectral type.
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