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ABSTRACT

We present an analysis of XMM—-Newton observations of four stars in the young (670 Myr) open cluster Praesepe. The planets
hosted by these stars all lie close in radius—period space to the radius—period valley and/or the Neptunian desert, two features
that photoevaporation by X-ray and extreme ultraviolet (EUV) photons could be driving. Although the stars are no longer in the
saturated regime, strong X-ray and extreme ultraviolet irradiation is still ongoing. Based on EUV time evolution slopes, we derived
in a previous paper, in all four cases, two-thirds of their EUV irradiation is still to come. We compare the XMM-Newton light curves
to those simultaneously measured with K2 at optical wavelengths, allowing us to search for correlated variability between the
X-ray and optical light curves. We find that the X-ray flux decreases and flattens off while the optical flux rises throughout for K2-
100, something that could result from active regions disappearing from view as the star spins. Finally, we also investigate possible
futures for the four planets in our sample with simulations of their atmosphere evolution still to come, finding that complete

photoevaporative stripping of the envelope of three of the four planets is possible, depending on the current planet masses.

Key words: stars: individual: K2-100, K2-101, K2-104, K2-95 — X-rays: stars.

1 INTRODUCTION

The observed distribution of exoplanets in radius-orbital period space
includes two regions with a deficit of planets that cannot be explained
by selection biases. The first of these, the ‘radius—period valley’, is
an observed dearth of planets with radii between 1.5 and 2.0Rg,
uncovered in the Kepler planets (Fulton et al. 2017; Fulton & Petigura
2018). Further analysis of a smaller sample by Van Eylenetal. (2018),
using asteroseismology for the derivation of the stellar properties,
showed evidence of both a negative slope in radius—period space,
which Martinez et al. (2019) revealed further evidence of, yielding a
consistent value of the gradient. The Van Eylen et al. (2018) study also
inferred the valley to be a clean break with few or no planets existing
in the gap, suggestive of a homogeneous core composition across
their sample. If this is the case, then the exact position of the gap in
radius and the gradient of the slope in radius—period space is indica-
tive of the composition of the planets, with observations pointing to a
rocky composition (Owen & Wu 2017, hereafter OW17; Jin & Mor-
dasini 2018). Venturini et al. (2020) have reproduced the bimodality
with two different core compositions, although combinations of
different compositions (e.g. a 50-50 ratio of rock and ice) might be
expected to populate the gap, something that has not been observed.

This radius—period valley had been predicted (Lopez & Fortney
2013; Owen & Wu 2013; Jin et al. 2014; Chen & Rogers 2016),
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and there are two proposed mechanisms that can reproduce the
observed valley: photoevaporation and core-powered mass-loss. In
the former, atmospheric photoevaporation, driven by X-ray and
extreme ultraviolet (EUV; together, XUV) photons, strips planets
born with small H/He envelopes down to bare rocky cores, with
at most a secondary atmosphere of heavier elements (e.g. OW17).
The gap’s position and slope are consistent with a photoevaporation
origin, as well as a population whose core compositions are Earth-like
(e.g. OW17; Jin & Mordasini 2018; Martinez et al. 2019). In core-
powered mass-loss, the atmospheric escape is driven by the gradual
dissipation of the energy in the planetary core following its formation,
and it too has been found to produce a valley with a position and slope
that match observations (Ginzburg, Schlichting & Sari 2016; Gupta &
Schlichting 2019, 2020). Rogers et al. (2021) recently discussed
possible methods of distinguishing which mechanism, if either,
dominates, but for now conclusions are uncertain. For the purposes
of this work, we focus only on the effects of photoevaporation in the
systems investigated.

The other region in radius—period space lacking in observed
exoplanets is the ‘Neptunian desert,” which is an observed dearth
of intermediate-sized planets at short orbital periods (Szabé & Kiss
2011; Beaugé & Nesvorny 2013; Helled, Lozovsky & Zucker 2016;
Lundkvist et al. 2016; Mazeh, Holczer & Faigler 2016; Owen &
Lai 2018). This effect, also observed in the mass—period plane, has
also been attributed to photoevaporation (Kurokawa & Nakamoto
2014). Mazeh et al. (2016) showed the region to be triangular-shaped
(see Fig. 1), and derived empirical relations for the boundaries.
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Figure 1. Positions of the four planets in our sample in radius—period space.
The solid blue triangular region is the Neptunian desert, as empirically
determined by Mazeh et al. (2016). The dashed red line corresponds to
the most massive planet than can have been stripped bare at a given period,
as analytically determined by OW17 (and thus provides an estimate of the
position of the radius—period valley). The dot—dashed orange line is one of the
numerical solutions for the lower desert boundary determined by OW17 for
a core mass of 13.75 Mg, the largest core mass they plotted. The grey points
are the full population of exoplanets with a measured radius and period.

Possible evaporation-forbidden regions of the parameter space had
been discussed (e.g. Lecavelier Des Etangs 2007). Owen & Lai
(2018) used numerical models to show that photoevaporation can
explain the lower boundary. These authors also suggest the upper
boundary may extend too high up in both planes of interest for
those processes to be the sole origin of the desert, and that a
better match to the boundary may be the tidal disruption barrier
for planets migrating inwards by high-eccentricity excitation. This
latter process had previously been discussed in the context of the
Neptunian desert by Matsakos & Konigl (2016). Again, we solely
consider photoevaporative processes in this study.

Since stellar emission of X-ray photons is at its highest in the
first few hundred Myr of a star’s life (e.g. Micela et al. 1985; Giidel,
Guinan & Skinner 1997; Micela 2002; Feigelson et al. 2004; Jackson,
Davis & Wheatley 2012), it is at these early times that these features
are thought to be carved out if photoevaporation is indeed the driving
mechanism. This assumption partially relies on the EUV and X-ray
irradiation falling off at a high enough rate that the total integrated
XUV irradiation at late times does not exceed that for the first few
hundred Myr. However, we recently explored the time evolution
of EUV emission in King & Wheatley (2021), finding that EUV
emission declines much less quickly than X-rays. This could mean
that the time-scale for significant photoevaporation is longer than
the first 100 Myr, which would make the observational signature of
its effects on the population more difficult to separate from core-
powered mass loss, whose time-scale is thought to be on the order of
a Gyr (Gupta & Schlichting 2019).

A big observational hindrance to exploring this further is the
relatively few known planets younger than a Gyr. The vast majority of
currently known exoplanets orbit mature stars, with typical ages of
a few Gyr. This is primarily because the stellar activity of young
stars poses challenges for the discovery and characterization of
exoplanets, particularly via the radial velocity method. Furthermore,
the target stars of the prolific Kepler mission were typically old field
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Table 1. Planets discovered by in Praesepe by the K2 mission, together
with literature references.

System Number of planets References
K2-95 1 1,2,5
K2-100 1 1,3,4,5
K2-101 1 1,3,5
K2-102 1 5
K2-103 1 1,3,5
K2-104 1 4,5
K2-264 2 6,7
EPIC 211901114 1 5

References: (1) Libralato et al. (2016); (2) Obermeier et al. (2016); (3)
Barros, Demangeon & Deleuil (2016); (4) Pope, Parviainen & Aigrain
(2016); (5) M17; (6) Livingston et al. (2018); (7) Rizzuto et al. (2018).
“Planet is an unconfirmed candidate.

stars, as the field of view was deliberately chosen to avoid young
stellar populations (Batalha et al. 2010). The repurposed Kepler
mission, known as K2 (Howell et al. 2014), targeted a number of
open clusters spanning a range of young and intermediate ages
searching for planets. However, with comparatively few such planets
still discovered, the known population remains far too small for
statistically meaningful comparisons of the exoplanet properties (e.g.
in radius—period space) for systems of different ages. This means
the epoch at which features such as the radius—period valley or the
Neptunian desert are forged cannot be determined in this way for
the foreseeable future, even with the exoplanet discoveries coming
out of the TESS mission including some young planets (e.g. Newton
et al. 2019; Tofflemire et al. 2021).

Among the discoveries K2 made for systems in open clusters is
that of nine planetary candidates orbiting eight stars in Praesepe (also
known as M44, or the Beehive Cluster). In Table 1, we summarize
these eight systems, together with providing references for their
discoveries in the literature. In this work, we study the high-energy
environments of the planets in the K2-95, K2-100, K2-101, and K2-
104 systems. These are all planets that were validated in Mann et al.
(2017, hereafter M17) with false-positive probabilities of less than
1 percent. Among our sample, Barragan et al. (2019) have since
successfully measured a radial velocity signal for K2-100, providing
the first ever mass measurement of a planet in a young open cluster.

As members of a cluster, these systems have a more reliable age
estimate than most known planetary systems, which tend to orbit
field stars where ages are harder to constrain. Indeed, cluster ages
are often used to calibrate age determination methods for use on field
stars (for a review, see Soderblom 2010). At an intermediate age of
670 £ 67 Myr old (Douglas et al. 2019), these planets in Praesepe are
also likely more intensely irradiated at the current epoch than most
systems previously studied at high energies, and so perhaps still un-
dergoing significant atmospheric mass-loss. Moreover, the estimated
radii for most of these planets are consistent with being in or close
to the radius—period valley and/or Neptunian desert, making them an
ideal testing ground for these theories of atmosphere evolution.

2 OUR SAMPLE

Our sample consists of K2-95, K2-100, K2-101, and K2-104. The
planets and their host stars are detailed in Table 2, where the adopted
values are from Barragan et al. (2019) for K2-100 and M17 for K2-
95, K2-101, and K2-104, unless stated otherwise. One exception
is for the distances, for which we calculate individual distances
for each system using the parallaxes from the Gaia Early Data
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Table 2. Parameters for the systems in our sample.
System Spectral ~V d* R, Teft, « Lol Prot R, Por,” a To® Teg® Refd
type (mag) (pc) (Ro) (K) Lo) (@ Re) (d) (au) )
K2-95 M2V 17.22¢ 180.1 044 3410 0.0232 239 3.7 10.135091  0.0679 140.740 83 419 M17
K2-100 GOV 10.52f 1827 1.24 5945 1.72 43 3.88 1.6739035 0.0301 140.71941 1841 Barragan et al. (2019)
K2-101 K3V 1296 1853 073 4819 0.2542 10.6 2.0 14.677286  0.1103 152.68135 598 M17
K2-104 M1V 16.36° 1872 048 3660 0.0368 9.3 1.9 1.974190  0.2455 140.381 17 780 M17
“Converted from Gaia EDR3 parallaxes.
bEphemerides are BJDtpg — 2457000.
“Equilibrium temperature calculated assuming zero Bond albedo and uniform redistribution of heat.
dSource of parameters and ephemerides, except where otherwise indicated.
¢Converted from SDSS g and r (Wang et al. 2014), using Jordi, Grebel & Ammon (2006).
/Measured with APASS (Henden et al. 2012).
Table 3. Details of the XMM-Newton observations.
ObsID PI Start time Exp. T System(s) Start—stop Transit EPIC EPIC
(TDB)* (ks)? phase” phaseb cameras® filter
0721620101 Agiieros 2013-10-30 11:34 68.8 K2-100 0.573-1.057 0.981-1.019 All Thin
K2-104 0.241-0.652 0.987-1.013 pn, MOS2
0761920901 Drake 2015-05-06 00:36 59.9 K2-100 0.662-1.077 0.981-1.057 All Medium
0761921001 Drake 2015-05-09 13:13 50.0 K2-101 0.957-0.998 0.995-1.005 pn, MOS2 Medium
0761921101 Drake 2015-05-11 23:19 61.2 K2-95 0.355-0.426 0.995-1.005 All Medium

“Start time and duration are given for EPIC-pn.

b All ephemerides taken from Mann et al. (2017), except for K2-100, which are from Barragan et al. (2019).
“Listing of which of the EPIC cameras’ fields of view the source appears in. The three EPIC cameras are pn, MOS1, and MOS2.

Release 3 (EDR3; Gaia Collaboration 2021). All four planets reside
close to the Neptunian desert, radius—period valley, or both. They
are therefore important in the context of studying these features in
the exoplanet population, particularly given their relative youth and
potential ongoing evolution.

The four planets are plotted in radius—period space in Fig. 1. Also
plotted are lines showing the empirical Neptunian desert (Mazeh
et al. 2016), a numerical determination of the lower desert
boundary (for a core mass of 13.75Mg; Owen & Lai 2018), and
an analytical determination of the largest planet that can be a
stripped core (OW17). Note also that for K2-101’s orbital period,
the approximate location of the upper boundary of the radius valley
is 2Rg, similar to the measured radius (e.g. Van Eylen et al. 2018;
Martinez et al. 2019). We follow OW17 in only plotting the latter for
periods greater than 3d. OW17 also note that the evaporation and
core composition models used affect the exact scaling and vertical
position of the line, respectively. Similarly, the lower desert boundary
from Owen & Lai (2018) plotted is one of a set of solutions the study
finds, depending on the core mass and atmospheric metallicity. We
refer the reader to their paper and figures within for the full range
of boundary solutions they determine, where the other lines are all
below the representative line plotted here.

Fig. 1 highlights the proximity of the planets to features likely
to be associated with evaporation in the exoplanet population. K2-
100b is seen to lie well inside the Mazeh et al. (2016) desert. It is also
inside the desert for most, though not all, solutions from Owen & Lai
(2018). K2-104b also resides within the Mazeh et al. (2016) desert.
However, it lies below all the Owen & Lai (2018) solutions for the
desert, and if one extrapolates the lower boundary of the evaporation
valley to shorter periods it would lie below this line too, suggesting
it could actually be a stripped core of a once larger planet. K2-101b
intriguingly resides just a bit above the radius—period valley, and so
could either retain a small envelope for the rest of its life, or could
still be in process of being stripped. K2-95b’s position is close to the

Mazeh et al. (2016) desert and so maybe it evolved out of this region,
although the Owen & Lai (2018) solutions place it a bit further away
from the desert boundary.

3 OBSERVATIONS

3.1 XMM-Newton

We have analysed archival XMM—-Newton (Jansen et al. 2001) obser-
vations that together include data for the four systems introduced in
Section 2. These observations are summarized in Table 3. K2-101,
K2-95, and K2-104 have each been observed once, while K2-100 has
been observed twice: once in 2013 when K2-104 was also within the
field of view, and a second time in 2015. While the XMM—Newton
Science Archive! lists an additional observation for K2-102 (ObsID:
0101440401; PI: Pallavicini), inspection of the images revealed the
source to have fallen just outside the field of view of all three EPIC
cameras. Further, two of the objects, K2-101 and K2-104, fell on
to one of the faulty CCDs of the EPIC-MOS]1 camera during their
respective observations. These two stars therefore only have data
from EPIC-pn and EPIC-MOS2.

Only K2-95 was observed by the optical monitor (OM). None of
the observations specifically targeted these systems, and so the other
objects fell outside the far smaller field of view of the OM. The K2-
95 OM data were taken with the UVM?2 filter (effective wavelength
2310 A; width 480 A).

The data were reduced using the Scientific Analysis System (SAS
16.0.0). The standard procedures were used in each case.? Elevated
high-energy background, due to Solar soft protons (Walsh et al.

Uhttp://nxsa.esac.esa.int
2As outlined on the ‘SAS Threads’ webpage: http:/www.cosmos.esa.int/w
eb/xmm-newton/sas-threads.
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Figure 2. Background corrected X-ray light curves of the observations, covering the energy range 0.2-2.5 keV. The count rate is the sum of all EPIC detectors
for which data were available. Areas shaded in grey are the planetary transits (first to fourth contact) in visible light. The bottom right panel for K2-95 is identical

to the bottom left except for being zoomed in on the y-axis.

2014), affected a small proportion of each observation. These periods
were filtered out during the spectral fitting and ensuing analyses.
However, the unfiltered data were used to produce the light curves
in Section 4.1, in order to avoid gaps.

3.2 K2 light curves

Praesepe was observed in 2015 between April 27 and July 10 as part
of campaign 5 of the K2 mission (Howell et al. 2014). Three of the
XMM-Newton observations described above were simultaneous with
the K2 observations: the 2015 observations of K2-100, K2-101, and
K2-95. Praesepe was later observed again by K2 in campaigns 16 and
18, but neither of these were simultaneous with any XMM-Newton
observations, and so we do not consider them any further in this work.

Using the campaign 5 observations, we analysed the spot modu-
lation of each star in its K2 light curve, in order to determine the
modulation and phase at the time of the XMM-Newton observations.
We obtained the detrended, corrected K2 light curves output by the
EVEREST pipeline (Luger et al. 2016, 2017). These were downloaded
from the Barbara A. Mikulski Archive for Space Telescopes (MAST).

4 XMM-NEWTON RESULTS

K2-100 and K2-101 were both very clearly detected at the expected
position in all three EPIC cameras. Restricting the MOS2 images
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for K2-95 to 0.6-1.0keV, energies expected to be bright for young
objects due to Fe L-shell emission, showed an excess of counts at
the expected position of the star. Using the same energy band in the
pn for K2-104 revealed a marginal detection.

In analysing each observation, we employed 15 arcsec radius
source regions, centred on the proper-motion-corrected positions
of each system. Multiple background regions from the same CCD
chip were used for background subtraction. K2-104 is close on
the sky to a galaxy cluster, the outskirts of which contribute
additional background to the source region. We attempted to mitigate
this by placing background regions on an arc about the centre
of the galaxy cluster on the chip, such that the contamination
would be similar in each background region to that in the source
region.

The only target falling in the OM field of view, K2-95, was
not detected in those observations using the UVM2 filter. The
source detection algorithm applied by the standard reduction chain
did not detect any source within 30 arcsec of the expected po-
sition of the star. Visual inspection of the images confirmed the
non-detection.

4.1 X-ray light curves

We coadded the count rates across all EPIC cameras for which data
were available for each of the observations. The resulting X-ray light
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Figure 3. Observed X-ray spectra for each of the observations, displayed along with the best-fitting model. Each EPIC camera is displayed separately: EPIC-pn
is shown with blue circles, EPIC-MOS1 with red up-pointing triangles, and EPIC-MOS2 with green down-pointing triangles.

curves are plotted in Fig. 2, covering the energy range 0.2-2.4 keV.
Transit phases in the optical are displayed as grey shaded regions.
The light curves were searched for temporal variation in the X-ray
flux, as well as for hints of transit features.

None of the observations show any strong flares, and none of the
three light curves covering either a full or partial transit show any
evidence of transit features. Both K2-100 data sets exhibit some
variation in the count rate. The 2013 data dip down in a few places,
while the 2015 data slope down over the first 20 ks before flattening
off for the rest of the observation. This is explored further in the
context of the simultaneous K2 data in Section 5. The other three
light curves have a low count rate, making them insensitive to low-
amplitude variability. The points with large error bars in each of
the K2-100 (2015), K2-101, and K2-95 light curves correspond to
periods of elevated background and are not indicative of any genuine
source variability.

4.2 X-ray spectra

The X-ray spectra for each EPIC camera from each observation is
displayed in Fig. 3. All of the spectra show a peak in emission around
0.6—1 keV, except that for K2-95, which suffers from a lack of counts.
This emission is chiefly produced by bound-bound transitions of
highly ionized Fe, and is typically stronger in younger stars. As a
comparison, some of the older field stars (e.g. GJ 436, HAT-P-11,
and HD 97658) we investigated in King et al. (2018, see fig. 3) show
less pronounced emission at these energies, and have much softer
spectra overall.

Overplotted on each spectra in Fig. 3 is our best-fitting model,
as fitted using XSPEC 12.9.1p (Arnaud 1996). For the K2-100
observations, where we had a relatively large number of counts, we
binned the spectra to a minimum of 25 counts prior to fitting. This
choice was unsuitable for the other three objects, all of which had a

more limited number of counts, and their spectra were therefore
binned to a minimum of 10 counts. We used the C-statistic in
fitting models to the spectra (Cash 1979). Throughout our analysis,
we estimated uncertainties using a combination of XSPEC’s built-in
MCMC sampler and error command. These values correspond to the
1o (68 per cent) level, and are calculated from chains run for 100 000
steps following 5000 used for burn-in. Abundances were set to Solar
values (Asplund et al. 2009).

In all cases, APEC models were used to fit the spectrum (Smith
et al. 2001). These describe an isothermal, optically thin plasma
in collisional ionization equilibrium. For K2-100, the spectra were
of good enough quality to warrant a two-temperature fit. These
temperatures were forced to be equal across the two observations
for this star, but their normalizations were allowed to vary. The low
count rates for both K2-104 and K2-95 meant that we had to limit
the range of temperatures to be below 1.5 keV, to prevent it reaching
unreasonable values.

Interstellar absorption was accounted for by including a multi-
plicative TBABS model term (Wilms, Allen & McCray 2000). To
calculate the value of the hydrogen column density, Ny, we used a
selective extinction, E(B — V), for Praesepe of 0.027 (Taylor 2006).
Assuming the standard Milky Way reddening Ry = Ay/E(B — V) =
3.1 (Schultz & Wiemer 1975), this gives a total extinction Ay =
0.0837. Finally, we use Ny = 2.21 x 10?'Ay (Giiver & Ozel 2009)
to give our final value of Ny = 1.85 x 10?° cm~2, which we fixed in
all of our fits.

Table 4 summarizes the findings of our spectral analysis of each
observation. The best-fitting temperatures and emission measures
are given, together with estimated fluxes, luminosities and planetary
irradiation levels for each observation. The extrapolations to the EUV
were performed using the empirical relations we derived in King et al.
(2018), based on the method of Chadney et al. (2015).

The K2-100 data allow a comparison of the stellar X-ray output
at two separate epochs. The flux is about 40-50 per cent higher in
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Table 4. Results of the X-ray spectral analysis. All fluxes and luminosities are for the 0.2-2.4 keV band, except for the final two columns, which are for the
0.1-2.4keV ‘ROSAT’ band. The latter all have ‘0.1’ added in subscript to their column header. All fluxes are the unabsorbed flux.

Lx.0.1
System KT EM Fx Lx Lguv Fxuv,p Fxuv, 1au Lx 0.1 ?'1
0]
(keV) a b c c d e c (x 1075)
K2-100 (2013)  0.0914700%] 11475 65.5%70 26273 243710 18773 17913 43478 6.470%
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Figure 4. K2 light curves, detrended and corrected by the EVEREST pipeline, for each of the three targets with simultaneous K2 and XMM-Newton observations.
Horizontally, the left-hand panels plot the full campaign 5 light curves, while the right-hand panels zoom to the few days around where the simultaneous
XMM-Newton data were taken. Vertically, the top panels are for K2-100, the middle for K2-101, and the bottom for K2-95. The blue shaded region in all panels

shows the epoch of XMM-Newton observations for that system.

the 2013 data than the 2015 data. From both the spectra in Fig. 3
and the emission measures in Table 4, one can see that this change
is being driven by the softest energies. The emission measures of
the higher temperature component are in excellent agreement, but
the 2015 emission measure for the lower temperature component is
some five or six times smaller.

All the results above are for the directly observable 0.2-2.4 keV
band. We also calculated fluxes for both Ny choices for each object
in the 0.1-2.4keV band in XSPEC, in order to compare to previous
studies of the rotation-X-ray output relationship. For these values,
we extrapolated the fitted model within XSPEC.

MNRAS 512, 41-55 (2022)

5 K2 RESULTS

We examined the EVEREST-corrected light curves for the three stars
with simultaneous K2 and XMM-Newton observations. This was
performed with the aim of putting the X-ray observations into
the context of the optical spot modulation, including searching for
correlated variability between the optical and X-ray light curves. The
data are plotted in Fig. 4, which includes both the entire campaign 5
light curve (left-hand panels), and a zoomed-in section (right-hand
panels) around the epoch of the XMM-Newton observations, which
is highlighted by the blue shaded region in each panel. All three stars
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Figure 5. Comparison of the EVEREST K2 and XMM-Newton light curves.
The top, middle, and bottom panels are for K2-100, K2-101, and K2-95,
respectively. The K2 data are shown as red crosses, and the XMM-Newton
data are the blue circles. The grey shaded regions display the optical light
transit epochs.

show obvious spot modulation in their light curves, on the order of a
few per cent.

From Fig. 4, we can see that the K2-100 XMM-Newton data cover
a relatively large rise in the optical light curve, on the order of
about 1 percent. For K2-101, a much shallower rise in optical flux
through the X-ray observation epoch is evident in the right-hand
middle panel of Fig. 4. However, the larger modulation amplitude
for this star (~3 per cent versus ~0.5-2 per cent for K2-100) means
the fractional increase in the K2 flux during the XMM-Newton
observations is still about 0.4 percent. The longer rotation period
of K2-95 means that substantial changes in the optical flux due to
spot modulation are on a time-scale a little too long to be important
through the length of an average XMM-Newton observation. K2-95
also shows numerous outliers at elevated fluxes, perhaps suggestive
of frequent flaring. However, such frequent flaring would not be
so expected for a star with a 23.9d rotation period, and which
does not show evidence of strong Ho emission (Douglas et al.
2014).
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Figure 6. Comparison of the X-ray emission evolution of the stars in our
sample, according the X-ray-age relations of J12. The measured log (Lx/Lyo)
in the 0.1-2.4 keV band is also plotted for each star.

In Fig. 5, we replot the XMM-Newton light curves from Fig. 2,
together with the simultaneous K2 data. This highlights an increase in
the optical flux of K2-100 throughout the XMM-Newton observation,
simultaneous with a potential decrease in the X-ray flux followed by
a plateau. Optically dim star-spots and X-ray bright coronal loops
are both associated with active regions, and hence such behaviour of
the X-ray and optical flux is reasonable and could be astrophysical.
While K2-101 also shows a rise in optical flux through the time of
the X-ray observations, albeit a smaller one fractionally, the factor
of a few lower X-ray count rate likely means any effect on the X-ray
output is too small to be seen within the uncertainties for this star.

6 DISCUSSION

6.1 Current XUV irradiation

Coronal X-ray emission reduces over a star’s lifetime, as it spins
down through magnetic braking. The relationship of X-ray output
with both stellar age (e.g. Giidel et al. 1997; Jackson et al. 2012;
Nifiez & Agilieros 2016; Booth et al. 2017) and rotation period (e.g.
Pallavicini et al. 1981; Pizzolato et al. 2003; Wright et al. 2011;
Douglas et al. 2014; Nuifiez et al. 2015; Wright & Drake 2016;
Wright et al. 2018) have been investigated extensively over the past
few decades. For FGK stars, the emission is saturated for 100 Myr
or so, with Lx/Lyy 221073, before falling off as a power law as the
rotation period increases.

We give the Lx/Ly in the 0.1-2.4 keV band for each observation
in Table 4. To get Ly in the 0.1-2.4keV band, we extrapolated our
fitted model within XSPEC. The values of Lx/Ly, for this sample of
host stars cluster around 107> to 107*. These are all smaller, by an
order of magnitude or more, than the observed saturation level at
around 1073, Therefore, the irradiation rates for the planets are now
lower than they would have been over the first few hundred Myr of
their lives, but still higher than around many middle-aged field stars.

This 0.1-2.4 keV band is useful to us, as it allows a comparison
to the X-ray-age relations of Jackson et al. (2012, hereafter J12).
In Fig. 6, the measured value of Lx/Ly, is plotted together with
the empirical relation for that star’s colour bin in the J12 relations.

MNRAS 512, 41-55 (2022)

220z Rey 2z uo Jasn weyin( 1o Anssaaiun Agq S0Z0SS9/ L y/1/Z 1L S/o/onie/seiuw/woo dnoolwepese//:sdiy woll papeojumod


art/stac437_f5.eps
art/stac437_f6.eps

48  G. W. King et al.

103 :
104F 3
3
Q0
]
-5 L Q 4
qx 10 °  Wright sample o gf Eial '
A K2100 (2013) e
10-6F ¥ K2-100 (2015) o]
¢  K2-101 o+,
B K2-104
1077F @ K295 L
1073 102 10! 100
R,

Figure 7. Replotting of fig. 1 of Wright & Drake (2016), with points added
for each of the five measurements presented in this work.

K2-100 in particular has a considerably higher X-ray than may be
expected from J12. This could be because the saturation level for
the two bluest B — V colour bins in the J12 study is substantially
lower than the rest. K2-100 falls into the second bluest, where the
saturation level is log (Lx/Lyo) = —4.24, far below the canonical
value of about —3. Lower X-ray luminosity ratios for saturated stars
bluer and more massive than the Sun have been found in other studies
too (e.g. Pizzolato et al. 2003; Wright et al. 2011), with the exact
cause unknown.

The 0.1-2.4 keV band Lx/Ly also allows comparison with the X-
ray-rotation works of Wright et al. (2011), Wright & Drake (2016),
and Wright et al. (2018). Our measurements are overplotted on their
sample in Fig. 7, wherein the Rossby number, R,, is given by P;/7,
where 7 is the convective turnover time (Noyes, Weiss & Vaughan
1984). For K2-100, K2-101, and K2-95, we take values of R, from
Niiez et al. (in preparation). For K2-104, we take the known value
of P,y from M17 and combine it with an estimate of t based on the V
— Ky colour using the relations of Wright et al. (2018) to estimate R,.
All four stars have values that, within the uncertainties, are consistent
with the wider sample plotted in Fig. 7. K2-104’s measured value is
below the main sample and its R,, calculated via a different method,
is lower. However, calculating R, for the other three stars in the same
way from Wright et al. (2018) (0.4202, 0.57, and 0.2561 for K2-
100, K2-101, and K2-95, respectively) gives values similar to those
plotted from Nufiez et al. (in preparation) (0.45, 0.57, and 0.33), and
still quite different compared to K2-104.

Overall, our observed values demonstrate the scatter around
X-ray-age and X-ray-rotation relations and highlight the value of
directly measuring X-ray fluxes, as opposed to solely relying on
empirical relations where the scatter can be up to an order of
magnitude.

6.2 XUYV irradiation evolution

Given the high irradiation rate, it is often thought that the first few
100 Myr is the most important epoch for the atmospheric evolution of
close-in planets (e.g. Lecavelier Des Etangs 2007; Lopez & Fortney
2013; Johnstone et al. 2015; Owen & Wu 2017; Livingston et al.
2018). While this is the epoch of highest instantaneous irradiation,
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Figure 8. Comparison of the X-ray (blue solid line) and EUV (orange dashed
line) emission evolution expected for a star like K2-100. The X-ray evolution
is that given by the X-ray-age relations of J12, and then extrapolated to EUV
using the relations derived in King et al. (2018).

Table 5. X-ray, EUV, and combined XUV energy output by K2-100 at
different epochs of its life, estimated using the relations of J12 together with
the EUV extrapolations derived in King et al. (2018). The percentages are
as compared to the total energy output between 1 Myr and 10 Gyr.

Epoch X-ray EUV XUV

a (per cent) a (per cent) a (per cent)
1-10 Myr 1.1 1.2 0.76 0.51 1.9 0.76
10-100 Myr 11 12 7.6 5.1 19 7.6
0.1-1 Gyr 50 52 46 31 96 39
1-10 Gyr 34 35 95 64 130 53

1Myrto 10Gyr 96 100 150 100 250 100

10" ergs1.

Table 6. Past and future stellar emission, estimated using the relations of
J12 together with the EUV extrapolations derived in King et al. (2018).
Given as per cent of total output (1 Myr to 10 Gyr).

Planet X-ray EUV XUV

Past Future Past Future Past Future
K2-100 59 41 31 69 42 58
K2-101 53 47 28 72 40 60
K2-104 60 40 31 69 43 57
K2-95 60 40 31 69 42 58

just as relevant is the gradient associated with the power law fall off
of the XUV luminosity that follows. As long as this is more negative
than —1, the saturated regime should dominate. In the J12 relations,
the X-ray luminosity time evolution in the unsaturated regime is
indeed steeper than this. However, in King & Wheatley (2021), we
combined the J12 relations with another set of relations for EUV
reconstruction from X-rays (derived using the method of Chadney
et al. 2015; King et al. 2018). We found that the decline in EUV
emission was far less steep, and in all cases the power law exponent
was shallower than —1. The implication of this is that, unlike X-rays,
the total integrated EUV per logarithmic decade of time actually
increases. In Fig. 8, we show how this implied shallower fall off of
the EUV means it becomes the more dominant of the two bands over
time, using a K2-100-like star as an example. Here, the EUV emission
remains only an order of magnitude below the saturated regime at
5 Gyr, while the X-rays has dropped off considerably more.
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Table 7. Measured radii and assumed masses for each planet, together with estimates of the current mass-loss rate,
using three methods: energy-limited escape (Mg,), use of the interpolation tool across the Kubyshkina et al. (2018a),
Kubyshkina & Fossati (2021) grid of models (MKuby), and the Kubyshkina et al. (2018b) hydro-based approximation
(Myga). Note for K2-100b, we use the mass measurement for all our mass loss calculations. The estimate from the
mass—radius relation is provided for completeness and comparison only.
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Planet Rp Mp.measa MP,W]()b log MEn log M](uby log MHBA
Rg) Mg) Ma) (gs™) (gs™)

K2-100b (2013) 388+£0.16  21.8+£62 13.317, 113 114 12.7

K2-100b (2015) 112 114 12.6

K2-101b 20£0.1 - 6.5+£23 9.0 9.2 9.0

K2-104b 1.9%02 - 6.1733 9.6 10.06 10.18

K2-95b 37402 - 14.3%39 9.5 9.5 8.8

“Measured by Barragan et al. (2019).

bEstimated using the mass-radius relation of Wolfgang, Rogers & Ford (2016).

Integrating both the X-ray luminosity and extrapolated EUV time
evolutions allowed us to calculate the total X-ray, EUV, and combined
XUV irradiation across different stages of a star’s lifetime. By way
of example, in Table 5 we give the percentage of each energy band’s
radiated energy for a star like K2-100 for different epochs in its
life, as compared to the total energy radiated between 1 Myr and
10 Gyr. Furthermore, in Table 6, we compare the total irradiation in
the different bands to date (age = 670 Myr) for the Praesepe planets
in our sample, with that still to come, up to 10 Gyr.

The values given in Tables 5 and 6 have implications for not just
the irradiation received by these stars’ close-in planets over time,
but also the atmospheric evolution of such planets. Some two-thirds
of the total EUV emission expected for these stars up to 10 Gyr
is still to come, and even around two-fifths of the X-rays are in
the future too. For mass loss under energy-limited assumptions
(i.e. that the mass loss scales with the incident energy; see also
Section 6.3), these findings imply that significant mass loss could
still occur far past the epoch where losses are thought to be large
enough for appreciable atmospheric evolution. This is something we
explore further in simulations of the future evolution of the planets in
Section 6.4. While some studies have explored the applicability and
limitations of the energy-limited prescription (e.g. Owen & Alvarez
2016; Erkaev et al. 2016; Krenn et al. 2021), especially for smaller
planets (e.g. Kubyshkina et al. 2018a, b), its simplicity and ability
to provide a plausible upper limit on the possible mass loss means it
remains an attractive method of exploring mass-loss.

6.3 Planetary mass-loss

Using the XUV irradiation calculated in Section 4.2, we were able
to estimate the current mass loss rate for each planet. We initially
adopted the energy-limited approximation (Watson, Donahue &
Walker 1981; Erkaev et al. 2007), following numerous previous
implementations in the literature (e.g. Lecavelier Des Etangs 2007;
Sanz-Forcada et al. 2011; Salz et al. 2015; Louden, Wheatley &
Briggs 2017; Wheatley et al. 2017; King et al. 2018). Under this
method, the mass-loss rate, Mg,, is given by
2 3
My — B nﬂFXUVRP’ n
GKM,

where 7 is the efficiency of the irradiation in driving mass loss,
accounts for the height above the planetary radius that XUV photons
are absorbed, and K is a Roche lobe correction factor (Erkaev et al.
2007). Canonical values were assumed for 1 and 8 of 0.15 and 1.00.
Of our sample, only K2-100 has a mass measurement (Barragédn et al.

2019), and indeed this is the only radial velocity mass measurement
to date for a planet in an open cluster. Such measurements are difficult
to make, partially because of the higher activity level of the younger
host stars. For the other three planets in our sample, we use the
mass—radius relation and associated code® of Wolfgang et al. (2016)
to estimate the mass, M,,. These are given along with the resulting
energy-limited mass-loss rates in Table 7. For completeness and
comparison, we include a mass estimate from Wolfgang et al. (2016)
for K2-100b, but do not use this value in any of our mass loss
estimates. We give two mass loss rates for K2-100b, corresponding
to the 2013 and 2015 observations.

We also applied an interpolation tool that estimates mass loss
according to the Kubyshkina et al. (2018a) grid of models for
low mass planets with hydrogen-dominated atmospheres (see also
Kubyshkina & Fossati 2021). These mass-loss rates are given in Ta-
ble 7. We then also calculated mass-loss rates using an analytic hydro-
based approximation described in a follow-up paper (Kubyshkina
et al. 2018b). The values in this expression were attained by fitting
it to the same original grid of models described in Kubyshkina
et al. (2018a). We again give values calculated in this way for all
of the planets in our sample in Table 7. Interestingly, given the
methods are based on the same models, this method gives rates
for K2-100b that are over an order of magnitude greater than the
interpolator tool. This is despite the value from interpolation over the
grid being a good match to that estimated from the energy-limited
method. Such discrepancies between the interpolator and hydro-
based approximation are most common for planets with small values
of the Jeans escape parameter and orbital separation, for which Roche
lobe position and stellar mass dependencies become relevant but are
not considered in the approximation (Kubyshkina et al. 2018b). For
K2-100b the Jeans escape parameter is not particularly small, but
the planet does reside relatively close to its star. This, together with
the somewhat high stellar mass within the range considered by the
interpolator, could help to explain the discrepancy.

One should also note that if either of the smaller planets, K2-101b
and K2-104b, do not retain a substantial hydrogen envelope, then the
validity of both the energy-limited method and the Kubyshkina et al.
(2018a) models (which assume a hydrogen-dominated atmosphere)
for those planets is uncertain.

K2-100b is almost certainly undergoing the greatest current level
of mass loss, in absolute terms, of the planets in our sample. This is
owing to the combination of its relatively large radius, together with
its small separation from and large XUV output of its host star. If

3Their code: https:/github.com/dawolfgang/MRrelation.
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Figure 9. Results of our future simulations of mass-loss from and its effects on the atmosphere of K2-100b. The top left panel shows the evolution of the X-ray
and EUV luminosities in time. The other five panels show how six key values associated with the planet, and the escape of material from it evolve in time,
starting at the current age of 750 Myr. In each of these plots are a range of curves, each for a different choice of starting mass.

K2-104b still retains a substantial envelope, it is losing mass at only
a slightly greater rate than K2-101b and K2-95, despite its much
shorter orbital period and separation. For K2-101b, this is because
the stellar XUV output is much greater than K2-104, while K2-95b
has double the radius of K2-104b, and so the XUV absorbing region
is about four times as large.

6.4 Simulations of the planets’ possible futures

In King & Wheatley (2021), we found that the time evolution of
EUYV emission drops off more slowly than for X-rays. The planets
of Praesepe are still of relatively young age and so we explored the
possible future evolution of the four planets in our sample by running
some basic simulations. We investigated how the key properties of
the planets — e.g. mass, radius, and density — may change in time.
To this end, we evolved forward each planet from its current
age of 670 Myr using 10 kyr time-steps. For each planet, we started
with a range of masses, listed in each planets relevant subsection
(see Sections 6.4.1 through 6.4.4). For each starting mass, we used
equation (5) of Chen & Rogers (2016) to calculate the envelope
mass fraction which recovered the measured planetary radius,
as listed in Table 2. We then modelled the XUV irradiation and
resulting changes to the planet and its atmosphere. For the XUV
time evolution, as we used in King & Wheatley (2021), we took the

MNRAS 512, 41-55 (2022)

X-ray-age relations of J12 for X-ray wavelengths, and applied the
X-ray—-EUYV relations of King et al. (2018) to find the corresponding
EUV time evolution. At each time-step, we then simply summed the
two for the full XUV irradiation.

To evolve the planets at each time-step, we applied equation (1)
for energy-limited mass-loss to calculate the mass-loss rate, again
assuming canonical values of n = 0.15 and B = 1. The mass-loss
rate was then multiplied by the 10kyr time-step and the resulting
amount of mass was removed from the envelope of the planet (we
assumed that the core mass is constant across all ages). Using this,
we calculated the planet mass and envelope mass fraction at the next
time-step, and then used equation (5) of Chen & Rogers (2016) to find
the corresponding new value of the radius. This entire process was
repeated until either the age reached 10 Gyr, or the envelope mass
fraction reached zero. Throughout our calculations, we assumed that
the values of L, and the semimajor axis did not change over the
planets’ lifetimes from their current measured values. We also ignore
any other processes that may contribute to mass-loss from the planets,
such as core-powered mass loss. One should note that masses above
20 Mg, used for some of the K2-100b and K2-95b simulations, are
outside of the limits for which the Chen & Rogers (2016) relationship
was calculated. However, our calculations here are only intended to
provide an illustration of the possible futures of these planets, and
not a comprehensively modelled description.
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Figure 10. As Fig. 9, but for K2-101b.

Our final results for each planet are displayed in Figs 9 through 12
for K2-100b, K2-101b, K2-104b, and K2-95b, respectively. For each
planet, we have six subplots, detailing how the stellar XUV output,
radius, total mass lost since the current age, density, envelope mass
fraction, and mass-loss rate are likely to evolve in the future. In the
case of total evaporation, the simulation tracks tended to go vertical
in radius (and thus density) at this end point. This is likely because
the small amount of remaining gas expands to a much larger volume
very quickly as the evaporation becomes a runaway process that the
planet envelope can no longer prevent.

6.4.1 K2-100b

K2-100b’s position close to the Neptunian desert boundary (Fig. 1)
makes it one of the more interesting planets to investigate with
these simulations. K2-100b has a radial velocity mass measurement,
providing starting point for the simulations. We chose to model values
equal to this measurement, and 0.5 and 1 times the uncertainty either
side (15.6, 18.7,21.8, 24.9, and 28.0 Mg). In all cases, the calculated
starting envelope mass fraction is about 4 per cent.

Our results for K2-100b are in Fig. 9. Of the five mass choices
we employed, the planetary atmosphere is stable across 10 Gyr to
complete evaporation in the three most massive cases. In the least
massive case, in which it is fully stripped of its H/He envelope at an
age of almost 6 Gyr. The next least massive case (18.7 Mg) is fully
stripped right as the age approaches 10 Gyr. However, as the star is

of GOV spectral type, it is expected that by around 10 Gyr the host
will have already reached at the end of its main sequence lifetime,
and expansion of the star in the red giant phase could well occur first,
engulfing K2-100b. For even the highest mass case, our results predict
over half of the envelope that exists at the current age is lost by 10 Gyr.

In all cases the planet radius shrinks below 3.3 Rg, and in some
cases considerably lower still, in line with evidence that that young
planets in open clusters and stellar associations may be larger than
their older counterparts (Mann et al. 2017; Tofflemire et al. 2021).
Our results demonstrate that although K2-100b is currently close to
or in the Neptunian desert, its position with respect to it could move
down towards the boundary or somewhat below it by the time the
system reaches an average field age of a few Gyr.

6.4.2 K2-101b

Unlike K2-100b, there exists no mass measurement of K2-101b.
Instead, we used a range of masses that was centred approximately
around the mass value estimated using Wolfgang et al. (2016) in Sec-
tion 6.3 and displayed in Table 7. Specifically, we started the planet
at integer multiples of Earth masses between 3 and 10 Mg, inclusive.

The results for K2-101b are displayed in Fig. 10. The combination
of the measured radius and our starting masses imply a range of
starting envelope mass fraction between 0.05 and 1 per cent. Five of
our eight test cases are stripped before 10 Gyr. Three of these are
the highest masses between 8 and 10 Mg, where it seems that the
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Figure 11. As Fig. 9, but for K2-104b. Note the much smaller time scale as compared to the other plots.

envelope mass fraction at the 670 Myr start point was just too low for
the envelope to survive. Conversely, the envelope mass fraction for
the 3 and 4 Mg cases were higher than the three where the envelope
did survive. In this case, the core mass was likely too low to generate
a deep enough gravitational well to hold on to the envelope across
10 Gyr, and it is stripped by 4.5 and 9 Gyr, respectively.

The other four test cases with intermediate masses between 3
and 7 Mg did successfully survive to 10 Gyr, but the envelope mass
fractions by this time suggest the planet would still be vulnerable
to complete stripping later in its life (K2-101 is a K3V star, so its
main-sequence lifetime will be considerably longer than the Sun or
K2-100). The radii of these three cases by 10 Gyr range from 1.68 to
1.78 Rg, smaller than the vast majority of known planets consistent
with retaining a gaseous envelope, but still possibly above the
radius—period valley. For a planet with an orbital period of 14.677d
like K2-101b, the theoretical position of the valley is at 1.44Rg
(Owen & Wu 2017). Our conclusions for K2-101b are that if it does
currently possess a small envelope of H/He, it could retain a portion
of this for at least a substantial fraction of its lifetime, depending on
its (core) mass.

6.4.3 K2-104b

There is no mass measurement of K2-104b. We therefore proceeded
in similar fashion to K2-101, with starting masses between 3 and
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8 Mg inclusive. When we attempted to use masses greater than this,
we found that no value of envelope mass fraction could recover the
measured radius for the 9 or 10 Mg, cases.

Fig. 11 shows the results for K2-104b, where it should be noted
that the time axis is different to the other three similar figures. This
is because in all six test cases the envelope had been completely
stripped, with the planet never retaining an envelope past the current
age for very long. The most extreme case is the 8 Mg test, which
lasts only 42 Myr into the simulations. The longest surviving case is
5 Mg, but it only lasts about 205 Myr in, to an age of 875 Myr. The
existence of this turnover point in mass of the lifetime of the envelope
in the simulations is likely similar to how the best surviving cases
for K2-101b were those in the middle of the chosen mass range. At
the high end of the mass range there is very little envelope for one
to retain in the first place, so it is stripped off more quickly than
the 5 Mg case. At the low end of the mass range the planet is also
stripped more quickly because the core mass is too low to hold on to
the envelope for very long.

An interesting, and outstanding question is whether the planet has
an envelope to speak of at the current epoch. The theoretical radius—
period valley of Owen & Wu (2017) would suggest K2-104b is
already below the valley, with any primordial light element envelope
having already been stripped. The fact also that the highest envelope
mass fraction of any of our test cases is just 0.4 per cent, with most
much lower still, and that it does not last more than 205 Myr into
any of the simulations could be telling us that modelling it with an
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Figure 12. As Fig. 9, but for K2-95b.

envelope at the current epoch is incorrect, particularly in the high core
mass scenarios. A measurement of the mass, and thus bulk density,
of the planet will prove difficult given the faintness of its M dwarf
host star, but would help to shed light on whether any envelope exists
at the current epoch. What is clear is that K2-104b will not retain a
gaseous envelope by the time it is just a couple of Gyr old, with it
either already having been stripped by its current age, or it is in the
final stages of being so.

6.4.4 K2-95b

K2-95 also does not have a mass measurement, though the larger
radius means that the Wolfgang et al. (2016) estimate of the mass
is higher than for K2-101b or K2-104b. In this case, we started the
planet with multiples of two Earth masses between 8 and 22 Mg
inclusive.

Fig. 12 displays our results for K2-95b. This planet is clearly the
most stable to evaporation in this small sample, with all of our test
cases, spanning a wide range of low and intermediate bulk densities,
easily surviving to an age of 10 Gyr. The envelope mass fraction
never drops below 6 percent in any of the simulations, and in only
one test, 8 Mg, does the planet drop to 3 Rg. That same test has by
far the greatest mass loss of any of the simulations, with the planet
losing 0.5 per cent of its mass at the current age by 10 Gyr. However,
this is less than a quarter of the lowest percentage mass loss in any

of the K2-100b simulations. All of this likely comes about because
of the combination of its larger size than K2-101b and K2-104b, and
much its larger orbital period than K2-100b or K2-104b. In a more
general context, the planet has a large enough radius that it is not
close to the radius—period valley and so will not traverse it, and the
planet has a long enough orbital period that it is not in the Neptunian
desert under any definition at the current age.

6.4.5 Alternative starting point informed by our Lx/Lyy
measurements

In all of the simulations described above, we make use of the well-
characterized age of the system as the starting point along the J12
high-energy time evolution tracks. As an alternative, we also used the
measured values of Lx/Ly, together with the J12 relations to estimate
an ‘X-ray-age’ for each star (the age implied by the measured Lx/L,
for the 0.1-2.4keV band presented in Table 4), which we then
used as starting point on the J12 evolution tracks for another set of
simulations. For K2-100, where we have two separate observations,
we average its Lx/Lye across the two visits. The fact that these X-
ray-ages are sometimes quite different from the known age of the
system speaks to the scatter around relations such as those described
in J12, which could be caused by short term or long term variability,
and/or intrinsic star-to-star differences in the length of the saturation
period and rate of the following decline.
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When running these simulations, for K2-100b (X-ray-age for the
system implied by measurement and J12: 252 Myr), the 21.8 Mg
starting mass case additionally evaporates to a bare core, along with
the two lighter cases that also evaporate in the 670 Myr starting point
simulations. The two most massive cases largely are unchanged, with
their end points at 10 Gyr slightly more compact and thus a bit denser.
The choice of starting point seems to affect the outcomes for K2-
101b (X-ray-age: 1.89 Gyr). When starting at the known system age
of 670 Myr, five of the eight cases evaporate fully over the simulations
to 10 Gyr. With this X-ray-derived age, only the 9 and 10 Mg cases
evaporate fully, although itis questionable how much longer the 3 Mg
case would last past 10 Gyr. For K2-104b (X-ray-age: 2.02 Gyr), all
test cases still fully evaporate, just over a slightly longer time period
because the XUV irradiation is lower at the higher age starting point.
For K2-95 (X-ray-age: 861 Myr), there is very little difference at
all, since the X-ray-implied age is not so different from that known
for the system, and this is the planet with the least change over the
original simulations.

7 CONCLUSIONS

We have investigated four of the young planets discovered to date in
the open cluster, Praesepe. X-ray analyses were performed for each
of the four host stars using data taken by XMM-Newton, allowing
us to estimate the XUV irradiation experienced by planets at the
current epoch. We found that although the XUV radiation is about
an order of magnitude or so below the saturated level, the stars are
still relatively active compared to older field stars, with considerable
emission at energies of 0.6—1keV. The X-ray observations were
paired with simultaneously taken K2 data, where possible, for further
insight. For K2-100, the X-ray flux decreases and flattens off while
the optical flux rises throughout, something that could result from
active regions disappearing from view as the star spins.

We also estimated mass-loss rates using a couple of different
approaches, and found that K2-100b is undergoing the largest
evaporation, in absolute terms, of the four at the current epoch.
‘With our simulations of the future evolution, we find that K2-104b is
likely to be stripped in the next few hundred Myr if it is not already.
K2-100b will likely lose another few per cent of its current mass by
10 Gyr, and could be susceptible to even being completely stripped
of its envelope if its mass is at the lower end of the range allowed by
RV measurements. K2-101b’s future is sensitive to its current mass
value, while K2-95b seems the most stable to evaporation processes.

Finally, discovery and characterization of more planets with a
range of ages up to a Gyr will help us better understand the mech-
anisms dominating the evolution of planetary atmospheres. X-ray
observations of such systems are a key step in that characterization
process, allowing us to investigate the potentially escape-driving
irradiation directly.
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