
Of the most Earth-like planets known to date (via the Earth-
Similarity Index), 15 have been observed by the Kepler satellite. 
These are Keplers 22b, 61b, 62e and f, 174d, 186f, 283c, 296e and f, 
298d, 438b, 440b, 442b, 443b, and KOI-4427b.  
 
We have 4 years of high precision photometry with which to study 
the host stars of these planets in great detail. We derive rotation 
periods, photometric activity indices, flaring energies, mass loss 
rates, X-ray luminosity and consider implications for the planetary 
magnetospheres and habitability.  
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Table: 5 sigma upper limits on flare 
energy in the remaining host star 
lightcurves. LC=Long Cadence, SC = 
Short Cadence	
  

We calculate the Sphot,5 index, 
which is the average of the 
standard deviations of a series of 
lightcurve windows of length 5 
stellar rotation periods. When no 
rotation period was found, 30d was 
used to allow some determination. 
For comparison the Sun has a 
value of 166.1ppm[2]. All of the 
sample host stars are significantly 
more active than this. 
 

Kepler-438 is a strongly flaring star, 
showing 7 energetic flares in the Kepler 
data alone. Two of these qualify as 
potential Superflares (>1033 erg). The 
flares are not seen near data gaps or 
quarter boundaries, and have a shape 
characteristic of previously observed 
stellar flares.	
  

[1] Handberg & Lund 2014, MNRAS 445, 2698  [2] Mathur et al 2013, A&A, 562, A124 
[3] Armstrong et al 2015 (MNRAS, submitted)  [4] Shibayama et al 2013, ApJ, 209, 5 

Figure: Wavelet plot for Kepler-186. A Morlet wavelet was used. The inset plot to the right shows 
the global wavelet spectrum, fit by a sum of Gaussians. The dominant period is present 
throughout, but a strong active region can be seen.	
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TABLE 2
Kepler-438 Flares

Quarter Time Energy
BJD - 2400000 ⇥1032 erg

2 55058.86 4 ± 2
3 55141.14 7 ± 3
6 55379.24 14 ± 6
8 55572.92 8 ± 4
9 55701.39 11 ± 5
10 55799.08 6 ± 3
12 55974.30 4 ± 2

TABLE 3
Upper limits of flare energies where the flare would not be detected
above the noise level. LC = Long Cadence, SC = Short Cadence.

Star Lightcurve Energy Limit
⇥1032 erg

kepler-22 LC 6.5
kepler-22 SC 4.4
kepler-61 LC 3.1
kepler-61 SC 2.2
kepler-62 LC 4.5
kepler-62 SC 3.2
kepler-174 LC 5.4
kepler-174 SC 4.1
kepler-186 LC 1.4
kepler-186 SC 1.0
kepler-283 LC 7.6
kepler-296 LC 2.8
kepler-298 LC 7.9
kepler-298 SC 5.6
kepler-438 LC 1.6
kepler-440 LC 4.0
kepler-442 LC 5.6
kepler-443 LC 24.0
KOI-4427 LC 6.9

flares with energies greater than 1033 erg are classed as super-
flares (Maehara et al. 2012). Since this star was observed for
4 years, on average a large flare occurs every ⇠200 days. The
strongest superflare seen is shown in Figure 4.

We did not detect any significant flares in any of the other
sample lightcurves. While converting this to limits on flare
energies is non-trivial, we estimate upper limits on any flares
present in each lightcurve by considering a flare with peak
flux 5 standard deviations above the mean lightcurve level for
each star. The standard deviations used to set the test flare
amplitude were obtained from flattened versions of the PDC
lightcurves. Flattening was performed by fitting a 3rd or-
der polynomial to 2 day windows surrounding successive 0.2
day lightcurve segments. For each 0.2 day region, the fit is
repeated 10 times, ignoring points more than 5� discrepant
from the previous fit. The polynomial is then removed from
the 0.2 day region, and the process repeated for each 0.2 day
region. These artificial flares were given durations of 7 long
cadences, a typical flare duration, and given rapid rise times
and an exponential decay. Seven cadences is significantly
shorter than the 2 day window used for fitting flattening poly-
nomials, and hence such flares would not be a↵ected by the
flattening procedure. The energy such flares would have as
calculated in the same way as for Kepler-438, i.e. the upper
limit on individual flare energy in each lightcurve, is given in
Table 3.

3.4. Mass Loss Rates

Fig. 4.— Superflare seen in Quarter 6 of the Kepler-438 lightcurve, with
energy ⇠1033 erg

Given that most of the stars considered here are cooler than
the sun, their habitable zones and hence the orbits of these
planets are closer to their host stars than that of the Earth.
As such it is worth considering the state of the stellar wind,
and particularly the impact it may have on each planet (see
next Section). To investigate the stellar mass loss rates we
turn to the model of Cranmer & Saar (2011), hereafter CS11.
The CS11 model calculates stellar mass loss rates consider-
ing Alfven waves in the stellar atmosphere, with winds driven
by hot coronal gas pressure and cool wave pressure in the ex-
tended chromosphere. The total mass loss rate is found by
combining these two e↵ects.

The CS11 model has the significant advantage of requiring
only observable stellar parameters, namely the stellar radius,
mass, luminosity, metallicity and rotation period. As many of
these parameters are used simply to calculate parameters such
as e↵ective temperature and surface gravity, we find it prefer-
able to recast the model into a form with inputs of e↵ective
temperature, log g, metallicity, stellar radius and rotation pe-
riod. In this form all inputs are direct observables, excepting
the stellar radius which is generally derived from spectra. We
chose to use this model over the commonly used Parker wind
model (Parker 1958) due to the possibility of using these fun-
damental stellar parameters as inputs.

We use the input parameters given in Table 1 to populate the
model. For stars where no good rotation period was found, we
use a value of 30 days with an error of 1 day in order to es-
timate the mass loss rate. Although the other inputs such as
temperature are well determined, we stress that in these cases
the mass loss rates found are more of an estimate. In addi-
tion to mass loss rates, the CS11 model outputs Rossby num-
bers (the ratio of rotation period to the convective turnover
time), both of which are given in Table 4. We do not give
Rossby numbers for the stars with no good rotation period,
as the Rossby number is a direct result of this period. Errors
are calculated through a Monte Carlo procedure whereby the
model was run for 10000 iterations using normally distributed
input variables. The mean and standard deviation of the out-
put distributions give the values published here.

3.5. Planetary Magnetospheres

The Earth’s magnetosphere is a crucial element to the hab-
itability of the planet. It shields the surface from energetic
particles and radiation, and prevents excessive loss of atmo-

•  We use KASOC filtered lightcurves[1], with filters of 30, 50 and 
100 days. Shorter filters lead to cleaner lightcurves, but 
attenuate signals on longer timescales than the filter. The 
standard Kepler PDC detrended lightcurves damp signals on 
timescales larger than 21 days. 

•  Periods are derived using the auto-correlation-function (ACF) 
backed up by wavelet analysis. The ACF finds the most 
significant period, while wavelets can show the source of this 
signal but at a degraded period resolution.  

 

See [3] for more detail of how each value is derived. 

Flare energies were calculated in a similar manner to [4], assuming a 
flare temperature of 9000+-500K. 	
  

Figure: The most energetic flare in the Kepler-438 
lightcurve. The characteristic rapid rise and exponential 
decay is seen.	
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flares with energies greater than 1033 erg are classed as super-
flares (Maehara et al. 2012). Since this star was observed for
4 years, on average a large flare occurs every ⇠200 days. The
strongest superflare seen is shown in Figure 4.

We did not detect any significant flares in any of the other
sample lightcurves. While converting this to limits on flare
energies is non-trivial, we estimate upper limits on any flares
present in each lightcurve by considering a flare with peak
flux 5 standard deviations above the mean lightcurve level for
each star. The standard deviations used to set the test flare
amplitude were obtained from flattened versions of the PDC
lightcurves. Flattening was performed by fitting a 3rd or-
der polynomial to 2 day windows surrounding successive 0.2
day lightcurve segments. For each 0.2 day region, the fit is
repeated 10 times, ignoring points more than 5� discrepant
from the previous fit. The polynomial is then removed from
the 0.2 day region, and the process repeated for each 0.2 day
region. These artificial flares were given durations of 7 long
cadences, a typical flare duration, and given rapid rise times
and an exponential decay. Seven cadences is significantly
shorter than the 2 day window used for fitting flattening poly-
nomials, and hence such flares would not be a↵ected by the
flattening procedure. The energy such flares would have as
calculated in the same way as for Kepler-438, i.e. the upper
limit on individual flare energy in each lightcurve, is given in
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energy ⇠1033 erg

Given that most of the stars considered here are cooler than
the sun, their habitable zones and hence the orbits of these
planets are closer to their host stars than that of the Earth.
As such it is worth considering the state of the stellar wind,
and particularly the impact it may have on each planet (see
next Section). To investigate the stellar mass loss rates we
turn to the model of Cranmer & Saar (2011), hereafter CS11.
The CS11 model calculates stellar mass loss rates consider-
ing Alfven waves in the stellar atmosphere, with winds driven
by hot coronal gas pressure and cool wave pressure in the ex-
tended chromosphere. The total mass loss rate is found by
combining these two e↵ects.

The CS11 model has the significant advantage of requiring
only observable stellar parameters, namely the stellar radius,
mass, luminosity, metallicity and rotation period. As many of
these parameters are used simply to calculate parameters such
as e↵ective temperature and surface gravity, we find it prefer-
able to recast the model into a form with inputs of e↵ective
temperature, log g, metallicity, stellar radius and rotation pe-
riod. In this form all inputs are direct observables, excepting
the stellar radius which is generally derived from spectra. We
chose to use this model over the commonly used Parker wind
model (Parker 1958) due to the possibility of using these fun-
damental stellar parameters as inputs.

We use the input parameters given in Table 1 to populate the
model. For stars where no good rotation period was found, we
use a value of 30 days with an error of 1 day in order to es-
timate the mass loss rate. Although the other inputs such as
temperature are well determined, we stress that in these cases
the mass loss rates found are more of an estimate. In addi-
tion to mass loss rates, the CS11 model outputs Rossby num-
bers (the ratio of rotation period to the convective turnover
time), both of which are given in Table 4. We do not give
Rossby numbers for the stars with no good rotation period,
as the Rossby number is a direct result of this period. Errors
are calculated through a Monte Carlo procedure whereby the
model was run for 10000 iterations using normally distributed
input variables. The mean and standard deviation of the out-
put distributions give the values published here.

3.5. Planetary Magnetospheres

The Earth’s magnetosphere is a crucial element to the hab-
itability of the planet. It shields the surface from energetic
particles and radiation, and prevents excessive loss of atmo-

•  Flares are associated with an increased likelihood of coronal mass 
ejections (CMEs). These can strip planetary atmospheres, 
potentially impacting habitability. They can also change 
atmospheric chemistry, altering possible biomarkers. 

 
•  The effects of CMEs are strongly dependent on the protection of 

planetary magnetospheres. We estimate magnetosphere standoff 
distances for Earth-like magnetospheres on these planets.  

•  This calculation involves balancing the magnetic pressure from 
the planet against stellar wind ram and magnetic pressures at the 
orbital distance of the planet. See [3] for details of how these are 
estimated.  

•  The resulting standoff distances are in all cases similar in size to 
the Earth’s. However, if only a weak field (or none) is generated, 
they will shrink or vanish altogether. 
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TABLE 4
Host Star Derived Parameters

Star P

rot

(ACF) P

rot

(GWS) S

phot

Contrast Ṁ Rossby Log R
X

B

ZDI

R

magneto

(planet)
d d ppm M�yr

�1 G R�
Kepler-22 - - 312 2.47 (2.5 ± 0.6)x10�14a - - 5b 8.7 (b)
Kepler-61 35.55 ± 0.38 34.8 ± 5.0 1680 1.45 (2.1 ± 1.2)x10�16 0.91 ± 0.07 �4.89 ± 0.09 2.4 12.7(b)
Kepler-62 39.77 ± 0.44 37.3 ± 13.3 405 1.11 (1.4 ± 0.2)x10�15 1.61 ± 0.06 �5.78 ± 0.12 1.1 11.1 (e), 13.2 (f)
Kepler-174 - - 445 1.47 (2.6 ± 1.4)x10�15a - - 5b 11.6(d)
Kepler-186 34.27 ± 0.07 33.8 ± 4.2 3270 2.32 (4.6 ± 1.5)x10�17 0.75 ± 0.03 �4.69 ± 0.06 3.1 19.2(f)
Kepler-283 18.27 ± 0.02 18.1 ± 2.2 2620 1.52 (1.7 ± 1.0)x10�15 0.54 ± 0.03 �4.42 ± 0.05 4.9 9.9(c)
Kepler-296 36.11 ± 0.13 35.0 ± 4.8 2800 1.36 (2.9 ± 2.3)x10�17 0.78 ± 0.05 �4.73 ± 0.08 2.9 13.7(e), 16.7(f)
Kepler-298 - - 967 1.51 (8.2 ± 4.4)x10�16a - - 5b 10.7(d)
Kepler-438 37.04 ± 0.08 36.8 ± 4.5 3260 1.90 (3.2 ± 1.8)x10�17 0.81 ± 0.05 �4.77 ± 0.08 2.8 13.2(b)
Kepler-440 17.61 ± 0.02 17.3 ± 2.1 2420 1.37 (9.8 ± 5.8)x10�16 0.47 ± 0.04 �4.33 ± 0.06 5.9 9.6(b)
Kepler-442 - - 736 1.50 (7.7 ± 2.3)x10�16a - - 5b 12.0(b)
Kepler-443 - - 1250 1.25 (2.4 ± 0.6)x10�15a - - 5b 10.6(b)
KOI-4427 - - 1410 1.44 (6.3 ± 3.6)x10�17a - - 5b 17.7(b)

aUsing rotation period of 30 days and error of 1 day
bExample value used as no rotation period available

Kepler-61. Moreover, in Reinhold et al. (2013) while the pe-
riods given for the other 3 stars are close to ours, they are not
consistent within the stated errors. Reinhold et al. (2013) also
give periods for Kepler-440 and KOI-4427. For KOI-4427,
we find that their period (26.6 days) matches some active re-
gions on our wavelet plot, but by no means represents a domi-
nant or persistent signal. As such we cannot claim agreement
for KOI-4427. None of our sample appear in another well-
known study of Kepler rotation, Nielsen et al. (2013).

It is interesting that all of our detected rotation periods are
relatively long for Kepler stars, near the upper end of the range
of periods found in McQuillan et al. (2014). This may be a
result of observation bias, as longer rotation period stars tend
to be less active and so in principle easier to detect transits
within. However, as the next section shows, our sample stars
are all quite active.

4.2. Stellar Photometric Activity

The solar value of photometric activity when measured
using

D
S

phot,k

E
is 166.1ppm, with a maximum value of

285.5ppm (Mathur et al. 2014). Every star in our sample has
a mean photometric activity level above the solar maximum,
in some cases by an order of magnitude. They are also sig-
nificantly more active than stars in similar studies, including
Mathur et al. (2014) and Garcı́a et al. (2014). This is to be
expected, as our sample is dominated by K stars as opposed
to the hotter targets studied previously (including the Sun).
Cool stars are typically more active, but also represent easier
targets for habitable planet detection due to their closer hab-
itable zones. We note that the S

phot,k index does not consider
stellar inclination, and as such if these stars were inclined to
the line of sight their underlying photometric activity could be
larger.

We do not see any strong evidence for magnetic cycles in
our sample stars, which is unsurprising given the 4 year data
baseline. This has the consequence that the activity indexes
we measure are in e↵ect ‘snapshots’ of the overall value, cap-
tured at a certain phase of the activity cycle. It is quite pos-
sible that activity will increase (or decrease) at other phases.
Disentangling this e↵ect would require more data spanning
several years.

It is unclear what e↵ect activity can directly have on hab-
itability, beyond the well-known di�culties it introduces in
searching for small planets (e.g. Haywood et al. 2014; Cegla
et al. 2012). The connection between photometric and spec-
troscopic activity is not clear, beyond a small sample studied
by Bastien et al. (2013). It seems likely that increased pho-
tometric activity will lead to increased spectroscopic activity,
and hence di�culty in securing radial velocities of low mass
rocky planets. Activity tends to be a marker of increased coro-
nal mass ejections and flares, which can play a role in hab-
itability in potentially stripping planetary atmospheres (e.g.
Lammer et al. 2007). We investigate some of these stellar
properties more directly in this work, but flares occurring at
rates less than the 4 year Kepler data would not be seen. If
energetic enough they could still pose some issue for their
resident planets. Strongly active, flaring stars such as Kepler-
438 can destroy atmospheric biomarkers in a planet’s atmo-
sphere (Grenfell et al. 2012, 2014), with implications for fu-
ture searches for life.

4.3. Flares

The detection of superflares in the lightcurve of Kepler-438
could pose some interesting issues for habitability. An inves-
tigation into the impact of a powerful flare from an M dwarf
on an Earth-like exoplanet in the habitable zone was made
by Segura et al. (2010). They found that the increase in UV
and X-ray emission associated with a flare would not have a
significant impact on habitability, since X-rays could not pen-
etrate beyond the upper atmosphere, and UV radiation at the
surface would only reach slightly higher levels than on Earth.
Any temperature increase due to ozone depletion would also
be minor. In the absence of a planetary magnetic field, how-
ever, an increase in the flux of energetic charged particles as-
sociated with large flares could potentially be damaging to
life.

On the Sun another phenomenon associated with flares is a
coronal mass ejection (CME), where a large amount of coro-
nal material is expelled, often at high speeds (Gosling et al.
1976). The likelihood of a CME occuring increases with more
powerful flares (Kahler 1992; Yashiro et al. 2005), however
the relationship between flares and CMEs is complex, with
some CMEs occuring without an associated flare (Munro et al.

Figure: ACF of Kepler-186, showing 
the rotation period (red dashed line) 
and the harmonics also used to extract 
the period (green dashed lines). The 
rotation period matches that seen in 
the wavelet plot below.	
  

Figure: Sphot,5 index for Kepler-186. the 
increase in activity corresponds to power 
in the wavelet plot above.	
  


