
















6. STELLAR FLARES AND ROTATION

Rotation is directly linked to the generation and strength of
stellar magnetic fields. Stars lose angular momentum as they
age via magnetic braking, which in turn decreases the strength
of the stellar magnetic dynamo over time. This age–rotation–
activity connection was first illustrated by Skumanich (1972).
As a result, the use of rotation periods to infer or constrain
stellar ages has recently become popular (e.g., Barnes 2007;
Mamajek & Hillenbrand 2008; van Saders et al. 2016).

The decay in magnetic field strength with stellar rotation
evolution has also been explored using various magnetic
activity indicators. Wright et al. (2011), for example, measured
a decrease in the X-ray luminosity as low-mass stars spun
down, demonstrating a clear connection between the magne-
tically driven coronal activity and stellar rotation. Similar decay
profiles of chromospheric activity with rotation have been
observed using indicators such as Hα line emission strength
(Douglas et al. 2014).

Flares are a highly localized manifestation of stellar surface
magnetic fields. The evolution of stellar flare rates and
properties with stellar rotation has been explored with limited
ground-based flare samples (Skumanich 1986). Recent work
with Kepler flares has indicated a decreasing rate of superflares
for solar-type stars with increasing rotation periods (Maehara
et al. 2015). Total flare frequency for KeplerG, K, and M
dwarfs that have superflares has also been shown to decay with
slowing stellar rotation (Candelaresi et al. 2014). Though a
detailed analysis of flare rates with stellar age is beyond the
scope of this paper, in this section I will point out interesting
trends with rotation seen in this sample.

To compare flare rates between stars, the information content
within the FFD must be reduced from the two parameters in the
power-law fit to a single quantity that describes the star’s total
flare activity level. Such a metric can be constructed in varying
ways. For example, the cumulative rate of flares per day
(vertical axis in Figure 6) could be measured at a fixed,
standard energy. While this standardized flare rate metric is not
used for the analysis shown here, it is briefly described here for

use in future ensemble flare studies. Using the average flare
energy from the Kepler sample presented here, a benchmark
flare rate could be evaluated at 1035 erg for all stars. The
interpretation of this rate is simple and potentially useful for
observers, and its measurement benefits from the careful
investigation of flare completeness for each star described in
Section 4. However, there are several important limitations in
measuring such a quantity. Many stars do not exhibit flares at
this particular energy, either for their rarity at such high
energies (e.g., flaring M dwarfs), or from faint stars where only
the largest superflares are detected. The power-law fit to the
FFD can be evaluated at this benchmark energy, extrapolating
the flare rate estimation beyond the observed energy range.
However, the accuracy of this fit flare rate is limited due to the
possible presence of significant breaks in the FFD power-law
shape as shown in Figure 6 at the high-energy end, or by
Hawley et al. (2014) at lower flare energies. Also, errors in the
quiescent luminosity calculation for each star due to factors like
interstellar dust correction and isochrone fitting will impact the
flare energy estimates, possibly giving inaccurate flare rates at
the specified standard energy.
Instead, the total fractional flare luminosity in the

Kepler bandpass, L Lfl Kp, is used to characterize each star’s
flare activity level. This quantity was previously introduced in
Lurie et al. (2015) to compare the flare yields from the two
members of a wide M+M dwarf binary system observed with
Kepler. This metric is calculated by summing up all the flare
EDs for each star, and gives the relative luminosity a star
produces in flares across the Kepler bandpass within the
observed energy range. This quantity has the advantage of
being easily calculated without the need for flux calibrating the
light curve or assuming a stellar distance, and is qualitatively
similar to other classical indicators of stellar magnetic activity,
such as L LX bol and aL LH bol.
Note that this quantity could be normalized to the stellar

bolometric luminosity, by computing L LKp bol. Generating this
normalization would be analogous to the creation of the “χ
factor” used to convert Hα equivalent widths into aL LH bol.

Figure 6. Left: cumulative flare frequency diagram from all 14 long-cadence quarters (red lines) and 11 short-cadence months (blue lines) for the active M dwarf GJ
1243. The flare rate has been sampled using bins of logarithmic energy. Note that the low-energy cutoff for each data file has been set to the average local 68% flare
recovery completeness limit. The average flare frequency distribution is computed by taking the mean in each bin for all files above their respective completeness
limits (black line). Uncertainties shown are computed using the Poisson distribution. A weighted least-squares power-law fit to the data is computed, which describes
well the entire observed flare energy distribution (dark blue line), with power-law fit coefficients listed. Right: same diagram for the flaring G dwarf KIC 11551430
(nicknamed “Pearl” by David R. Soderblom). Unlike GJ 1243, a break is apparent in the flare frequency distribution power law at high energies.
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The Hα χ factor accounts for the changes in the spectral
continuum shape and contrast between stars of different
spectral types. A comparable “flare χ” to convert L Lfl Kp into
L Lfl bol would require both a correction for the stellar spectrum
across the Kepler bandpass, as well as an estimation of the
spectral energy distribution of the flare throughout the event.
This latter term requires a unified model of white light emission
for both simple (single-peaked) and complex (multi-peaked)
stellar flares (Allred et al. 2015).

The uncertainty for L Lfl Kp is calculated by adding in
quadrature the uncertainties on the ED from every flare. This
uncertainty on ED for each flare is computed as

s
c

=
n

ED
2i

i

i i

ED,

2

2
( )

where EDi is the flare’s ED, and ni the number of data points
contained in the flare. The c2 here is the typical reduced
goodness-of-fit metric computed for each flare in Equation (1).
In this way, which may be counterintuitive, larger values of c2

indicate more certainty in flare detection, and in turn yield a
smaller error on the total L Lfl Kp computed for a star.

From the final sample of 4041 flare stars, 402 targets had
rotation periods of at least 0.1 days measured from the
ensemble analysis of McQuillan et al. (2014). These rotation
periods were determined using the auto-correlation function,
which is less prone to detecting period aliases as compared to
Lomb–Scargle approaches. These periods have been well
vetted, and compared against independent measures of rotation
in the Kepler data (Reinhold et al. 2013). Additionally, the
sample of stars with reported rotation periods from McQuillan

et al. (2014) are not known to have significant contamination
from giant stars. While the de-trending and flare detection
algorithm featured in this work (Section 3.1) does fit sine
curves to the the continuous portions of the light curve, at
present it does not report a characteristic period for each object.
Future work with updated version of the algorithm and newer
releases of Kepler data will investigate the possible correlation
between the McQuillan et al. (2014) rotation periods and the
periods determined by this de-trending algorithm.
In Figure 7 I show the relative flare luminosity versus

rotation period for the 402 stars with valid periods, separated
into six bins of the stellar g−i color. Using Table 4 from
Covey et al. (2007), these g−i color bins correspond to
spectral type ranges of G0–G8, G8–K2, K2–K5, K5–M0, M0–
M2, and M2–M4, respectively. In total 357 stars fall within the
color bins shown in Figure 7. There were 45 additional objects
with KIC colors bluer than - =g i 0.5, i.e., with spectral
types of A and F. While it is surprising to detect flares or flare-
like events from such early type stars given their lack of deep
convection zones, they have been reported previously in the
Kepler data (Balona 2012).
The earliest spectral type (bluest) bin in Figure 7 shows only

a weak correlation between relative flare luminosity and stellar
rotation period. The large scatter in this diagram, especially for
the stars with very high levels of flare activity, may be due to
outliers in the sample from binary stars, or stars with
anomalous flare-like events as seen in the A and F stars noted
above. However, stars in this mass range with rotation periods
less than ∼10 days are also considered to be in the “super-
saturated” dynamo regime (e.g., Argiroffi et al. 2016). Stars
with saturated dynamos have a high level of magnetic activity,
and show a decoupling between magnetic activity indicators

Figure 7. Relative flare luminosity vs. rotation period for six cuts in -g i( ) color space, which correspond to approximate spectral type ranges of G0–G8, G8–K2,
K2–K5, K5–M0, M0–M2, and M2–M4. Each data point represents the total flare luminosity for a star that passes the sample cuts described in the text, and has a valid
rotation period from McQuillan et al. (2014). The number of stars in each bin is indicated in the panel titles. A significant decrease in flare luminosity is seen as a
function of rotation period for each subsample.
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and their rotation periods. The mechanism behind the observed
magnetic activity saturation is debated. Given the lack of G
dwarfs with long rotation periods in McQuillan et al. (2014),
and thus in the sample of 402 stars presented here, it is not clear
that any strong or coherent evolution in flare activity with
rotation should be expected for this bluest bin.

For stars with - >g i 0.75 (spectral types later than
approximately G8) in Figure 7, a significant trend in flare
activity is seen with rotation period. A saturation-like regime is
seen at short periods, and power-law decay for rotation periods
longer than ∼1 day. For stars in the reddest bin ( - >g i 2.5,
spectral type M2–M4), the paucity of targets with very short
rotation periods means only a power-law decay is observed.
There are too few stars with spectral types later than M4 to
investigate the evolution of flare activity with rotation across
the “fully convective boundary.” This form of saturation and
decay profile of magnetic activity has been observed using
several other metrics. X-ray luminosity for low-mass stars
saturates at rotation periods of a few days (Pizzolato
et al. 2003; Wright et al. 2011). Ultraviolet excess emission
appears to follow X-ray luminosity for young stars, with a
similar saturation regime (Shkolnik & Barman 2014).

Stellar activity indicators are often compared between low-
mass stars with a range of masses by normalizing the rotation
period to a dimensionless rotation indicator. The Rossby
number is commonly used for this purpose, and is defined as

t= PRo rot , where τ is the (model derived) convective
turnover timescale that is a function of stellar mass. In this
way Rossby number gives a mass-independent metric for the
star’s rotation, which is useful for comparing to manifestations
of magnetic activity. For example, Candelaresi et al. (2014)
have investigated superflare rates in Kepler as a function of
Rossby number. Masses for stars in the final flare sample
presented here are determined using the isochrone fits
described in Section 3.3. The τ values are computed using
Equation (11) from Wright et al. (2011), which are then used to
convert rotation periods from McQuillan et al. (2014) into
Rossby number.

In Figure 8 I present the relative flare luminosity as a
function of Rossby number for stars with spectral types later
than G8. A clear decay in flare activity with increasing Rossby
number (or rotation period) is seen. Following other studies of
activity evolution with Rossby number (e.g., Wright
et al. 2011), a simple piecewise model can be used to fit the
data in Figure 8, with a constant (flat) level of activity up to a
critical Rossby number, and a single power-law decay for
larger values of Ro. The data in Figure 8 were fit using this
piecewise function and a weighted least-squares fitting routine,
yielding saturated relative flare luminosity, critical Rossby
number, and power-law slope values of

b

=- 

= 
=- 

-L Llog 2.99 0.03

Ro 0.036 0.004
0.97 0.06 3

fl Kp
1

sat

sat

[ ( )]

( )

respectively. The critical Rossby number separating the
saturated and decay regimes of Rosat is much smaller than
the typical value of 0.1 found using X-ray activity, indicating
that stellar flares become coupled to a star’s angular momentum
evolution sooner than the coronal X-ray emission (Pizzolato
et al. 2003). Wright et al. (2011) point out that the saturation
threshold Rossby number is not universal among

chromospheric and coronal activity indicators, and that
Marsden et al. (2009) find a break as low as Ro∼0.08 using
Ca II emission.
The power-law decay in flare luminosity shown in Figure 8

is slower than for X-ray luminosity or L LX bol, which typically
is found to decay with a power-law slope of b ~ -2 (Wright
et al. 2011). A similarly shallow decay with Rossby number of
b ~ -1 was indicated for chromospheric Hα emission in two
open clusters by Douglas et al. (2014). Flare activity has been
suspected as a cause for the heating of both the stellar
chromosphere and coronae (Skumanich 1985), and flares have
repeatedly been shown to be a probable cause of quiescent
coronal emission (e.g., Kashyap et al. 2002). The similar
evolution of Hα emission and flare activity found in this work
is further suggestion toward a connection between flares and
chromospheric heating.
The data in Figure 8 can also be fit using a single power-law

decay, with no saturation regime. Using this model a power-
law decay slope of b = - 0.77 0.04 is found. This single
power law has nearly the same quality of fit as a broken power-
law model using the reduced c2 parameter. The Bayesian
Information Criterion (BIC) can be used to determine which
model is preferred by penalizing additional degrees of freedom
or parameters in the model. A more complicated model is
typically preferred if the BIC improves by at least two. I
calculated the BIC for both the single and broken power-law
models as c= + ´k nBIC ln2 ( ), where k is the number of
free parameters in the model and n is the number of data points
contained in Figure 8. The broken power-law model had a BIC
value 6% larger than the single power law, indicating the
simpler model is slightly preferred for this data.
Interestingly, when each subsample shown in Figure 7 is

fitted with these two models, the picture becomes less clear.
The broken power-law model is preferred by the BIC for the

Figure 8. Relative flare luminosity vs. Rossby number (Ro) for the final sample
of flare stars in the color range < - <g i0.75 3. Convective turnover
timescales (τ) are derived from Equation (11) of Wright et al. (2011).
Uncertainties in the total relative flare luminosities, described in the text, are
smaller than the data points shown. A clear trend is seen in this diagram, with
flare activity decreasing at larger Rossby numbers. Two models are shown for
comparison: a single power law with slope of −0.77 (blue dashed line) and a
broken power law (red solid line) as is typically used to describe magnetic
activity vs. Rossby number. The “saturated” regime suggested by the latter
model occurs at Ro∼0.03, and a power-law decay with slope ∼−1 dominates
to high Ro.
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two bluest (highest mass) samples, while the single power-law
model is slightly preferred for the reddest two (lowest mass)
samples. As the statistical errors on L Lfl Kp are far smaller than
the scatter shown in Figures 7 or 8, it is not clear if the change
in flare activity with Ro can be described by either the single or
broken power-law model for all stars.

7. SUMMARY AND DISCUSSION

I have presented a homogeneous search for stellar flares
using every available light curve from the primary four-year
Keplermission. A final sample of 4041 flare stars was
recovered, with 851,168 flare events having energies above
the locally determined completeness limit. This analysis
included extensive completeness testing, using artificial flare
injection and recovery tests throughout each light curve to
determine the flare recovery efficiency as a function of time.
While these tests provide a robust and straightforward means to
estimate the event recovery efficiency, they currently do not
estimate how accurately artificial flare event energies were
reproduced. Future improvements to the flare-finding algorithm
could keep track of the recovered energy and duration for every
simulated flare. The light curve de-trending algorithm may also
be simplified by using more advanced techniques, such as
continuous autoregressive moving average-type models to
describe the many forms and timescales of variability at once
(e.g., Kelly et al. 2014).

As a demonstration, in Figure 6 I have shown one example
of a deviation or break from a single power law in flare
occurrence at large flare energies. However, many other active
stars show similar breaks at large flare energies in this sample.
A systematic follow-up study of FFDs is needed to determine if
this break is common among young solar-type or low-mass
stars, which will be impact detailed studies of superflare
occurrence. The maximum flare energies recovered in this work
are also much higher than previous studies, with a small
number of stars in Figure 5 exhibiting up to 1039 erg events.
These events may be the result of errors in either the light curve
de-trending leading to spurious flare events, or the quiescent
luminosity determination yielding incorrect energies for real
events. Note also that small offsets between flare energies
calculated with short- and long-cadence data are seen, as in
Figure 6. This may be largely an effect of the respective light
curve sampling (e.g., see Maehara et al. 2015).

From the final sample of 4041 flare stars, 402 were found to
have published rotation periods from McQuillan et al. (2014).
A striking evolution of flare activity with stellar Rossby
number is seen. This evolution includes a possible saturated
flare regime for rapidly rotating (low Rossby number) stars,
and power-law decay that is qualitatively similar to previous
results for chromospheric Hα emission. The tentative discovery
of a flare saturation regime gives credence to the model of
magnetic activity reaching a peak level due to a maximum
filling factor of small-scale active regions on the surface
(Vilhu 1984). However, the Rossby saturation limit (Rosat) and
the power-law decay slope do not match expected values from
most previous studies of magnetic activity saturation and
evolution. Since the sample of flare stars is biased more toward
K and M dwarfs than most studies of coronal or chromospheric
saturation, the smaller Rosat value may indicate that lower mass
stars have different saturation limits than solar-type stars (West
& Basri 2009). Alternatively, this result may indicate that flare
activity traces a fundamentally different component of the

stellar surface magnetic field. The connection between white
light flares, chromospheric emission, coronal heating, and the
generation of the magnetic dynamo clearly deserves further
observational investigation. Given the varied dependance on
Rossby number that these related manifestations of magnetic
activity have shown, the dependence of Rossby number as the
fundamental metric for tracing dynamo evolution is uncertain
(Basri 1986; Stepien 1994).
The large sample of flares observed by Kepler enables a new

generation of statistical studies of magnetic activity. This may
yield power advances in constraining stellar ages via flare rates
or maximum flare energies, known as “magnetochronology.”
The uniformity of flare activity evolution can be tested using
wide binary stars or stellar clusters, many of which are being
observed by the Kepler and K2 missions. Beyond the total flare
activity levels for ensembles of stars, the temporal morphology
of individual flare events may shed new light on the formation
of “classical” versus “complex,” multi-peaked flares, as
discussed by Davenport et al. (2014a), Balona et al. (2015),
and Davenport (2015). Modeling the detailed structure of these
complex events will help in detecting rare “quasi-periodic
pulsations” in flares (Pugh et al. 2015). Finally, the statistical
knowledge we gain from Keplerwill enable more accurate
predictions of flare yields from future photometric surveys.
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