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that NUV � are mechanics are governed by the same physical
processes as captured in solar events. Optical micro� are
signatures on M dwarfs have also exhibited short timescale
variability as discussed by Schmitt et al.(2016), who found
� are-rise timescales on the order of seconds, with� are
signatures of comparable brightness to the quiescentB-band
luminosity. These studies highlight the growing interest in
small-scale� are events and demonstrate the synergy between
stellar and solar observational and modeling efforts.

However, there is a gap in the current literature, with few
studies investigating the role of nano� ares on other stellar
sources. Falla & Potter(1999) examined the production of
nano� are energies in the X-ray emission of RS�CVn systems.
The authors concluded that while nano� ares may be produced
in these stars, current observational limits would prohibit the
direct detection of nano� are events in the X-ray band. True to
the predictions of Falla & Potter(1999), currently the lowest
energy stellar� ares that have been directly observed are on the
order of 1028�erg (Güdel et al.2002; Benz & Güdel2010),
which are orders of magnitude above the traditional range of
individual nano� are energies. It is generally predicted that the
� are occurrence rate will be higher on magnetically active stars,
such as dMe� are stars(Walkowicz et al.2011). As such,
nano� ares may be even more frequent on these stellar sources
when compared to the Sun, thus producing power-law indices
substantially larger than estimates for the solar case.

Direct observation of solar nano� ares has also remained a
challenging endeavor, with their signals lying below the noise
� oor of current-generation instrumentation. As a result,
researchers have had to turn their attention to other approaches,
such as spectroscopic techniques to compare the scaling
between kinetic temperatures and emission measures of coronal
plasma(e.g., Klimchuk & Cargill2001; Sarkar & Walsh2008,
2009; Bradshaw et al.2012), analysis of weak impulsive radio
emission in the corona(Mondal et al. 2020), comparisons
drawn between extreme ultraviolet(EUV) and X-ray emission
(e.g., Sakamoto et al.2008; Vekstein2009), or the examination
of the time delays between different temperature-sensitive EUV
imaging channels(e.g., Viall & Klimchuk 2011, 2012, 2013,
2015, 2016, 2017). In addition, Terzo et al.(2011) and Jess
et al.(2014) employed statistical techniques to provide evidence
of solar nano� ares. These statistical approaches are further
developed in the recent work by Jess et al.(2019), who infer the
presence of nano� ares in a seemingly quiescent solar data set by
comparing intensity� uctuations extracted from high time
resolution imaging with those from Monte Carlo synthetic
lightcurves designed to replicate the presence of small-scale
nano� are events. Jess et al.(2019) further suggested that similar
nano� are statistical techniques could also be directly applied to
high time resolution observations of stellar sources, that is, to
modernize the work of Audard et al.(1999) and Kashyap et al.
(2002) through comparisons of intensity� uctuations with
nano� are-speci� c simulations.

On the contrary to the� are frequencies predicted by thedN/ dE
power-law relationship, several studies have documented evidence
for “periodic” brightness variability through the examination of
stellar intensity� uctuations, with periods ranging between 1 and
1000 s(Andrews1989; Rodríguez et al.2016; McLaughlin et al.
2018). These periodic brightenings are of uncertain origin, but
they are believed to be linked to ubiquitousp-mode oscillations
or other magnetohydrodynamic(MHD) wave behavior(e.g.,
Aschwanden et al.1999; Nakariakov & Verwichte 2005;

Nakariakov et al.2010; McLaughlin et al.2018) generated in
the convective layers of stars. The link to
p-mode oscillations is due to a comparable period range
(1–1000�s), in addition to them beingobserved during periods
of quiescence(i.e., no associated macroscopic� aring signatures).

In a number of publications, Andrews(1989, 1990a, 1990b)
examined dMe� are stars across a range of conditions, from
immediately after large-scale� are events to during relatively
long periods of quiescence, and found that the dMe� are stars
exhibited small periodic brightenings, on a scale of seconds to
minutes. The author interpreted these periodic signals as a
likely consequence of MHD wave behavior, as the periodic
signals were observed during times of quiescence, with no
impulsive activity witnessed in the time series. A follow-up
study by Andrews & Doyle(1993) investigated whether� aring
events can reproduce signals with 1–1000 s periodicities, and
they suggested that while individual small-scale� ares may
contribute to such signatures, they were unable to provide
suf� cient evidence to directly link� aring events to the periodic
signals.

However, � are-related variability giving rise to periodic
phenomena has been documented across a range of solar
observing sequences. McLaughlin et al.(2018) discuss self-
oscillatory � aring (perhaps due to magnetic dripping, as
discussed by Nakariakov et al.2010), which can produce a
periodic signal, despite nonperiodic driving. Additionally,
Arzner & Güdel (2004) discussed� are clustering and the
relationship between the mean� aring interval and expected
count rates. This led Jess et al.(2019) to speculate that small-
scale� aring may have a quasi-periodic nature, due in part to
the power law governing its occurrence rates. With this in
mind, the superposition of hundreds or thousands of(quasi-)
periodic nano� are signatures each second may give rise to a
periodic brightness signal, without any of the“� are-like”
impulsive signatures seen in the corresponding stellar light-
curve. By combining the statistical parameterization techniques
developed for solar nano� are detection with a novel Fourier
spectral analysis, here we investigate stellar nano� are signals
and their potential role in the periodic brightenings found in
stellar lightcurves.

2. Observations with NGTS

The impulsive rise and subsequent decay phases for solar
nano� ares are on the order of tens to hundreds of seconds(Jess
et al.2019). Stellar� are decay rates on UV Ceti-type stars are
around one order of magnitude shorter than for the Sun, leading
to even faster signal evolution on the order of tens of seconds
(Gershberg1975). As a result, high-frequency resolution and a
short temporal cadence are required to fully capture these
dynamic signals. Jackman et al.(2018, 2019a, 2019b, 2019c,
2020) employed the high cadence of the Next Generation
Transit Survey (NGTS; Wheatley et al.2018) to apply
techniques developed for solar� are analysis to stellar� are
oscillations, inspiring our use of the NGTS to extend statistical
solar nano� are techniques to stellar lightcurves. The NGTS is a
ground-based array of 12 telescopes that scan the sky in the
optical domain, searching for transiting exoplanet signals, but it
has also become a platform for stellar� are analyses. The NGTS
has a cadence of� 12�s, providing a Nyquist frequency of
� 41.6 mHz, with the observations spanning up to hundreds of
thousands of frames for a single star.
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When searching for signatures of nano� are activity, we
extracted lightcurves for M-type stars. M-dwarf� ares have a
higher contrast that is due to their lower quiescent background
� ux than is typically seen on G and K stars(Günther et al.
2020). This increased contrast is essential to capturing
nano� are signals below the noise� oor. Additionally, M-star
� ares have a strong contribution in white light(Walkowicz
et al.2011), ideal when utilizing data sets from optical surveys,
that is, the NGTS. These bene� ts outweigh an increased
photometric noise level, which is itself minimized by
leveraging the large-number statistics of statistical nano� are
analysis. Finally, as these are� are-active stars,� are occurrence
rates will be higher than in“solar-like” stars. This means
M-dwarf stars are likely to provide the best conditions for the
manifestation of detectable nano� are signals. Speci� cally, the
stars NGTS J030047.1-113651, NGTS J030415.6-103712, and
NGTS J031800.1-212036 were chosen as each of these had
more than 105 data points available for study, hence
maximizing the available number of statistics for our analyses.

As our scienti� c analyses revolve around� are-active M-type
stars, it was deemed important to also examine non-� are-active
stars, which can act as a control test to ensure our data analysis
techniques are not incorrectly mistaking residual systematic
signals as evidence for stellar nano� ares. Since A-type stars are
absent a convective zone, their resulting lack of� are-like
behavior provides an ideal set of complementary data products.
Some recent studies(Balona 2012; Fossati et al.2018;
Balona 2020) do suggest A stars are capable of� aring, but
this has also been disputed(Pedersen et al.2017). If the
observed signals are indeed A-star� ares, then only extremely
energetic� ares have been observed; Balona(2020) discuss
A-star � ares with energies in the range 1035

–1036�erg, 10
orders of magnitude above traditional nano� are activity. If only
highly energetic events can rise above the high background
luminosity on A stars, this would explain the rarity of A-star
� are observations. As such, low-energy nano� aring would be
entirely lost within the lightcurves of these stars, due to the
minimal contrast invoked, meaning A-type stars would appear
quiescent at small-scale� are energies in the NGTS data sets,
regardless of their true� aring behavior. This means A-type
stars cannot exhibit a signal consistent with nano� ares. As
such, we examined the A-type stars NGTS J025840.5-120246,
NGTS J030958.4-103419, and NGTS J030129.4-110318. It is
important to note that A-type stars have a very different
spectral energy distribution(SED) than M-dwarf stars, so they
are not a conventional choice for relative photometric
comparison. To ensure robust null testing, we also examined
low-activity K stars, which have an SED that is more
comparable to M-type stars(i.e., choosing similar spectral
types as is standard for photometric comparison, e.g., Amado
et al. 2000). The low-activity K-type stars were chosen over
low-activity M-dwarf stars because of their higher luminosity,
leading to decreased low-energy� are contrast when compared
to the M types. While the low-activity K-type stars could
theoretically have some weak nano� aring signature present, it
would be minimized compared to the M types, so this still
serves as a valid null test. We used the K2V-type stars NGTS
J030000.7-105633, NGTS J030848.9-112217, and NGTS
J030538.9-114145. These K stars were low activity and had
no macroscopic� are events in their observed time series. All of
the A-type stars and K-type stars and two of the three M-type
stars were obtained from the same observational� eld

(NG0304-1115) and camera(809), hence ensuring consistency
across the processed A-, K-, and M-type data sequences. NGTS
J031800.1-212036 was from a different� eld (NG0313-2230),
but it had noise statistics, magnitude, and stellar parameters
consistent with the other M stars used in the present study.

The magnitudes of the stars employed were comparable(see
Table 1). This was important to ensure the noise statistics
were consistent across the stars. The majority of the stars were
around mag�13. At this magnitude, the dominant noise source
is photon noise(see Figures 3 and 14 of Wheatley et al.2018),
with scintillation noise only becoming dominant at the highest
frequencies in the data, which are beyond the typicalp-mode
periodicities we are investigating(Osborn et al.2015). The A
star NGTS J030129.4-110318 was the brightest, with an NGTS
magnitude of 11.69. At this magnitude, scintillation became a
dominant source of noise. This allowed us to investigate the
effect of increased scintillation noise on our analysis
techniques. We utilized the stellar parameters from the TESS
Input Catalog Version�8 (TIC V8; Stassun et al.2018), along
with the initial spectral classi� cation provided via SED� tting
performed by the NGTS pipeline(see Section 5.1.1 in
Wheatley et al.2018) to assign the spectral types. See Table
4 in the appendix for this and other observational parameters
(i.e., GAIA Source ID, R.A., decl., mass, radius, luminosity,
distance, approximate macroscopic� are rates, and ( )log L

L
x

Bol

ratio, where Lx and LBol are the X-ray and bolometric
luminosities, respectively).

The only M star with an X-ray luminosity measurement was
NGTS J030047.1-113651, which had an X-ray� ux measure-
ment available from the 4XMM XMM-Newton Serendipitous
Source Catalog(Webb et al.2020). This corresponded to an
X-ray luminosity of 6.47�× �1028erg s� 1. The ratio of X-ray
luminosity to the bolometric luminosity is an indication of the
activity rate of the star. We� nd ( ) � � � � � olog 3.09 0.21L

L
x

Bol
,

which compares to the literature values for a young and active
M-type star with a saturated X-ray emission of( ) � _ � �log 3L

L
x

Bol

(Kastner et al.2003; López-Santiago et al.2010).
The lightcurves were corrected for background and� at-

� elded according to the NGTS data reduction pipeline
described in Wheatley et al.(2018). This pipeline provides a
relative error in the� ux at each point in the time series. These
error bars are affected by cloudy weather and high air mass.
Any � uctuations in this error exceeding 1� above the mean
value were removed, resulting in� 10% of each time series
being omitted. This removed any data that had statistically
signi� cant increases in its associated� ux uncertainties, there-
fore preventing any large� ux errors(largely due to poor seeing

Table 1
NGTS Magnitudes of the Stars Used in the Study

NGTS Identi� er Spectral Type NGTS Magnitude

NGTS J030047.1-113651 M2.5V 13.23
NGTS J030415.6-103712 M3V 13.85
NGTS J031800.1-212036 M2.5V 13.03
NGTS J025840.5-120246 A5V 13.22
NGTS J030958.4-103419 A5V 12.55
NGTS J030129.4-110318 A7V 11.69
NGTS J030000.7-105633 K2V 13.58
NGTS J030848.9-112217 K2V 13.59
NGTS J030538.9-114145 K2V 13.57
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conditions) from contaminating the� nal time series. Next, the
lightcurves extracted for each observing sequence were
examined for the presence of macroscopic� are signatures,
something that occurred in� 0.2% of the remaining M-type
time series(i.e., following the removal of data points exceeding
1� in their relative� ux errors). To isolate the macroscopic
brightenings, each lightcurve was searched for emission
signatures exceeding 3� above the mean value, which lasted
continually for a minimum of 1�minute (� ve data points).
Based on a normal distribution, the probability of this occurring
by chance is2�× �10� 13, and hence it allowed for the robust
detection of intensity� uctuations resulting from macroscopic
� aring activity. Once the larger-scale� are signatures had been
identi� ed, they were cut from the time series using an interval
of�± 5 minutes(25 data points) from the� rst and last detection
above the 3� threshold. For consistency, the same processing
steps were applied to the A-type and K-type stellar lightcurves,
but no macroscopic brightenings were found for these sources.
The number of macroscopic� ares removed was used to
calculate approximate� are rates for the M stars. These are
listed in TableA1 in the appendix. The� are rates were of a
comparable magnitude for the three M stars, with rates of
0.012, 0.027, and 0.003� ares removed per hour for NGTS
J030047.1-113651, NGTS J030415.6-103712, and NGTS
J031800.1-212036, respectively. Combining this with the
X-ray luminosity of NGTS J030047.1-113651 being that
expected for a young and active M star, we extrapolate that
all three M stars are macro� are active, with roughly
comparable activity levels.

Upon completion of the lightcurve� ltering, the lowest
number of data points remaining was 97,060. To ensure
consistency across all subsequent analyses, each of the other
eight M-, K-, and A-type time series were cropped to the same
97,060 data points.

Once the macroscopic� are signatures had been extracted
from the time series, each of the remaining lightcurves was
normalized(night by night) by subtracting a linear line of best
� t that was derived from the corresponding time series. Next,
the lightcurves were divided by their respective standard
deviations,� N, providing time series of� uctuations around a
common mean that can be readily cross-compared with other
star types and data products. This statistical treatment
resembles commonZ-score testing, which is a statistical
technique regularly employed in physical and social sciences
(Sprinthall2012). To ensure that the output data products did
not contain any long-term or instrumental trends that are not
accounted for using the initial preparatory routines, we
subsequently detrended these data products using low-order
polynomial� ts.

3. Analysis and Discussion

As documented by Terzo et al.(2011) and Jess et al.
(2014, 2019), time series commonly referred to as“quiescent”
may in fact contain a wealth of small-scale nano� are signatures
that are embedded within the inherent noise of the photometric
signals. It is possible to uncover these signatures through
statistical analyses of the intensity� uctuations. We employ the
same techniques described by Jess et al.(2019) to attempt to
recover nano� are signatures in our M-dwarf lightcurves.

The dominant source of noise in seemingly“quiescent”
NGTS lightcurves will be shot noise, which follows a Poisson
distribution (Wheatley et al.2018). The � uctuations will be

random and, in the limit of large-number statistics, will
demonstrate equal numbers of positive and negative� uctua-
tions about the time series mean(Frank 2009). Therefore,
plotting a histogram of the inherent shot-noise� uctuations for a
truly quiescent time series would produce a symmetric
distribution, with the mean and median centered at zero. Any
subtle offsets or asymmetries to this idealized case may be
interpreted as signatures of impulsive events, with subsequent
exponential decays, embedded within the noise� oor of the
lightcurve(Terzo et al.2011).

As discussed by Jess et al.(2019), nano� ares give rise to two
distinct signals in the resulting intensity-� uctuation histograms.
The� rst is a negative median offset, whereby the median value
of the histogram is< 0� N. This is a characteristic signal
associated with an exponentially decaying signature; that is, the
decay phase following an impulsive deposition of energy occurs
over a longer timescale, hence providing more� uctuations that
are beneath the elevated signal mean caused by the impulsive
event. The second signature is an excess of� uctuations at� 2� N,
which is caused by the impulsive nature of the nano� are
intensity increases, and it gives rise to an asymmetric distribution
that can be benchmarked using Fisher skewness coef� cients. As
the evolution of a nano� are produces an almost discontinuous
increase in the lightcurve intensity, a distinct positive peak
manifests in the resulting histogram of intensity� uctuations.
Therefore, a seemingly quiescent lightcurve exhibiting both of
these signals is a strong candidate to contain embedded nano� are
signatures. Additionally, we benchmark the shape and widths of
the distributions through the calculation of the histogram
kurtosis values, in addition to the ratio of its full-width at
eighth-maximum to that of its FWHM(i.e., FW1/ 8M-to-
FWHM ratio), which is de� ned as“� ” for simplicity (see Jess
et al.2019for a more thorough overview of this key statistical
parameter). Note that a standard Gaussian distribution will have
� �= �1.73, so deviations from this provide an indication of the
intensity � uctuation occurrences taking place close to and far
away from the time series mean.

3.1. NGTS Data Sets

Figure1 displays sample lightcurves, cropped to a 36,000�s
interval, where the intensity� uctuations are normalized about
their respective means and standard deviations. Figure2
displays the intensity-� uctuation histograms for the example
A-, K-, and M-type stellar sources NGTS J025840.5-120246,
NGTS J030000.7-105633, and NGTS J030047.1-113651,
respectively. As expected, the non-� are-active A-type star
and low-activity K-star show little variation from the
standardized Gaussian distribution(dashed red lines in
Figure 2), with median offsets of 0.000�± �0.004� N and no
visible excess at�� + 2� N. This suggests that the A-type and
K-type stars have no embedded nano� are characteristics and
therefore reiterates their importance as a control test for
subsequent M-type star analysis. On the other hand, the M-type
star displays both of the characteristic nano� are signatures,
with a negative median offset equal to� 0.050�± �0.004� N and
a visible occurrence excess at� + 2� N, culminating in an
associated positive Fisher skewness value of 0.031�± �0.008
that is above the expectations of a pure Gaussian distribution.

The other candidate stars exhibited consistent signals, with
the M-type stars showing histogram signatures consistent with
nano� are activity, while the A- and K-type stars showed no
indication of impulsive behavior beneath the noise� oor.
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A-type star NGTS J030129.4-110318 exhibited a small
positive skew of 0.003�± �0.008, but the associated uncertainty
makes this less de� nitive when compared to the positive
skewness values exceeding 0.040 for some M-type sources.
Furthermore, NGTS J030129.4-110318 also demonstrated zero
median offset, remaining inconsistent with a distribution
composed of impulsive events followed by gradually decaying
tails. This star had a much larger deviation from Gaussian
statistics, evidenced by a kurtosis value of 0.688�± �0.016 and�
ratio of 1.814�± �0.015. This deviation from Gaussian statistics
is due to the increased brightness of this star(see Table1)
compared to the other candidates, resulting in scintillation
becoming a more signi� cant source of noise(Osborn et al.
2015; Wheatley et al.2018). It is important to note that while
the scintillation noise produces statistics offset from a
Gaussian, it is still distinct from the characteristic signatures
of nano� aring. This highlights the robustness of the statistical
nano� are analysis. The characteristics derived for all nine
stellar sources are documented in Table2. The M-type stars
exhibited a small dip below the Gaussian around� 0.90� N,
which was not seen in the A or K stars. We believe this is
connected to the negative median offset signal, which is
causing a dip elsewhere in the statistical distribution, but the
exact nature of the signal is unknown. Future investigations
could uncover the source of this dip and potentially use it as a
further diagnostic.

Employing the high time resolution and long-duration
imaging sequences of the NGTS data products has enabled
us to provide the� rst tentative evidence of nano� ares occurring

on stellar sources(see, e.g., Figure2 and Table2). However,
while the statistical signatures derived for the NGTS M-type
lightcurves resemble those expected for nano� are activity, they
do not provide any indication of the speci� c underlying plasma
conditions at work.

As previously demonstrated by Andrews(1989), Rodríguez
et al. (2016), and McLaughlin et al.(2018), small-scale
brightenings—here hypothesized to be the result of nano� are
activity—often give rise to periodic signatures in the corresp-
onding lightcurves. This has also been observed in the case of
small-scale solar activity(Terzo et al.2011). To investigate the
manifestation of periodicities in the stellar lightcurves, time
series were extracted for each star that contained the maximal
number of successive frames, where no breaks resulting from
problematic� ux calibrations, macroscopic� are events, or day/
night cycles were present, that is, the longest consecutive
number of frames consistent across the nine stars. The lowest
number of viable consecutive frames was 2316 from M-type
star NGTS J031800.1-212036. As such, each of the remaining
� ve lightcurves were cropped to an identical 2316�data points
(� 27,800�s duration) so that the� nal A-, K-, and M-type time
series had identical lengths, helping to ensure consistency
between both the Nyquist frequency and the frequency
resolution in the subsequent analyses.

Each of the six extracted NGTS lightcurves was passed
through a fast Fourier transform(FFT) to determine whether
power exists at frequencies synonymous with a typicalp-mode
spectrum(often in the range of 1–1000 s; Kjeldsen et al.1995;
Guenther et al.2008; Handler 2013; Di Mauro 2016). The

Figure 1. NGTS J025840.5-120246(A-type, top), NGTS J030000.7-105633(K-type, middle), and NGTS J030047.1-113651(M-type, bottom) lightcurves. These
sample lightcurves have been cropped to a 36,000�s interval for clarity, but our analyses utilized the entire time series. The time interval between successive data
points is� 12�s, and the amplitudes have been mean-subtracted and normalized by their respective standard deviations.
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input data resulted in a Nyquist frequency of� 41.6 mHz being
complemented by a frequency resolution,Δf�= �0.0356 mHz,
in the corresponding FFTs. However, it must be pointed out
that a strictly periodic wave signal would not manifest as
median offsets or asymmetries in the� uctuation histograms
documented in Figure2, since the evolution of a purely
sinusoidal wave signal is symmetric about its given mean. The
resulting Fourier power spectra were transformed into power
spectral densities(PSDs) following the methods de� ned by
Welch (1961) and Vaughan(2013).

Following the generation of PSDs from the nine NGTS
lightcurves, we� nd that the A-, K-, and M-type sources exhibit
consistent and distinct features in their corresponding PSDs,
with examples depicted in Figure3. The top, middle, and
bottom panels of Figure3 display the PSDs for the A-, K-, and
M-type stars NGTS J025840.5-120246, NGTS J030000.7-
105633, and NGTS J030047.1-113651, respectively. In each
panel, the crosses represent the individual frequency-dependent
power, while the solid red line depicts a trendline created using
a�± 6 frequency element(± 0.427 mHz) smoothing. It can be
seen from the solid red lines in Figure3 that the A-type and

K-type spectra are relatively� at across all frequencies with no
evidence of distinct peak frequencies. The K type does show
some slight power enhancement in the range� 1–10 mHz,
consistent with stellarp-mode oscillations, as have been
previously observed in K-type solar-like stars(e.g., Chaplin
et al. 2009). The M-type PSD exhibits more pronounced
� uctuations across the frequency domain. In the bottom panel
of Figure 3, the solid red line highlights the presence of a
primary power peak at� 0.8 mHz, followed by a gradual
decline in power as the frequency increases. This reduction in
power, as a function of frequency, can be represented by a
spectral slope,� , following the formf � . In the lower panel
of Figure 3, the spectral slope is calculated to be� �=
–0.30�± �0.05. For each M-type star, the position of the primary
peak and its associated spectral slope were calculated. The
primary peaks(or “turning point”) were found in the range
0.6–0.9 mHz, with the corresponding spectral slopes calculated
to span� 0.30�� �� �� �� 0.26. Once the spectral slopes had
been calculated, they were subsequently subtracted from each
PSD to better highlight power� uctuations above the back-
ground level(similar to the processing undertaken by Krishna

Figure 2. Histograms of intensity� uctuations, each normalized by their respective standard deviations,� N, for the NGTS J025840.5-120246(A-type, top), NGTS
J030000.7-105633(K-type, middle), and NGTS J030047.1-113651(M-type, bottom) lightcurves. A standardized Gaussian pro� le is overplotted in each panel using a
red dashed line for reference. The M-type distribution has a negative median offset with respect to the Gaussian, in addition to elevated occurrencesat � 2� N, which is
consistent with the statistical signatures of nano� are activity. On the other hand, the A-type and K-type intensity� uctuations provide no signatures of� are activity,
with the resulting distribution remaining consistent with the presence of photon-based shot noise. Zoomed insets highlight the ranges spanning� 0.4�� �� N�� �0.0 and
1.7�� �� N�� �2.2, where M-type negative median offsets and occurrence excesses, respectively, are found. The blue and gold lines display the derived distributions.
The M-type exhibited a small dip below the idealized Gaussian at around� 0.90� N, which is not seen in the A and K stars. We believe this is connected to the negative
median offset signal, which is causing a consequential dip elsewhere in the statistical distribution, but the exact nature of the signal is unknown.
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side of this convective boundary(i.e., M1 and M5) would
allow us to test this theory in a future study.

4. Conclusions

We have employed a combination of statistical and Fourier-
based analysis techniques to search for evidence of nano� are
activity in M-type stars observed by NGTS. The intensity-
� uctuation distributions of the M-type stars revealed both
negative median offsets and positive Fisher skewness values,
highlighting the presence of impulsive intensity increases,
followed by exponential decays, trapped within the noise
envelope of their corresponding lightcurves. To validate these
signatures, we examined complementary A-type non-� are-
active and K-type low-activity stars, which demonstrated zero
median offsets, alongside very minor Fisher skewness values,
highlighting the more symmetric composition of these A- and
K- type time series that are devoid of nano� are signatures.

Previous studies have observed periodic phenomena in M-type
stars that have been interpreted as evidence ofp-mode wave
activity. To investigate whether nano� are signatures, which are
governed by a power-law index, may contribute to similar(quasi-)
periodicities, we calculated power spectral densities of the NGTS
time series. Long-duration and successively acquired time series
(2316 individual data points) were employed to maximize the
frequency resolution. We found contrasting spectral features
between the A-, K-, and M-type time series. The A-type spectra
had � at power trends representative of pure shot noise
distributions. The K-type PSD was� at apart from frequency
enhancements across the range� 1–10 mHz, indicative ofp-mode
wave signatures, as we would expect from a solar-like K-type star.
By contrast, the M-type spectra revealed spectral slopes and
frequency enhancements across the range� 1–10 mHz. As a
result, it was unclear whether the frequency enhancements were a
result of nano� are activity governed by a power-law relationship
or the capture ofp-mode wave signatures. To investigate this
further, we employed Monte Carlo models of nano� are activity to
examine whether pure� are signatures have the ability to manifest
as spectral power enhancements in their corresponding PSDs.

A grid of 6100 Monte Carlo models was constructed that
replicates the exposure time, cadence, and duration of the
NGTS observations, but with each resulting time series
generated from different combinations of power-law indices,
� , and � are decay timescales,� . Each of the time series was
added to synthetic shot noise distributions to simulate realistic
NGTS lightcurves. These were examined using identical
statistical and Fourier-based techniques, with the results
cross-correlated to the observational� ndings. Importantly, we
found evidence that time series composed of nothing but
impulsive nano� are signatures and Poisson-based shot noise
are able to demonstrate spectral power peaks across the
frequency range� 1–10 mHz, suggesting that previously
detectedp-mode signatures may actually arise from nano� are
activity in the host star. Combining both the statistical and PSD
benchmarks, we� nd evidence for stellar nano� are activity
across the sampled M-type stars for a power-law index
� �= �3.25�± �0.20 and a decay timescale� �= �200�± �100 s.

In the future, higher cadence observations from instruments such
as HiPERCAM(Dhillon et al.2016) may allow for the more rapid
accumulation of suitable number statistics, plus the ability to
investigate potential nano� are signals across a number of different
color photometry bands. As the nano� aring parameters observed in
the Sun by Jess et al.(2019) varied with wavelength, we would

expect a similar result for stellar nano� ares. Such multiwavelength
observations could allow for a limited analysis of how the
nano� are signals differ throughout the stellar atmosphere.
Investigating young Sun-like stars with HiPERCAM is also an
area of interest, as the high cadence and multicolor observation can
overcome the dif� culties of increased� are contrast on these young
and active stars. Due to their highly active X-ray emission and
coronal temperatures(Johnstone & Güdel2015), we expect a very
high degree of nano� are activity, possibly leading to stellar coronal
heating via nano� aring. Furthermore, a follow-up observational
campaign could leverage the large sky sampling of the NGTS to
examine the presence of nano� are signatures on other spectral
classi� cations, particularly M1 and M5 spectral types, and
investigate how the convective boundary affects the nano� are
power-law indices. This larger star sample could also investigate
the source of the dip below the idealized Gaussian at approximately
� 0.90� N in the statistical distribution of the M stars. To further
improve the Fourier-based PSD analyses, we propose a more
continuous observational platform that will further increase the
frequency resolution possible, such as the Transiting Exoplanet
Survey Satellite(TESS; Ricker et al.2014), which can operate in
both 240�s and 20�s cadences. The 20�s cadence data is part of the
extended mission program that will begin operations in July 2020.
The obvious advantages of space-based observations would allow
us to minimize any high-frequency(scintillation) noise present in
the stellar lightcurves, while also allowing for a much higher
frequency resolution in the subsequent PSD analyses. Longer-
duration observations have been proposed to study stellar
oscillations in greater detail(Ball et al.2018), and this capability
would extend the same advantages to our nano� are PSD analyses.

C.J.D. and D.B.J. wish to thank Invest NI and Randox
Laboratories Ltd. for the award of a Research and Development
Grant (059RDEN-1) that allowed the computational techniques
employed to be developed. D.B.J. would like to thank the UK
Science and Technology Facilities Council(STFC) for an Ernest
Rutherford Fellowship(ST/ K004220/ 1), in addition to a
dedicated standard grant(ST/ L002744/ 1), and a consolidated
grant(ST/ T00021X/ 1) that allowed this project to be undertaken.
S.J.C. would like to thank the UK Science and Technology
Facilities Council(STFC) for an Ernest Rutherford Fellowship
(ST/ R003726/ 1). This project is based on data collected under
the NGTS project at the ESO La Silla Paranal Observatory. The
NGTS facility is operated by the consortium institutes with
support from the UK STFC under projects ST/ M001962/ 1 and
ST/ S002642/ 1. P.J.W., D.R.A., and R.G.W. acknowledge
support from STFC consolidated grants ST/ L000733/ 1 and
ST/ P000495/ 1. D.B.J. wishes to acknowledge scienti� c discus-
sions with the Waves in the Lower Solar Atmosphere(WaLSA;
www.WaLSA.team) team, which is supported by the Research
Council of Norway(project no. 262622) and the Royal Society
(award no. Hooke18b/ SCTM). This research has made use of
data obtained from the 4XMM XMM-Newton Serendipitous
Source Catalog compiled by the 10 institutes of the XMM-
Newton Survey Science Centre selected by ESA.

Facility: Next Generation Transit Survey(NGTS).

Appendix A
Stellar Parameters

Additional stellar parameters, including the R.A. and decl.
for each star, are described in TableA1.
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Table A1
Spectral Type, NGTS Identi� er, Gaia Source ID, TESS Input Catalog(TIC) ID, R.A., Decl., Stellar Mass(in Solar Mass Units), Stellar Radius(in Solar Radii Units), Stellar Luminosity(in Solar Luminosity Units),

Distance(in Parsecs), Macroscopic Flare Rate(per Hour) and the Ratio ( )log L
L

x

Bol
for the Stars Used in the Analysis

SP Type M2.5v M3V M2.5V A5V A5V A7V K2V K2V K2V
NGTS ID NGTS J030047.1-

113651
NGTS J030415.6-

103712
NGTS J031800.1-

212036
NGTS J025840.5-

120246
NGTS J030958.4-

103419
NGTS J030129.4-

110318
NGTS J030000.7-

105633
NGTS J030848.9-

112217
NGTS J030538.9-

114145
GAIA ID 5160579407177989760 5160771340676667776 5099679725858611840 5160183681775577472 5165979280580778624 5160773569763964416 5160700765773865600 5165722991292368384 5159884962505997184
TIC ID 141307298 23138344 92249704 98757710 23221987 141309114 141287385 23192572 23169095
R.A. 45°. 196372 46°. 065155 49°. 500502 44°. 66885 47°. 493582 45°. 372827 45°. 003119 47°. 203979 46°. 412072
Decl. � 11°. 614197 � 10°. 620268 � 21°. 343482 � 12°. 046304 � 10°. 572118 � 11°. 055091 � 10°. 942633 � 11°. 371446 � 11°. 696004
Mass(Me) 0.40�± �0.02 0.55�± �0.02 0.40�± �, 0.02 2.28 1.27�± �0.21 1.81�± �0.29 0.77 0.78 0.78
Radius(Re) 0.41�± �0.01 0.55�± �0.02 0.41�± �0.01 3.03 1.16�± �0.05 1.65�± �0.09 0.85 1.16 0.78
Luminosity

(Le)
0.021�± �0.005 0.036�± �0.009 0.021�± �0.005 54.916 2.0�± �0.1 8.6�± �0.8 0.342 0.647 0.356

Distance(pc) 67.5�± �0.4 125.6�± �1.6 59.6�± �0.2 3464.1�± �477.9 690.6�± �11.8 737.7�± �30.5 375.1�± �10.3 532.2�± �12.9 381.1�± �5.6
Macroscopic

Flare Rate
(Flares
per Hour)

0.012 0.027 0.003 0 0 0 0 0 0

⎜ ⎟
⎛
⎝

⎞
⎠log Lx

LBol
� 3.09�± �0.21

Note. The stellar masses, radii, and luminosity data are from the TESS Input Catalog release V8(Stassun et al.2018). The ratio ( )log L
L

x

Bol
is calculated by comparing the log ratio of the X-ray luminosity as observed by

the 4XMM XMM-Newton Serendipitous Source Catalog(Webb et al.2020) with the star’s luminosity. A ratio of ( ) � _ � �log 3L
L

x

Bol
is expected for X-ray-saturated, young, and active M stars(Kastner et al.2003).

15

T
he

A
strophysicalJournal,

904:109(18pp),
2020

D
ecem

ber
1

D
illon

et
al.



Appendix B
Power Spectral Density Compared

Figure B1 shows the trendlines(calculated over± 6
frequency elements or± 0.427 mHz) of Fourier PSDs for the
example A, K, and M stars, as well as for a modeled time series
with a power-law index� �= �3.25 and a� are decay timescale
� �= �245�± �24.5 s. This plot highlights the agreement in the
observational M-type and modeled time series PSDs, with
comparable spectral slopes of approximately� �= �� 0.30�± �0.05
and peaks around� 0.8 mHz. This is in contrast with the A- and
K-type PSDs, which are relatively� at and featureless by
comparison.

Appendix C
Observational Considerations

The detectability of nano� are signals via statistical and
periodic analyses is dependent on the underlying observational
parameters, including the following:

1. Time Series Length: The statistical analysis is dependent
on the number of frames,N. The error in statistical
analyses scales withN, while the signal scales withN.
Periodic analysis is also dependent on the time series
length, but crucially on the length of successive
uninterrupted frames. Increasing the duration of the

observations will provide increased frequency resolution.
The periodic signal also bene� ts from increased number
statistics, as the number of nano� ares captured increases
with longer observing sequences, hence providing more
accurate quanti� cation of any associated periodicities.
We have investigated modeled lightcurves(which are not
subject to day/ night cycles) and found that increasing the
number of successive frames had the effect of increasing
the ratio of nano� are power above the noise� oor in the
range 1–5 mHz (i.e., the lower panel of Figure7). As a
result, the nano� are periodic signatures became more
prominent than the noise. We expect space-based(e.g.,
TESS) observations will allow us to uncover more of the
underlying spectral slopes, particularly for the highest
power-law values.

2. Cadence: Shorter cadences will allow for increased
Nyquist frequencies to better resolve rapid and short-
lived periodic signatures. Subsecond cadences(e.g.,
HiPERCAM, with exposures on the order of millise-
conds; Dhillon et al.2016) could allow for a very large
frequency range and excellent number statistics to be
achieved in a very short observation window.

3. Apparent Magnitude: As the observed magnitude
increases, the scintillation noise begins to increase also
(this is not an issue with space-based observations). This

Figure B1. Fourier power spectral density trendlines calculated over�± 6 frequency elements(± 0.427 mHz) for example A-, K-, and M-type stellar sources NGTS
J025840.5-120246(red line), NGTS J030000.7-105633(orange line), and NGTS J030047.1-113651(blue line), and a modeled time series corresponding to a power-
law index� �= �3.25 and a� are decay timescale� �= �245�± �24.5 s(black line), displayed in normalized units of�T ��mHzN

2 1. It can be seen that the A-type and K-type
spectra are relatively� at across all frequencies with no evidence of distinct peak frequencies. The K-type does show some slight power enhancement in� 1–10 mHz,
consistent with stellarp-mode oscillations, as have been previously observed in K-type solar-like stars(e.g., Chaplin et al.2009). Contrarily, the M-type PSD has a
primary power peak at� 0.8 mHz, followed by decreasing spectral power exhibiting a spectral slope of� �= �� 0.30�± �0.05, followed by numerous power peaks in the
range of 3–10 mHz, consistent with previous links to stellarp-mode spectra. The synthetic PSD is remarkably similar to the NGTS M-type stellar source, with peaks
and spectral slopes in the same range and magnitude(see Figure7 for the full range of peak frequencies and spectral slopes in modeled time series PSDs).
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would affect the frequency distribution of the noise since
the scintillation introduces a frequency-dependent noise
component that needs to be considered. Searching for
nano� ares embedded within this more complex noise
distribution would require the seeding of a scintillation
model into the numerical simulations. A future study
could explore high-magnitude stars, to determine whether
the increased scintillation is balanced by the increased
nano� are signal, or future space observations(e.g.,
TESS) could mitigate this entirely. However, the star
itself should still be of low intrinsic stellar brightness; see
below.

4. Intrinsic Stellar Brightness: Brighter stars have increased
quiescent� ux, and therefore a more pronounced noise
� oor that must be combated when searching for nano� are
signals on top of this brighter background. This means
the contrast between the nano� are signals and the
background becomes a challenging issue. Even at solar-
like luminosities, the detection of micro� are energies
becomes dif� cult, let alone nano� ares on stellar sources
that cannot be spatially resolved.
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