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Together with coronal mass ejection, flares are the most energetic stellar magnetic

events, ignited by a sudden release of magnetic energy, which triggers a cascade of

interconnected phenomena, each resulting in emission in different bands. For this

reason, flares are intrinsic multiwavelength phenomena. In particular, optical and

soft X-ray emission probes two different events occurring during flares: the heating

of plasma in the upper photosphere at the footpoints of the magnetic loops and the

heating and cooling of the plasma confined in the loops in the corona, respectively.

To characterize powerful flares observed in optical and X-rays, constrain the energy

released in both bands, the geometry of the loops, and to study flares time evolution,

we studied the brightest flares occurred in the 125-Myr-old stars in the Pleiades

observed simultaneously with x-ray multi-mirror mission/Newton and Kepler/K2.
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1 INTRODUCTION

Stellar flares are powerful phenomena due to the interac-

tion between stellar magnetic field and plasma. Following

the standard model (Fletcher et al. 2011), during flares, a large

amount of energy previously stored in the magnetic field is

released, accelerating a flow of high-speed electrons up to

MeV energies. This energy is deposited on the underlying

dense chromosphere at the loop footpoints, heating the sur-

rounding plasma to 10 or more million degrees. Very quickly,

the pressure in the heated plasma exceeds the ambient chro-

mospheric pressure making the heated plasma expand and fill

the magnetic tube above.

Flares are intrinsic multiwavelength phenomena, releas-

ing energy in several bands of the electromagnetic spectrum

(Benz 2008). Although technically challenging, multiwave-

length observations of flares occurring in stars with different

properties are thus required to fully understand the physics of

flares and whether it changes during stellar evolution.

To study flares occurring in stars more active than the Sun

in optical and X-rays, we obtained new XMM/Newton obser-

vations of the Pleiades during the Kepler K2 Campaign 4

observations. Given their proximity to the Sun (134± 6 pc,

Gaia Collaboration et al. 2016), young age (125 Myrs, Stauf-

fer et al. 1998), and rich population (with 2107 stars with

high probability of being members identified by Bouy et al.

2015), the Pleiades represent a perfect target to study stellar

variability over a wide range of stellar masses.

2 ANALYZED DATA

The Pleiades have been included in the Kepler/K2 Cam-

paign 4 and observed from February 8, 2015 to April 20,

2015, providing light curves for a total of 1020 high proba-

bility Pleiades members. We analyzed K2 light curves in the

long-cadence mode (time resolution of ∼30 min). We also

analyzed six X-ray observations of the Pleiades obtained
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FIGURE 1 Light curves of HCG 273. Top panel: K2 light curve. The error

bars of the K2 data points are smaller than the plot symbols. The red dotted

line marks the polynomial used to fit the quiescent light curve; the blue

squares mark the points corresponding to the flare. Central panel: residuals

of the K2 light curve from the best fit polynomial function. The green

squares mark the K2 point observed just before and after the flare. Bottom

panel: The combined background-subtracted MOS+PN X-ray light curve.

Shaded regions are “bad time intervals” in at least one EPIC detector

on February 2015 10th, 11th, 13rd, 17th, 18th, and 26th

with XMM-Newton using the EPIC camera. Images were

processed using SAS v.15 adopting the standard pipeline.

3 OBSERVED FLARES AND THE STELLAR
SAMPLE

The detection of the X-ray sources in the XMM images was

performed with the wavelet convolution code PWXDetect

(Damiani et al. 1997a, 1997b). We then extracted the X-ray

light curves of all detected sources following the prescription

of the SAS guide.

We selected X-ray flares in the combined MOS+PN light

curves using the Maximum Likelihood method (Albacete

Colombo et al. 2007; Caramazza et al. 2007; Scargle 1982).

We then visually inspected the K2 light curves of the stars

where X-ray flares occurred selecting 12 objects with bright

flares observed both in optical and X-rays. All these stars

are bona fide cluster members, with membership probability

approaching unity as obtained by Bouy et al. (2013), and with

the effective temperatures ranging from 3135 K to 6219 K. We

calculated their luminosity in the Kepler band in quiescence

(Lkep,quies) from their magnitude in the Kepler band.

Figure 1 shows the K2 and XMM light curves of one star

in our sample (HCG 273). To define the quiescent level, we

performed a fit of the portion of the K2 light curve during the

XMM observations with a polynomial of the fifth order.

FIGURE 2 Sequence of arrival time of the detected X-ray broad band

photons for HCG 273. The green lines mark the start and end time of the

optical flare (in both cases the 1𝜎 range centered on the nominal value

adopting a 15 min uncertainty). Red lines delimit the X-ray flare (the solid

line mark the nominal value, the dotted lines delimit the ±1𝜎 range)

3.1 Flare durations

We calculated flare durations in the K2 light curves as the

difference between the central time of the bins just before

and after the flares, that is, those marked with green squares

in Figure 1, with an adopted uncertainty of 15 ×
√

2 = 21.2

min. In the XMM light curves, the background brightness and

variability prevented us from adopting the same approach.

We thus estimated the duration of the X-ray flares directly

from the arrival sequence of detected photons, as shown in

Figure 2. This figure shows the detection sequence of all

the X-ray photons in the broad band for the star HCG 273.

To isolate the quiescence from the flare and thus derive its

start and end times, we defined in each of these sequences

the time intervals characterized by an almost constant count

rate using K-S tests to compare the observed sequence with

that expected from a linear relation. The intervals containing

the flares are thus easily recognized given their larger slope

compared with those containing quiescent emission. In eight

cases, the optical flare onset preceded that of the X-ray flare,

while the opposite occurred only in one case (HCG 150). This

is compatible with the general model of flares with the opti-

cal event in the chromosphere/upper photosphere preceding

the X-ray flare in the magnetic loop.

Figure 3 compares the duration of the flares in optical and

X-rays. To account for the small number of data points in the

scatter plot in this figure, we have performed six linear fits,

adopting different algorithms for the linear regression, using

the IDL routine SIXLIN. The resulting slopes are shown in

the bottom right corner of the figure, and they typically are

slightly smaller than one. This indicates that optical and X-ray

flare duration is similar even if typically slightly longer in

X-rays, as observed in most of solar flares.
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FIGURE 3 Flares duration in optical vs. X-rays. For each data point, we

show the name of the star. The lines mark six linear fits performed with the

IDL routine SIXLIN. The resulting slopes are indicated in the bottom right

corner. In the top left corner we also show the Spearman’s rank correlation

coefficient and the significance of its deviation from zero

Figure 4 shows flare durations in optical and X-rays as a

function of stellar rotation period. Rotation periods were cal-

culated from K2 light curves by Rebull et al. (2016). In both

bands, we observed a correlation between the duration of

the flares and the rotation period. This correlation may indi-

cate that rapidly rotating stars predominantly host short flares.

Because short flares typically indicate small flaring struc-

tures, and probably short magnetic loops, this might be in gen-

eral agreement with the scenario that in rapidly rotating stars

the intense centrifugal stripping inhibits the formation of long

loops and reduces the volume available for stellar coronae

(Argiroffi et al. 2016). However, a larger and more complete

sample of flares would be necessary to finally assess if a

correlation between flare duration and stellar rotation exists.

4 TIME-AVERAGED PROPERTIES

We computed the energy released during the optical flares

in the Kepler band (Ekep,flare) from the Equivalent duration

(ED) of each flare: Ekep,flare =ED×Lkep,quies (Davenport

2016). The ED is the integral under the normalized K2 light

curve during the flare. To calculate the energy released by

the X-ray flares and the average plasma properties (plasma

temperature: kT and emission measure [EM]), we have used

XSPEC v. 12.8.1 (Arnaud 1996) to fit the X-ray spectrum

of each source extracted during the flare with the astrophys-

ical plasma emission code ionization-equilibrium isothermal

plasma model (Smith et al. 2001). Results are summarized in

Table 1.

Figure 5 shows the comparison between the total energy

released in optical and in X-rays. As observed in most of the

solar flares, the flares analyzed in this study typically released

more energy in optical than in X-rays. As indicated by the

two-sides Spearman test, the observed correlation between

these quantities is weak. However, this is mainly due to the

flares occurred in HCG 148 and HCG 244, for which the

estimate of the X-ray flare duration is uncertain.

5 TIME-RESOLVED SPECTRAL ANALYSIS

We studied the time evolution of the X-ray emitting

plasma during the flares by sampling the MOS+PN light

curves with suitable time intervals. We have calculated

the time-resolved X-ray properties (plasma temperature

and emission measure) repeating for each time interval

FIGURE 4 Flare duration in optical (left panel) and X-rays (right panel) vs. stellar rotation period. For each data point, we show the name of the star. The

lines mark six linear fits performed with the IDL routine SIXLIN. The resulting slopes are indicated in the bottom right corner. In the top left corner we also

show the Spearman’s rank correlation coefficient and the significance of its deviation from zero. In both cases the most rapidly rotating stars in our sample

host short flares
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TABLE 1 Absorption, plasma temperature, luminosity, and total energy in optical and X-rays during quiescence and flares

Star NH (1021 cm–2) kTquies (keV) kTflare (keV) log(LX-ray,quies) (erg s−1) log(EX-ray,quies) (erg) log(Ekep,flare) (erg)

HII 212 0.6 0.770.85
0.69

0.410.63
0.33

29.0729.12
29.02

33.5333.57
33.40

34.17 ± 0.42

HHJ 273 1.2 0.690.77
0.62

1.611.70
1.52

28.6928.73
28.64

33.9934.02
33.97

34.08 ± 0.43

HHJ 336 1.1 0.350.42
0.29

1.561.65
1.45

28.7328.80
28.65

33.5133.54
33.48

33.45 ± 0.75

HCG 244 0.9 0.580.61
0.55

1.661.98
1.43

29.1029.11
29.08

32.8932.94
32.83

34.03 ± 0.42

HII 345 1.4 0.590.60
0.59

2.452.69
2.23

30.1830.19
30.18

33.6833.70
33.65

34.66 ± 0.51

HII 1516 0.2 0.910.93
0.89

2.563.21
2.30

29.4229.43
29.41

33.5433.57
33.51

33.71 ± 0.57

HCG 146 1.6 0.740.84
0.61

0.780.85
0.70

28.5328.59
28.47

32.9833.03
32.94

33.52 ± 0.48

HCG 273 1.1 0.600.64
0.56

1.631.69
1.57

29.0729.09
29.05

33.8533.86
33.83

34.33 ± 0.39

HCG 150 0.7 0.610.65
0.58

2.162.59
1.79

28.9628.97
28.94

33.0733.12
33.02

32.91 ± 0.53

HCG 295 0.7 0.690.76
0.62

1.963.22
1.44

28.9528.98
28.91

33.3433.45
33.24

33.48 ± 0.42

HII 405 1.0 0.470.49
0.46

1.291.36
1.21

29.6729.68
29.65

33.4933.52
33.46

33.89 ± 0.58

HCG 148 0.8 0.320.36
0.29

1.001.15
0.89

28.6728.72
28.61

33.0233.08
32.96

34.02 ± 0.51

FIGURE 5 Comparison between the total energy emitted in optical and

X-ray. The name of each star is also indicated. The lines mark six linear fits

between the log values performed with the IDL routine SIXLIN. The

resulting slopes are indicated in the top left corner. We also show the

Spearman’s rank correlation coefficient and the significance of its deviation

from zero. These flares typically released more energy in optical than in

X-rays

the spectral analysis described in section 4. The main objec-

tive of this analysis was to track the time evolution of the

X-ray emitting plasma in the kT vs. log(EM) plane, because

it can be used as diagnostic tool for flares cooling and heating

processes (Reale 2007).

Figure 6 shows the time evolution of the flare observed in

HCG 273.

For 10 stars in our sample, we have been able to calcu-

late the slope of the cooling pattern (𝜁) followed by the flares

in the log(kT) vs. 0.5× log(EM) plane by interpolating the

points of the cooling phase. As shown by Jakimiec et al.

(1992), Sylwester et al. (1993), and Reale et al. (1997), this

value provides hints on the presence of heating during the

cooling phase. In fact, 𝜁 is expected to be ∼2 when negligible

heating occurs during the cooling phase, otherwise it is <2.

Despite suffering large uncertainties, the resulting slopes are

compatible with the lack of substantial heating during the

cooling phase in all the flares of our sample with the exception

of HHJ 273 (with 𝜁 = 0.4± 1.1) and HII 405 (𝜁 = 0.7± 0.8).

5.1 Loop lengths

We estimated the size of the loops by applying relations

between the loop size and observable quantities, which were

derived by Reale et al. (1997) and Reale (2007) from hydro-

dynamic loop models. The first equation we used is:

Lloop = 6 × 102.5 × tmaxden × Ψ2 × T0.5
max (1)

where tmaxden is the time from the flare onset at which the den-

sity reaches its peak, calculated as the difference between the

half time of the interval with associated the largest emission

measure and flare start; Tmax is the maximum temperature,

measured in K, calculated from the maximum temperature

Tmax,fit obtained from the time-resolved spectral analysis

using Tmax = 0.13×T1.16
max,fit

(specific for EPIC instruments,

Reale 2007); 𝜓 is the ratio between the peak temperature and

the temperature at the density peak, which ranges between 1.2

and 2 (Reale 2007).

We also derived the loop lengths from the duration of the

rise of the light curve (i.e., from the flare start to the peak

of emission) trise, measured in ks. This duration is calculated

from binned light curves and thus its value is affected by the

uncertainty due to binning:

Lloop = 0.6 × Ψ2 × T0.5
max × trise (2)

The median loop lengths are equal to 0.9 Rstar using

Equation (1) and 0.5 Rstar using Equation (2).

5.2 Oscillations

We have searched for oscillations in the X-ray flares using a

wavelet analysis tool (López-Santiago 2018). This method is

a modified version of the Fourier analysis designed to detect
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FIGURE 6 Evolution of the flare observed in HCG 273. The left panel shows the MOS+PN XMM light curve in three different energy bands (dots)

superimposed on the K2 light curve (green asterisks). The horizontal green lines mark the defined time intervals. The central panels show the time evolution

of plasma temperature and emission measure, while the right panel the evolution in the log(T) vs. 0.5× log(EM) plane. The red dashed line marks the slope of

the cooling phase

FIGURE 7 Bottom panel: wavelet power spectrum obtained during the

flare in HCG 273, with contours marking peaks with 68, 95, and 99%

confidence level. The hatched area is the “cone of influence” (see text). Top

panel: observed light curve with overplotted the flare global shape. A

significant oscillation with a period of 500± 100 s is detected

quasi-periodic signals, in which the light curve is transformed

from time to frequency domain adopting a Morlet function as

a mother function (Torrence & Compo 1998).

Figure 7 shows the wavelet power spectrum obtained from

the flare in HCG 273, the only source in our sample for

which we detected significant oscillations, with contours

marking the peaks corresponding to 68, 95, and 99% con-

fidence levels. The hatched area is the “cone of influence,”

which is the region of the power spectrum where the edge

effects are important (Torrence & Compo 1998). A signifi-

cant oscillation with a period of 500± 100 s is detected. The

detection of oscillations in the flare observed in HCG 273

supports the hypothesis of a single loop dominating this flare,

ignited by a single rapid heat pulses that are shorter than the

sound crossing time across the loop at the maximum plasma

temperature.

6 CONCLUSIONS

We have analyzed 12 bright flares occurred in the

Pleiades stars observed simultaneously with XMM/Newton

and Kepler/K2, with the aim of calculating and comparing

the energy released in the two bands and characterizing flares

evolution and geometry. With a total energy released in the

optical band in the 32.9< log(Ekep,flare)< 34.7 range (median

value 34.0, Ekep,flare in erg), all the flares in our sample but one

(the one occurred in HCG 150) meet the criteria for super-
flares defined by Shibayama et al. (2013) and Notsu et al.

(2013) (e.g., 1033 ≤Eoptical ≤ 1038 erg). This is not surprising

given that our sample is limited to bright flares occurring in

young and rapidly rotating stars.

The flares observed in the Pleiades share some of the

properties of the flares typically observed in the Sun, despite

being more energetic. For instance, as in most of the solar

flares, more energy is typically released in optical than in

X-rays. Additionally, the energy budget in the two bands is

weakly correlated. We also found that the flare duration in

optical and X-rays is similar despite being typically longer

in X-rays, and observed that rapidly rotating stars (e.g., with

rotation period shorter than 0.5 days) preferentially host short

flares. The time-resolved X-ray spectral analysis suggests

that these flares are mainly due to single loops with no sus-

tained heating occurring during the cooling phase. We also

observed and analyzed oscillations with a period of 500 s

during one of the flares.
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