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1.2 Magnetic fields in late-type stars
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Figure 1.4: X-ray to bolometric luminosity ratio plotted against rotation period (left
panel) and the Rossby number, Rqg = P,ot/T (right panel).

time (t.) i.e. Rg = P,ot/Tc. The overall rotation-activity relation was perhaps best
clarified by using large samples of stars from stellar clusters. The comprehensive
diagram in Fig. 1.4 clearly shows a regime where Lx/Lpo o< Ro™2 for intermediate
and slow rotators (Randich, 2000). However, in fast rotators Ly appears to be-
come a unique function of Lpg, Lx/Lyo ~ 1073 regardless of the rotation period
(Agrawal et al., 1986; Fleming et al., 1988; Pallavicini et al., 1990). The tendency for
a corona to “saturate” at this level once the rotation period (or the Rossby number)
is su ciently small, or v su ciently large, was identified and described in detail by
Vilhu & Rucinski (1983), Vilhu (1984), Vilhu & Walter (1987), and Fleming et al.
(1989). It is valid for all classes of stars but the onset of saturation varies somewhat
depending on the spectral type. Once MS coronae are saturated, Lx also becomes
a function of mass, colour, or radius simply owing to the fundamental properties of
MS stars.

1.2.3 Magnetic fields in the stellar coronae

The structures, dynamics, and most of the features of the solar/stellar coronae are
caused and dominated by the magnetic field. Since the ratio of the plasma pressure
to the magnetic pressure (also known as “plasma-f”) is very low, the motions of the
plasma follow the magnetic field lines. This results in the formation of the coronal
loops, where the heat conduction along the field lines is very e cient, however, it
is strongly suppressed perpendicular to the loop. The footpoints of the coronal
magnetic fields lie in the photosphere and move around by the granulation, which
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1. INTRODUCTION

in the stellar interior and put significant constraints to the amplitude of the inter-
nal di erential rotation. Fig. 1.9 shows the radial profile for Sun. In active stars,
di erential surface rotation provides a consistent explanation of wave migration or
changing periods observed in the light curve (e.g. Baliunas & Vaughan, 1985).

Measurements of the stellar SDR are currently obtained in di erent ways: (i)
Doppler Imaging maps (i.e. latitude-by-latitude cross-correlation analysis to pairs
of surface images obtained several days apart; Vogt & Penrod, 1983a), (ii) from x?
landscape imaging methods (Collier Cameron & Donati, 2002a; Donati et al., 2000),
(iit) from line profile analysis (Reiners & Schmitt, 2002), (iv) from stellar butterfly
diagrams, that is from the season-to-season variations of the rotational period, as
measured from spectro-photometric or broad-band photometric observations (Bali-
unas & Soon, 1995; Baliunas & Vaughan, 1985; Donahue & Dobson, 1996; Wilson,
1978) . By analogy with the solar case, such diagrams are interpretable in terms of
migration of activity centers towards latitudes with di erent angular velocities. In
this thesis, we have used the stellar butterfly diagrams to investigate the SDR. This
method can allow us to investigate the existence of correlations with other global
stellar parameters, the existence of di erent patterns of SDR and how they are con-
nected with the phase of the starspot cycle. This will be discussed in a greater detail
in Chapter 3.

1.3.4 Flares: The transient magnetic activities

Flares on the Sun and solar-type stars are generally interpreted as a rapid and
transient release of magnetic energy in coronal layers driven by reconnection pro-
cesses, associated with electromagnetic radiation from radio waves to y-rays. As a
consequence, the charge particles are accelerated and gyrate downward along the
magnetic field lines, producing synchrotron radio emission, whereas these electron
and proton beams collide with the denser material of the chromosphere and emit
in hard X-rays (>20 keV). Simultaneous heating of plasma up to tens of MK evap-
orates the material from the chromospheric footpoints, which in turn increases the
density on newly formed coronal loops emitting at extreme UV and X-rays. Since
the non-flaring coronal emission only contains the information about an optically
thin, multi-temperature, and possibly multi-density plasma in coronal equilibrium;
therefore, it is very important to understand the dynamic behavior of the coronal
flaring events. Extreme flaring events are even more useful to understand the extent
to which the dynamic behavior can vary within the stellar environments.
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1.3 Stellar magnetic activities: The observable evidences

Figure 1.10: A schematic time evolution of flare intensities at di erent wavebands.
The wavebands indicated at the top vary greatly in duration (adopted from Murdin,
2001).

energetic ions. Throughout the impulsive phase, the soft X-ray emission increases
in both size and total flux. Growing emission in Balmer lines indicates that also the
lower chromosphere is increasingly a ected. The bulk of the flare energy is released
in the impulsive phase. Typically, this phase has ~1 min duration in the case of
solar flares.

(¢) Flash phase

In this phase, the non-thermal particles and their emissions have mostly disappeared
but the impact of the energy released in the previous phases is still visible. During
this phase, the temperature of the hot plasma decreases. Sometimes, however,
gigantic soft X-ray emitting loops cool slowly, indicating that energy is still being
released in this phase, which lasts for ~5 minutes in case of solar flares.
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1.3 Stellar magnetic activities: The observable evidences

(b) Quasi-static cooling model

This model is described by Serio et al. (1991), where they assumed that the flare
decay starts when the loop is at hydrostatic and energy equilibrium i.e. system is
initially in steady state. The method is based on the underlying set of hydrodynamic
equations and assuming semicircular loops with constant cross section cooling from
equilibrium condition and uniformly heated by an initial heat pulse. Assuming
that the heating rate during the decay of flare is completely switched and using
the the RTV scaling laws (Rosner et al., 1978), Serio et al. (1991) derived the
thermodynamic scale of decay time as

3.7 x 107 Lgs
VTmax
where L is half loop length, and Tpax is the maximum temperature. Reale et al.

(1993) have modified this approach by considering the e ect of gradually decaying

heating function and to account for loops comparable or larger than the pressure

(1.6)

scale height.

(c) Hydrodynamic loop model

As mentioned in the § 1.3.4.4, the quasi-static model do not consider the loop heating
during the decay. It has been shown that the slope of the trajectory of the flare
decay in the density-temperature (n-T) plane depends significantly on the heating
decay time (Reale et al., 1993; Sylwester et al., 1993). Reale et al. (1997) used the
slope of n-T diagram to derive the heating decay time, so to better constrain the loop
length. The working hypotheses of this method similar to the quasi-static model
with inclusion of heating as well as cooling during the decay. They described the
ratio of light curve decay time and thermodynamic decay in the form of hyperbolic
function:
Tq Ca

= TR =FQ) €.7)

The coe cients c,, (4 and g, depends on the energy response of the instrument
used. Please see Table A.1 of Reale (2007) for values of c,, {5 and g,, and limiting
values of { for di erent instruments. Using equations 1.6 and 1.7, Reale et al. (1997)
found the relation of half loop length as

Tyv Tmax
3.7 x 1074F (0)

Lha = (1.8)
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1. INTRODUCTION

distributions, and coronal activities on the surface of young, single, main-sequence,
Ultra Fast Rotator LO Peg are described in this chapter.

Chapter 4: In this chapter, using XMM-Newton observation, we investigate on
flare properties from the very active and poorly known stellar system 47 Cas and
an fairly known system AB Dor.

Chapter 5: In this chapter, we present an in-depth study of two superflares
detected on an active binary star CC Eridani by Swift observatory. The Fe Ka
emission at 6.4 keV is also detected in the X-ray spectra and we model the Ka
emission feature as fluorescence from the hot flare source irradiating the photospheric
iron.

Chapter 6: A detailed analysis of a large and long duration flare observed by
Swift satellite in an RS CVn type eclipsing binary SZ Psc is studied in this chapter.

Chapter 7: Finally, in this chapter, I have summarised the main results de-
scribed in the previous chapters of this thesis and concluded the key findings. In
this chapter, | have also given a brief picture of the future prospectives.
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2. TELESCOPES, OBSERVATIONS, SOFTWARES, AND DATA
PROCESSING

Figure 2.1: The pictures of di erent ground-based observatories used in our study.
Clockwise (from top-left) — ST, IGO, GRT, Hipparcos, ASAS, SuperWASP.

2.1.3 CCD detectors

All of the above telescopes uses charge-coupled device (CCD) as detector for the
observations. A typical CCD camera used for astronomical purpose consists of a
two-dimensional array of photon detectors in a layer of semi-conducting material
silicon. Each individual detector in the array is referred to as pixel. Each individual
pixel is capable of collecting the photons and storing the produced electrons, which
can be read out from the CCD array to a computer to produce a digital image of
the varying intensities of light detected by the CCD. As photons come in contact
with CCD surface and electrons build up in the wells (pixel) over the period of
its exposure to light (the integration), a digital image is built up consisting of the
pattern of electrical charge (intensity) present in each pixel. At the end of the
integration period when light is no longer allowed to reach the CCD detector, the
accumulated charge in each pixel is transferred to the on-chip amplifier, pixel by
pixel.

During the read out process of the array, charge must be moved out of the imag-
ing region of the array to a location where the amount of charge can be measured.
Rows of pixels are moved in parallel down to a single row (the serial register) which

36


Chapter2_Observations/Chapter2FigEPS/MY_FIGS/Sampurnanad_Telescope-2.eps
Chapter2_Observations/Chapter2FigEPS/MY_FIGS/IGO_Telescope.eps
Chapter2_Observations/Chapter2FigEPS/MY_FIGS/GRT_Pic.eps
Chapter2_Observations/Chapter2FigEPS/MY_FIGS/SuperWASP_8cams.eps
Chapter2_Observations/Chapter2FigEPS/MY_FIGS/ASAS-North-horseshoes.eps
Chapter2_Observations/Chapter2FigEPS/MY_FIGS/Hipparcos-testing-estec.eps







2.1 Optical band

V (mag)
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Figure 2.2: The relation between SuperWASP magnitude (Vw) and Johnson V-
magnitude (V) of Landolt standard stars (TPHE field). Error bars shown in both
axes are less than the size of the symbol. Continuous line shows the best fit straight
line. We derived the relation between V and Vy as V = V — 0.09.

2.1.5 Data processing

The ground based telescopes su er from the atmospheric extinction and seeing vari-
ations from one night to another. The seeing conditions of a night can severely
a ect the resolution of the instrument and the image quality, which is further de-
graded by the telescope optics (geometrical distortion), CCD e ects (dark current,
hot pixel) and the electronics associated with the CCDs (thermal noise). Along with
the sources of interest, other unwanted cosmic signals also get detected on the CCD
due to the cosmic rays which incident from all direction in the sky. All these e ects
described above can be removed from the raw CCD images using Image Reduction
and Analysis Facility (IRAF!) software. The process of correcting the raw image to
get an useful image on which further science can be done is known as cleaning or
pre-processing of the image. The photometry process involves the measurement of
intensity of the objects in terms of instrumental magnitude. The standard magni-

NIRAF is distributed by the National Optical Astronomy Observatories, Arizona which are
operated by the Association of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation.
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2. TELESCOPES, OBSERVATIONS, SOFTWARES, AND DATA
PROCESSING

in digiphot.photcal. It fits a five parameter (with usually only 3 of them free) stellar
profile model to the growth curves for one or more stars in one or more images. It
then computes the aperture correction from a given aperture to the largest aperture.

2.1.5.6 Di erential photometry and selection of comparison stars

In order to do photometric measurements of stars, two main methods are generally
applied: (i) all-sky photometry and (ii) di erential photometry. We have adopted
di erential photometry to get the standard magnitude of the program star. This
method is also easier than All-Sky photometry and provides the maximum accuracy
when measuring small variations. With a modest CCD field of view, the process
becomes very simple and very e ective as the comparison stars are often within
the field of the program star at all times. In order to check any variation in the
di erential light curve of the target star, one or few comparison stars are chosen in
the same field of view as close in the brightness and the colour to the target star
(see details in next paragraph). Another star is also chosen from the same field of
view in order to check the variability of the comparison star (Howell et al., 1988)
is called check star. The non-variablility in the instrumental magnitudes of the
di erences between the comparison and check stars in each frames will confirm the
non-variability of both the stars. Any variation in di erence between the program
star and comparison star would be referred as the intrinsic variability of the program
star.

The atmospheric extinction and colour of the comparison stars may a ect the
variability of the program star. The standard equation which is used to correct the
observations for both the atmospheric extinction and the colour of the star is

m,, = my + K, X + K, cX (2.1)

where m,, is the true magnitude, m, is the observed magnitude, K, is the principle
extinction coe cient, K, is the colour dependent extinction coe cient, c is the
colour index, and X is the airmass. Due to the identical atmospheric layers for
the same frame the program star and the comparison star both will have same
value of K,. However, second order extinction coe cient can have an e ect on the
di erential magnitude. From equation 2.1 the di erential magnitude between two
comparison stars of colour index ¢l and c2 is given by

Amy, = Am, + K, XAc (2.2)
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2.2 X-ray and UV band

Figure 2.5: Typical images of four readout modes for the EPIC-PN (XMM-Newton
Community Support Team, 2010). A full frame , a large window, a small window,
and a timing mode are respectively shown in the top left, the top right, the bottom
left, and the bottom right panels

Swift has three scientific instruments onboard in operation (Gehrels et al., 2004):
the Burst Alert Telescope (BAT; Barthelmy et al., 2005) in hard X-ray, the X-Ray
Telescope (XRT; Burrows et al., 2005) in soft X-ray, and the Ultra-Violet/Optical
Telescope (UVOT; Roming et al., 2005b) in ultra-vioret and optical bands. Three
independent instruments provide simultaneous observations in a wide-energy range.
The spacecraft has an ability to point swiftly and autonomously a target position in
less than approximately 90 s. All data products are promptly available in a public
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2.2 X-ray and UV band

Table 2.2 — Continued
ObjectDataRev.ObservationDetector Obs. Date Time®(UT)ExposureO axis

- set - 1D (Filterz)(yyyy-mm-dd) (hh:mm:ss) Time(s) O

M1(ME) 22:34:35 16241
M2(ME) 22:34:37 16241
RGS 12:33:39 53220

AB Dor S10a 462 0155150101 PN(ME) 2002-06-18 03:12:38 5000 0.022
M1(ME) 07:03:16 6084
M2(ME) 07:03:16 6084

AB Dor S10b 462 0134521601 PN(ME) 2002-06-18 16:49:58 17461 0.062
M1(ME) 16:27:06 17117
M2(ME) 16:27:06 17117
RGS 09:30:06 47970

AB Dor S11 532 0134521801 RGS  2002-11-05 06:25:44 19912  0.159

AB Dor S12 537 0134521701 M1(ME)  2002-11-15 05:45:10 19401 0.126

M2(ME) 05:45:14 19652
RGS 05:44:24 19913

AB Dor S13 546 0134522001 M1(ME)  2002-12-03  05:00:00 18992  0.076
M2(ME) 04:59:57 18992
RGS 04:59:07 20641

AB Dor S14 560 0134522101 M1(ME)  2002-12-30  10:49:02 48648  0.080
M2(ME) 10:48:58 48400
RGS 10:48:08 50648

AB Dor SI15 572 0134522201  RGS  2003-01-23  03:22:28 52368  0.086

AB Dor S16 605 0134522301 M1(ME)  2003-03-30  20:19:57 3600  0.001
M2(ME) 20:19:56 3600

RGS 10:30:52 48918  0.073

AB Dor S17 636 0134522401  RGS  2003-05-31  16:39:30 28869  0.029

AB Dor S18a 668 0160362501 M1(ME)  2003-08-02 10:05:29 5001 0.084

M2(ME) 10:05:28 5001
RGS 05:13:56 22714

AB Dor S18b 668 0160362601 M1(ME)  2003-08-02  13:14:01 4999  0.118
M2(ME) 13:14:01 4999
RGS 13:13:17 23919

AB Dor S19 709 0160362701 PN(TN)  2003-10-24  05:25:27 10400  0.110
M1(ME) 03:22:56 17521
M2(ME) 03:22:56 17521

Continued on Next Page...
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2.2 X-ray and UV band

2.2.4.2 Swift

Swift observations are archived at University of Leicester data base and at the ASI
Science Data Center (ASDC) in Italy. Data can be obtained from any of the centers
or from HEASARC Swift interface.

BAT

We have used BAT pipeline software within FTOOLS! version 6.20 with the lat-
est CALDB version ‘BAT (20090130)’ to correct the energy from the e cient but
slightly non-linear on board energy assignment. BAT light curves were extracted
using the task batbinevt. For the spectral data reported here, the mask-weighted
spectra in the 14-50 keV band were produced using batmaskwtevt and bat-
binevt tasks with an energy bin of 80 channels. The BAT ray tracing columns
in spectral files were updated using the batupdatephakw task, whereas the sys-
tematic error vector was applied to the spectra from the calibration database using
the batphasyserr task. The BAT detector response matrix was computed using
the batdrmgen task. The sky images in two broad energy bins were created using
batbinevt and batfftimage, and flux at the source position was found using
batcelldetect, after removing a fit to the di use background and the contribu-
tion of bright sources in the field of view. The spectral analysis of all the BAT
spectra was done using the X-ray spectral fitting package (xspec; version 12.9.0n;
Arnaud, 1996). All the errors associated with the fitting of the BAT spectra were
calculated for a confidence interval of 68% (Ax? = 1).

XRT

In order to produce the cleaned and calibrated event files, all the data were reduced
using the Swift xrtpipeline task (version 0.13.2) and calibration files from the
latest CALDB version ‘XRT (20160609)’ release ?. The cleaned event lists generated
with this pipeline are free from the e ects of hot pixels and the bright Earth.
From the cleaned event list, images, light curves, and spectra for each observation
were obtained with the xselect (version 2.4d) package. We have used only grade
0-2 events in WT mode and grade 0-12 events in PC mode to optimize the e ective

'The mission-specific data analysis procedures are provided in FTOOLS soft-
ware package; a full description of the procedures mentioned here can be found at
https://heasarc.gsfc.nasa.gov/docs/software/ftools /ftools  menu.html

2See http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/
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3.1 Short and long periods activity cycles
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ear

Figure 3.1: Multi-band light curve of LO Peg. From top to bottom - (a) The X-
ray light curves obtained from Swift XRT (solid circle) and ROSAT PSPC (solid
right triangle) instruments. (b) The UV light curve obtained from Swift UVOT in
three di erent UV-filters: uvw2 (solid hexagon), uvm2 (solid diamond), and uvwl
(solid star). (c—f) The next four panels shows optical light curves obtained in U, B,
V, and R bands, respectively. Observations were taken from ARIES (open circle),
IGO (solid star), GRT (open square), EUO (solid circle), and JKT (solid diamond)
telescopes and archival data were obtained from Hipparcos satellite (solid triangle),
SuperWASP (solid pentagon), and ASAS (solid reverse triangle).
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3. EVOLUTION OF MAGNETIC ACTIVITIES IN A UFR LO PEG
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Figure 3.7: Light curves of all detected V-band flares on LO Peg. Top panel of each
plot shows the light curve along with best-fitted sinusoid. The bottom panel shows
the detrended light curve along with best fitted exponential functions fitted to flare
rise and/or flare decay.
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3.3 Flares

The flare energy is computed using the area under the flare light curve i.e. the

integrated excess flux (Fe(t)) released during the flare as
Eflare = 41d?  Fe(t) dt (3.2)

With a distance (d) of 25.1 pc for LO Peg (Perryman, 1997), the derived values of
energy in di erent filters for all detected flares are given in column 12 of Table 3.2.
The flare energies are found in between 9 x10% erg to 1.54 x10% erg. The most
energetic flare is the longest flare. Seventeen out of twenty flares having energy less
than 103 erg, signifies more energetic flares are less in number. With Kepler data
Hawley et al. (2014) also detected most of the flares on M-dwarf GJ 1243 having
energy of the order of 103! erg. One flare (F13) is found to have total energy more
than 10%* erg, therefore, this flare can be classified as a Superflare (see Candelaresi
et al., 2014). The derived energy of this flare was ~10.5 times more than the next
largest flare and 668 times more than the weakest flare observed on LO Peg. During
the flare F13, the V-band magnitude increases up to 0.42 mag, similar enhancement
in V-band mag also noticed in FR Cnc (Golovin et al., 2012). Since the total
energy released by the flare must be smaller than (or equal to) the magnetic energy
stored around the starspots (i.e. Efare < Emag), the minimum magnetic field can
be estimated during the flare as Epag o B2I3. Assuming the loop-length of typical
flares on G-K stars are of the order of 10° cm (see Gudel et al., 2001; Pandey &
Singh, 2008). The minimum magnetic field in the observed flares are estimated to
be 0.1 — 3.5 kG.

We derive the flare frequency for LO Peg as ~ 1 flare per two days. There
are very few detailed studies of optical flares on UFRs due to constraints in their
detection limit, detection timing and very less flare frequency. Recent studies on
optical flares done with ground-based observatories on DV Psc (Pi et al., 2014) and
CU Cnc (Qian et al., 2012) show flare frequencies of ~2 flares per day and ~1 flare
per day, respectively, which are similar to that for LO Peg. However, several other
studies done with Kepler satellite (Hawley et al., 2014; Lurie et al., 2015) on M-
dwarfs reveal that flare frequency varies over a wide range of ~1 flare per month to

~10 flares per day.
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3.4 Surface imaging with light curve inversion technique
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Figure 3.8: The surface temperature inhomogeneity maps of LO Peg — Continued
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3.4 Surface imaging with light curve inversion technique
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Figure 3.8: The surface temperature inhomogeneity maps of LO Peg for 47 epochs
are shown in left panels (1st and 3rd columns). The surface maps are presented
on the same scale, with darker regions corresponding to higher spot-filling factors.
Right panels (2nd and 4th columns) show the light curves folded on each epoch.
Observed and calculated V-band light curves are presented by crosses and continuous
lines, respectively.

active longitudes was found to be inconstant and less than 180°. The uncertainty
in the positions of the active longitudes on the stellar surface was on average of
about 6° (or 0.02 in phase). The derived stellar parameters active longitude regions
(Y1, W,), spottedness (Sp), and V-band amplitudes (A ) corresponding to each sur-
face brightness map shown in Fig. 3.8 are plotted with HJD in Fig. 3.9. The filled
and open circles in Fig. 3.9(b) show high and low active regions, respectively. The
derived parameters are also given in Table 3.3. First three surface maps were created
with the sparse data of Hipparcos satellite, and to create good quality maps, data of
~2 yr, ~0.5 yr and ~0.5 yr were used. We get a signature of presence of two equal
spot groups ~170° apart in first two years (1989 to 1991), whereas the presence of
single spot group was indicated with the surface map of the third year (1992). From
2001 to 2013 with ground-based observations and archival data it became possible to
create at least one surface map per year. Using high-cadence data of SuperWASP in
2006 and 2007, we created twelve surface maps (Set-15 to Set-26) in three months
of 2006 (July 27th to November 4th) and ten surface maps (Set-27 to Set-36) in
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3. EVOLUTION OF MAGNETIC ACTIVITIES IN A UFR LO PEG
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Figure 3.12: X-ray Spectra of LO Peg obtained from Swift XRT along with the best
fit APEC 2T model (top panel). Di erent symbols denote di erent observation
IDs. The bottom panel represents the ratio of the observed counts to the counts
predicted by best-fit model.

two temperatures and corresponding emission measures were 0.28 + 0.04 keV and
1.03 + 0.05 keV, and 3.1 + 0.9 x10° cm™ and 4.6 + 0.6 x10° cm™3, respectively.
Global abundances were found to be 0.13 4+ 0.02 solar unit (Z ). The derived value
of unabsorbed luminosity is given by 1.453 x10% erg s™* cm™2.

3.7 Conclusions

In this study, with ~24 yr long photometric observations from di erent worldwide
telescopes, and X-ray and UV observations obtained with Swift satellite we have
investigated the properties of an UFR LO Peg. No signature of long-term variations
in X-rays is seen, whereas long-term periodic variability are clearly seen in the
optical and UV bands. The rotational period of LO Peg steadily decreases along
the activity cycle, jumping back to higher values at the beginning of the next cycle
with a cycle of 2.7 + 0.1 yr, indicating a solar-like SDR pattern on LO Peg. A total
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4. FLARES FROM LATE-TYPE MAIN SEQUENCE STARS 47 CAS
AND AB DOR

Behar (2008) with an aim of abundance analysis. In this study, we have analyzed
the flaring feature in the 47 Cas system.
4.1.1 X-ray light curves

Fig. 4.1 shows the background subtracted X-ray light curve of 47 Cas in the total
(0.3-10.0 kev), soft (0.3-2.0 keV) and hard (2.0-10.0 kev) energy bands with a
temporal binning of 200s. The light curves in all energy bands show variability,
which resembles flaring activity. The flaring feature is marked with an ‘F’ in Fig. 4.1.
The flare began after 11.2 ks from the start of PN observations and lasted for 4.8
ks. In the total energy band, the count rate at the peak of the flare was found
to be 1.8 times more than that in the quiescent state. However, the flare peak
to quiescent state count ratios were found to be 1.7 and 4.4 in the soft and hard
energy bands, respectively. After the end of the flaring event an active level ‘U’
was identified where the average flux was 1.2 times more than that in the quiescent
state. The level ‘U’ was identified only in the soft and total energy bands, and no
such feature was seen in the hard energy band. We termed this level as post-flare
state. The e-folding rise time (t,) has been derived from the least-squares fit of the
exponential functions (see equation 4.1) between flare start and flare peak, whereas
e-folding decay time (tq4) has been derived similarly from the least-squares fit of the
exponential functions between flare peak and flare end.

Tk

t_
c(t) = A, exp t——
() pk p 1, T4

+q 4.1)

where c(t) is the count rate as a function of time t, t, and Ay is the time and
count rate at flare peak and q is the count rate in the quiescent state. In the total
energy band, 1, and 14 of the flare observed in 47 Cas were derived to be 831 + 100
s and 2494 + 82 s, respectively. However, T, and tq were derived as 743 + 89 s and
2446 + 77 s, and 590 + 108 s and 1203 4+ 62 s in the soft and hard energy bands,
respectively. These values of rise and decay times of the flare are found to be similar
to those of the flares observed from G-K dwarfs (Pandey & Singh, 2008) and are
smaller than those from evolved RS CVn-type and pre-main-sequence stars (Getman
et al., 2008b; Pandey & Singh, 2012). These data along with the flare luminosity
(see below) suggest that the flare from 47 Cas is an impulsive flare (Pallavicini et al.,
1990), which is similar to a compact solar flare. The compact flares are less energetic
(~ 10%%), short in duration (< 1 hour) and confined to a single loop. The 14 in the
soft energy band was higher than that in the hard energy band. A similar tendency
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4.1 47 Cas

cm~2, 6.0 x 103 cm® and 142 Gauss, respectively. The pressure and density derived
for the present flare are intermediate between those of the flares from G-K dwarfs
(Pandey & Singh, 2008).

Due to the lack of multi-wavelength coverage, a detailed assessment of the energy
budget of the present flare is not possible. However, using the scaling laws from
Rosner et al. (1978), the heating rate per unit volume can be determined as Ey =
1078 T35 L2 erg s™! cm~3, where T and L are plasma temperature and loop length.
Using L = 3.3x10%° cm, the value of E., was obtained as 3.2 erg s™* cm™3. The total
heating rate at the flare maximum is estimated as, H = EqV ~ 2 x 10%? erg s7*. In
order to satisfy the energy balance relation for the flaring as a whole, the maximum
X-ray luminosity must be lower than the total energy rate (H) at the flare peak.
For the present flare, the total energy rate was found to be ~ 40 times more than
the peak X-ray luminosity. This value is in agreement with those reported for the
solar flares where the soft X-ray radiation only accounts for up to 20 % of the total
energy (Wu et al., 1986), but is smaller than many flares from solar-like stars. The
total energy released from the flare was found to be 2 x 1034 erg over 4.8 ks, which is
equivalent to ~ 3 s of the star’s bolometric energy output. The total X-ray energy
released during the flare from 47 Cas indicates that this flare was as energetic as
flares from other G-K dwarfs (2.3 x 10%2 — 6.1 x 10%* erg; Pandey & Singh, 2008).
If we assume heating is constant for the initial rise phase, which lasts for t,~ 831
s, and then decays exponentially, with an e-folding time of 1y~ 2494 s, the total
energy [Ewt = H(tg+T,)] is estimated as ~ 6 x 10%° erg, which is approximately 30
times more than the energy radiated in X-rays.

It is believed that the magnetic field provides the main source of energy for
the solar/stellar activities including flares. In order to know the strength of the
magnetic field (Bp) required to accumulate the emitted energy, we assume that the
energy released during the flare is indeed of magnetic origin and it occurs entirely
within a single coronal loop structure. The total energy can be estimated as

BZ _ BZ
Ex tot = % x V (4.5)

Using the values of Ex +t, B and V, the total magnetic field required to produce
the flare is estimated to be ~ 517 Gauss.
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4. FLARES FROM LATE-TYPE MAIN SEQUENCE STARS 47 CAS
AND AB DOR

whereas, the “predominant flare™ of cpx flare is marked with lower-case alphabets
surrounded by square brackets (e.g. [a], see S05-F1, S22-F1 etc.).

The typ flares (e.g. S01-F1, S01-F3, S02-F2, S03-F2) are the most populous class
of the flares from AB Dor with 31 in numbers. The values of 14 and t, were found
to be in the range of 0.11 - 6.53 ks and 0.21 - 7.28 ks, respectively. Fifteen flares
(e.g. S03-F1, S06-F1, S07-F3) are classified as dbl flare with the values of Ty and
T, in the range of 0.11 - 30.14 ks and 0.21 - 27 ks, respectively. A total 13 flares fall
into the category of mpl flare (e.g. S01-F4, S04-F2, S10-F1). Only three flares are
cpx flare. Apart from this flares in our study 19 flares are incomplete (inc) flares
which we could not classify according to the above classification scheme.

Consider all flaring events as a individual flares, we detect 140 flares during the
~ 11 years of XMM-Newton observations, with a derived flare frequency to be ~
4 flares per rotation. Whereas, considering all flaring events corresponds to dbl,
mpl, cpx or srf flares to be single event, we detect only 81 flares with a derived flare
frequency to be 2.25 flares per rotation.

4.2.3 Flare parameters

The duration (Dn) of the flare is defined as the di erence between the start time
(the point in time when the count rate begins to increase from the quiescent level)
and the end time (when the flare counts returns to the quiescent level). The start
and end times for each flare were obtained during the manual inspection. Flare
durations are found within a range of 43 minutes (2.55 ks; smallest flare S19-F3)
to 14.6 hrs (52.4 ks; longest duration flare S05-F1) with a median value of 4.6 hrs
(16.5 ks). Flare duration of all the flares are given in 2nd column of Table 4.3.

In the case of typ flares, the e-folding rise time (t,) has been derived from the
least-squares fit of the exponential functions (see equation 4.1), whereas for ‘dbl’
and ‘mpl’ flares T, and 1y were derived the double or multiple exponential function
of the following form

(= (Ao £ PN g (@.6)
i=1 rotd

where N is the number of peaks in a flaring event. To analyse ‘cpx’ flares,
we first exclude the smaller superimposed flares from the light curve and fit the
equation 4.1 to derive the values of T, and 1y of the ‘predominant’ flare. In order
to derive the values of T, and 14 of smaller superimposed flares, firstly we detrended
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5.3 Soft X-ray spectra from XRT: Time resolved spectroscopy
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Figure 5.3: Evolution of spectral parameters of CC Eri during the flares FCC1
(1) and FCC2 (ii).Parameters derived with the XRT, BAT, and XRT+BAT spec-
tral fitting in all the panels are represented by the solid diamonds, solid stars, and
solid squares, respectively.In the top panel (a), the X-ray luminosities are derived
in 0.3-10 keV (solid diamond) and 14-50 keV (solid star and solid squares) energy
bands. For the first two segments, BAT luminosity derived in the 14-50 keV en-
ergy band is extrapolated to the 0.3-10 keV energy band (solid triangles). The
dashed-dotted and dotted horizontal lines correspond to bolometric luminosity of
the primary and secondary components of CC Eri, respectively.Panels (b)—(e) dis-
play the variations of plasma temperature, EM, abundance, and Fe Ka line flux,
respectively. The dashed vertical line indicates the trigger time of the flares FCC1 and
FCC2.Horizontal bars give the time range over which spectra were extracted;vertical
bars show a 68% confidence interval of the parameters.

region was derived to be 4.33+0.07x10%° erg s—*, which was ~5 times higher than
the previously determined quiescent state luminosity in the same energy band by
Pandey & Singh (2008) using XMM-Newton.

5.3.2 The flaring event FCC1

A 3-T plasma model was found to be acceptable in each segment of flaring event
FCC1. The first two temperatures, corresponding EMs, and Ny were found to be
constant within a 1o level. The average values of all the segments of the first two
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5. SUPERFLARES FROM LATE-TYPE MAIN SEQUENCE STAR CC
ERI

temperatures were 0.3 + 0.1 and 1.1 4+ 0.2 keV, respectively. These two temper-
atures were very similar to that of the first two temperatures of the PF phase.
Therefore, for the further spectral fitting of flare-segments of the flare FCC1, we
fixed the first two temperatures to the average values. The free parameters were
temperature and corresponding normalization of the third component along with
the abundances. The time evolution of derived spectral parameters of flare FCC1
is shown in Fig. 5.3(a) and are given in Table 5.2. The abundance, temperature,
and corresponding EM were found to vary during the flare. The peak values of
abundances were derived to be 2.3+0.4 Z , which was ~8 times more than the
post-flaring region and ~13 times more than that of the quiescent value of CC Eri
(Pandey & Singh, 2008). The derived peak flare temperature of 12.3 + 0.9 keV
was ~3.6 times more than the third thermal component observed in the PF phase.
The EM followed the flare light curve and peaked at a value of 6.940.3x10% cm™3,
which was ~766 times more than the minimum value observed at the post-flare re-
gion. The peak X-ray luminosity in 0.3-10 keV energy band during flare FCC1 was
derived to be 10322 erg s, which was ~400 times more luminous than that of the
post-flare regions, whereas ~1922 times more luminous than that of the quiescent
state of CC Eri derived by Pandey & Singh (2008). The amount of soft X-ray lumi-
nosity during the time segments when only BAT data were collected were estimated
by extrapolating the 14-50 keV luminosity derived from the best-fit apec model of
the BAT data using webpimms! and is shown by solid triangles in the top panels
of Fig. 5.3(i).

5.3.3 The flaring event FCC2

For the flaring event FCC2, no pre-/post-flare or quiescent states were observed,;
therefore, a time-resolved spectroscopy was done by fitting 1-T, 2-T, and 3-T plasma
models. A 2-T plasma model was found suitable for each flare segment as the
minimum value of x> was obtained. Initially, in the spectral fitting Ny was a free
parameter and was constant within a 1o level; therefore, in the next stage of spectral
fitting, we fixed Ny to its average value. The derived spectral parameters are given
in Table 5.3. Both the temperatures and the corresponding EM along with the
global abundances were found to be variable during the flare. In order to compare

Thttps://heasarc.gsfc.nasa.gov /cgi-bin/Tools /w3pimms /w3pimms.pl
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5.5 Hydrodynamic modeling of flare decay

FCC1 and 0.819 4+ 0.179 for flare FCC2. This indicates the presence of sustained
heating during the decay phase of both flares.

The relationship between T.,ax and observed peak temperature (Tops) Was also
calibrated for Swift XRT by Osten et al. (2010) as Tmax = 0.0261 x TX244, where
both temperatures are in K. For flares FCC1 and FCC2, Tnax Was calculated to
be 365433 and 170+32 MK, respectively. The flaring loop length was derived as
1.240.1x10° c¢m for flare FCC1 and 2.2+0.6x10*° cm for flare FCC2. Assuming a
semi-circular geometry, the flaring loop height (L/m) was estimated to be 0.1 and
0.2 times the stellar radius (R ) of the primary component of CC Eri of the flares

FCC1 and FCC2. The loop parameters for both the flares are given in Table 5.5.
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Figure 5.4: Evolution of flares FCC1 (left) and FCC2 (right) in log vVEM —log T

plane. The continuous line shows the best-fit during the decay phase of the flares
with a slope ¢ shown in the top left corner of each plot.
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Figure 5.5: Modeling of 6.4 keV line flux for the seven time intervals during the
decay of flare FCC1. The solid horizontal lines show the observed Fe Ka line fluxes
of di erent time segments marked in the bottom of the plot. The dashed curves
with similar thickness correspond to the modeled Fe Ka line flux variation with
the astrocentric angle for the same time intervals. Thicker the lines correspond to
the later time spans. The dark shaded regions indicate the upper and lower 68%
confidence intervals of the first and last time segments, respectively.

main contributors to the observed flux in the Fe Ka line. For the solar flares, Bai
(1979) derived a formula for the flux of Fe Ka photons received on the Earth, which
was later extended to stellar context by Drake et al. (2008) and is given by

Fka = F(O)[(T,h)F71; photonscm™2 st (5.3)

where F7q, is the total flux above 7.11 keV, f(0) is a function that describes the
angular dependence of the emitted flux on the astrocentric angle (defined as an
angle subtended by the flare and the observer), and I is the fluorescent e ciency.
We used the coe cients derived by Drake et al. (2008) to determine the functional
dependence of £(0) and I for di erent loop heights (see Tables 2 and 3 of Drake
et al., 2008). We could only get enough statistics in both XRT and BAT spectra
(required to estimate F; 1;) for the flare FCC1; therefore, we have done our analysis
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5. SUPERFLARES FROM LATE-TYPE MAIN SEQUENCE STAR CC
ERI

primary (K7.5 V), the peak X-ray luminosity of flare FCC1 and flare FCC2 were,
respectively, found to be 48% and 16% of bolometric luminosity (Ly,); if the flare
happened in the secondary (M3.5 V) star, the peak X-ray luminosity of flares FCC1
and FCC2 were 267% and 91% of Ly, whereas the peak luminosity for flares FCC1
and FCC2 were found to be 41% and 14% of combined Ly, respectively.

Both flares appear to be the shortest duration flares observed on CC Eri thus far.
However, a weak flare with a similar duration was observed by the XMM-Newton
satellite (Crespo-Chacon et al., 2007). The durations of all other previously observed
flares on CC Eri were in the range of 9-13 ks. The durations of the superflares on
CC Eri are also found to be smaller than other observed superflares, e.g. ~3 ks for
EV Lac (Osten et al., 2010), >10 ks for Il Peg (Osten et al., 2007), ~14 ks for AB
Dor (Maggio et al., 2000), and ~45 ks for Algol (Favata & Schmitt, 1999). The
e-folding decay times of both X-ray flares are shorter in the hard spectral band than
those in the softer band.

During the flares FCC1 and FCC2, the observed temperature reached a maxi-
mum value of ~174 MK for flare FCC1 and ~128 MK, respectively. These values
of temperatures are quite high from previously observed maximum flare tempera-
tures on CC Eri (Crespo-Chacén et al., 2007; Nordon & Behar, 2007; Pandey &
Singh, 2008), but are of the similar order to those of other superflares detected on
Il Peg (=300 MK; Osten et al., 2007), DG CVn (~290 MK; Osten et al., 2016),
EV Lac (=150 MK and ~142 MK; Favata et al., 2000; Osten et al., 2010), and AB
Dor (=114 MK; Maggio et al., 2000). The abundances during the flares FCC1 and
FCC2 are found to enhance ~9 and ~2 times more than those of the minimum
values observed. During other superflares, abundances were found to increase be-
tween two to three times more than that of the quiescent level (Favata et al., 2000;
Favata & Schmitt, 1999; Maggio et al., 2000). However, in the case of the super-
flare observed with Swift in EV Lac, the abundances were found to remain constant
throughout the flare. From Fig. 5.3, it is evident that the abundance peaks after
the temperature and luminosity peaks, which is consistent with a current idea in
the literature (see Reale, 2007). This could be due to the heating and evaporation
of the chromospheric gas, which increases the metal abundances in the flaring loop.
For both flares, the temperature was peaked before the EM did. A similar delay was
also observed in many other solar and stellar flares (e.g. Favata et al., 2000; Favata
& Schmitt, 1999; Pandey & Singh, 2008; Sylwester et al., 1993). The temperature
increases due to beam driven plasma heating and later subsequent evaporation of
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Chapter 6

A long duration flare from
evolved RS CVn type eclipsing
binary SZ Psc

In this chapter, we investigate a very long duration flaring event observed from
Swift satellite from an RS CVn type eclipsing binary star SZ Psc. The system con-
sists of a spotted, chromospherically active K1 subgiant and a much less luminous,
inactive F8 star (Kharchenko et al., 2007), with an orbital period of about 3.9657
days (Eaton & Henry, 2007). The K1 subgiant is the more massive component and
is filling 80-90% of its Roche lobe. The light variations in optical waveband on SZ
Psc was found by several researcheres, such as Jakate et al. (1976), Catalano et al.
(1978), Tumer & Kurutac (1979), Eaton et al. (1982), Tunca (1984), Antonopoulou
et al. (1995), Lanza et al. (2001). The spot model was applied by Eaton & Hall
(1979) to explain a distortion wave in optical light curves. Lanza et al. (2001) has
studied Long-term starspot evolution, activity cycle and orbital period variation
of SZ Psc. Whereas Kang et al. (2003) have studied chromospheric activity by
analysing photometric data and have given light-curve/spot solutions. Doyle et al.
(1994) observed flaring activity on SZ Psc in Ultraviolet waveband. They also found
variation in Mg ii strength, possibly phase dependent, and an apparent eclipse of a
plage in Mg ii. MAXI/GSC detection of a possible flare from SZ Psc was reported
by Negoro et al. (2011).
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6. A LONG DURATION FLARE FROM EVOLVED RS CVN TYPE
ECLIPSING BINARY SZ PSC
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Figure 6.1: Swift BAT (top panel), XRT (middle panel), UVOT (bottom panel)
observations show flare FSZ and the post-flare PFSZ.

6.1 X-ray light curves

Fig. 6.1 shows the X-ray light curves of SZ Psc obtained in 14-150 keV, 0.3-10 keV
and five UVOT bands. The flare FSZ triggered Swift’'s BAT on 2015 January 15
UT 09:08:42 (=T 03) as an Automatic Target trigger on board (reported by D’Elia
et al., 2015; Drake et al., 2015). SZ Psc entered in the BAT FOV around 100 s
before the trigger interval. SZ Psc was also within the BAT FOV in the earlier
orbits before ~ 12 ks from the TOsThe BAT light curve shows variability during
and after the trigger interval. The count rate initially appears to fall from an earlier

peak, followed by an increase up to a count rate of ~0.0084 counts s~ .
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6. A LONG DURATION FLARE FROM EVOLVED RS CVN TYPE
ECLIPSING BINARY SZ PSC

The duration for the flare FSZ is derived to be >70 ks, which is among the
longest duration flares observed on SZ Psc, thus far. The flare duration is also very
much larger than that of the flares derived in other BY Dra and RS CVn binaries
(Pandey & Singh, 2008, 2012). The e-folding rise times (t,) and decay times (tg)
of the flare FSZ in XRT band are derived using the equation 4.1 and found to be
12.5+0.4 and 19.9+40.1 ks, respectively. Both of these values are comparable or more
than those of the observed flares in other G-K dwarfs, RS CVn binaries, and dMe
stars (e.g. Osten & Brown, 1999; Pandey & Singh, 2008, 2012; Schmitt, 1994). Due
to insu cient statistics for BAT data, and incompleteness of the flare in all the UV
filters due to saturation or faintness, we could not derive the rise and decay time in
other energy bands. Since SZ Psc is an eclipsing binary, we have also investigated
if the flare is a ected by the eclipse or not. We have phase folded the XRT light
curve with a period of 3.96 days and according to the revised ephemeris from Eaton
& Henry (2007). We have overplotted the X-ray light curve on the optical V and
B band light curve derived by Kang et al. (2003), and shown Fig. 6.2. It is evident
from the figure that the flare was observed out of eclipse from binary phase 0.18 to
0.4. The later phase of the flare was partially eclipsed. The post flaring region was
very close to the secondary eclipse at binary phase 0.55 showing that the primary
component of SZ Psc is relatively strong X-ray emitter.

6.2 X-ray Spectral Analysis

Both the BAT and XRT spectra during the flaring event were extract adopting the
methods as given in Chapter 2. The detailed analysis of BAT spectra could not be
done due to poor count statistics. Therefore, only XRT spectra were analysed to
study the this long duration flare.

6.2.1 Post-Flare spectra

The spectra of post-flare phase were fitted single (1-T), double (2-T), and triple (3-
T) temperature apec model. The global abundances (Z) and interstellar HI column
density (Ny) were left as free parameters. None of the plasma models (1-T, 2-T, or
3-T) were formally acceptable with solar photospheric abundances as large values
of X? were obtained. Only a 3-T plasma model with the sub-solar abundances was
found to be acceptable with a reduced x? value of 1.01 for 36 DOF. This shows that
post-flare coronae of SZ Psc were well represented by three temperatures plasma. In
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6.2 X-ray Spectral Analysis
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Figure 6.3: The time-resolved XRT spectra obtained in 0.3-10 keV. The black circle
shows the spectra of the PFSZ phase. The rest spectra corresponds to the di erent
parts of the flare rise and decay and the time-bins are as given in Table 6.1.

our analysis, Ny was a free parameter and the value was found to be less than the
total galactic HI column density (Dickey & Lockman, 1990) towards the direction
of SZ Psc. The three temperatures from the best-fit 3-T models were derived to
be 0.027+0.009, 0.6613%, and 7*3% keV, respectively. The corresponding ratios of
the emission measures were EM,/EM; = 2x10~* and EM3/EM, = 0.39. The X-
ray luminosity in 0.3-10.0 keV band during the post-flare region was derived to be
1.240.1x10%° erg s™1. The value of the luminosity is comparable or larger than
the quiescent X-ray luminosities observed on other RS CVn stars (Pandey & Singh,
2012).

6.2.2 Flare spectra: Time-Resolved Spectroscopy

We have performed a detailed time-resolved analysis in order to investigate the
evolution of spectral parameters during the flare FSZ in the soft X-rays. The flare
was divided into twenty four time bins, so that each time bin contains su cient and
similar number of counts. The length of the time bins is variable, ranging from 210-
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6.2 X-ray Spectral Analysis

Table 6.1: XRT time-resolved spectral parameters during the flare from SZ Psc

Time Interval KT EM Ly 0.3-10 z >
Parts ©) (keV) (1054 cm-3) (10 ergs-t) (zo) X (POP)
P01 T03+380.5 : T03+710.5 17.671%  2.2975-08 4.351003 0.6070 12  1.082 (487)
P02 T03+710.5 : T03+1030.5 16.8702  2.347508 4.52%003 0.72%012  1.169 (484)
P03 T03+1030.5 : T03+1339.5 142755 2.4470-05 4.5570-00 0507015 1.104 (475)
P04 T03+1339.5 : T03+1650.5  15.679%5  2.5370-05 4.6370-0° 0407012 1.213 (478)
P05 T03+1650.5 : T03+1950.5  14.975%  2.4770-05 4.7470-06 0.6870-13  0.997 (480)
P06 T03+1950.5 : T03+2220.5  15.0105 2497508 4.79%052 0.6970 15 1.081 (459)
P07 T03+5440.5 : T03+5850.5 157707 2.4670-0% 4.5970-02 0507011 1.234 (536)
P08 T03+5850.5 : T03+6269.5  12.3702  2.3670-01 4387003 0.4870-08  1.142 (529)
P09 T03+6269.5 : T03+6690.5 127702 2.3670-01 4317003 0.4070-0%  1.098 (525)
P10 T03+6690.5 : T03+7120.5  14.0707  2.3270-04 4317003 0.4970-15  1.100 (528)
P11 T03+7120.5 : T03+7559.5  11.9%05 2247503 4.16%00% 0.46105%  1.039 (522)
P12 T03+7559.5 : T03+7980.5  11.9702>  2.1170-0% 4.0970-03 0.6710 09  1.058 (522)
P13 TO03+11220.5: T03+11460.5 152710  2.0270-08 3.7670-05 0.48%0-12  1.169 (385)
P14  TO03+11460.5: T03+11700.5 11.975%  1.9270-07 3.6870-03 0.617015 0.941 (387)
P15  T03+11700.5: T03+11940.5 12.1758 197700 3.6470-08 0.44%0-17  1.269 (382)
P16  T03+11940.5 : T03+12150.5  9.6702 1.8910-04 3.4970-0° 0517015 1.241 (363)
P17  T03+28789.5 : T03+29419.5  8.3703 0.7570-01 1.2710-01 0.22%057  1.115 (376)
P18  TO03+29419.5 : T03+30079.5  7.0703 0.7070-01 1.1970-00 0.3670 0% 1.270 (363)
P19 T03+30079.5 : T03+30759.5  7.8703 0.6870-01 1.1510-02 0.241057 1,111 (372)
P20 TO03+57685.5 : T03+58674.5  4.270-2  0.162715-507 0.215%0007  0.1470-07  1.284 (203)
P21 T03+62964.5 : T03+63964.5  4.070-2  0.132715-507 0.1821050%  0.3170-08  1.003 (177)
P22 TO03+68742.5: T03+75392.5  3.8702  0.07675-502 0.0981050%  0.1870-0°  1.102 (196)
P23 TO03+81037.5: T03+91997.5  3.270-1  0.09175-501 0.09810502  0.0070-03  1.190 (200)
P24 TO03+104574.5 : T03+110012.5 3.370-2  0.04375-502 0.052%060)  0.1870-05  1.057 (118)
P25  TO03+489136.5 : T03+495856.5 1.970-2  0.01475-501 0.012%0601  0.0570-0°  1.697 (40)

Notes.All the errors shown in this table are in 68% confidence interval.

parameters of the flare FSZ is shown in Fig. 6.4 and are given in Table 6.1. The
abundances, temperature, and corresponding emission measure were found to vary
during the flare FSZ. The peak values of abundances were derived to be 0.72+0.15
Z which was ~4 times more than that at the end of the flare. This value is also
more than that of the other RS CVn type binaries as observed by Pandey & Singh
(2012), indicating a higher amount of evaporation of the chromospheric plasma into
the flaring loop.

The temperature was peaked at a value of 17.6+1.3 keV for the flare FSZ, which
was ~5.3 times more to that derived for end phase of the flare. The derived value
of maximum temperature for the flare FSZ is quite high from previously observed
maximum flare temperature on other RS CVn type binaries (Pandey & Singh, 2012),
but this value is of the similar order to those of the superflares detected on CC Eri
(Karmakar et al., 2017), EV Lac (=150 MK and ~142 MK, Favata et al., 2000;
Osten et al., 2010), 11 Peg (=300 MK; Osten et al., 2007), and AB Dor (=114 MK,
Maggio et al., 2000).
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