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Abstract

We present a detailed X-ray analysis and imaging of stellar coronae of five coronally connected eclipsing binaries,
namely, 44 Boo, DV Psc, ER Vul, XY UMa, and TX Cnc. Both components of these binaries are found to be
active. The X-ray light curves of detached and semidetached type systems show eclipsed-like features, whereas no
evidence for coronal eclipsing is shown by the contact type systems. The X-ray light curve of DV Psc shows the
O’Connell-like effect where the first maximum is found to be brighter than that of the second. Results of the
coronal imaging using three-dimensional deconvolution of X-ray light curves show the coronae of all these
binaries are either in the contact or over-contact configuration, with the primary being 1.7-4 times X-ray brighter
than its companion. In the current sample, a minimum of 30%—-50% of total UV emission is found to originate from
the photosphere and positively correlated with the X-ray emission. X-ray spectra of these systems are well
explained by two-temperature plasma models. The temperature corresponding to cool and hot components of
plasma are found to be in the ranges of 0.25-0.64 and 0.9-1.1 keV, respectively. For the majority of binaries in the
sample, the phase-resolved X-ray spectral analysis shows the orbital modulation in X-ray luminosity and emission
measure corresponding to the hot component. A total of seven flaring events are also detected in the four systems
with the flare energy in the range of (1.95-27.0) x 10 erg and loop length of the order of 10°™"' cm.

Unified Astronomy Thesaurus concepts: Eclipsing binary stars (444); Stellar flares (1603); Stellar coronae (305)
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1. Introduction

The magnetic field generated deep within the convective
envelope of cool stars by dynamo when penetrating stellar
atmosphere gives rise to several activity phenomena like star
spots, plages, activity cycles, flares, etc. These activity
phenomena are observable from X-ray to radio waves (see
reviews Favata & Micela 2003; Giidel 2004; Strassmeier 2009).
The X-ray emission in these stars is usually due to a million-
degree thermal plasma inhabiting the magnetic-coronal loops.
The X-ray study gives insights into the outermost parts of
stellar atmospheres and thus is crucial to understanding the
coronal heating problem. Magnetically driven activities
increase with decreasing rotation period and saturate around
the Rossby number (R;) of 0.13 where X-ray luminosity
follows the relation Ly/Lyo ~ 103 (Pizzolato et al. 2003).
Various theories have been proposed for such a saturation
regime, e.g., the internal dynamo saturates and produces no
further magnetic flux (Vilhu & Walter 1987), coverage of
active regions on the stellar surface to the maximum extent
(Vilhu 1984), the corona is being stripped as a result of
increased centrifugal force caused by rotation (Jardine &
Unruh 1999), and concentrated magnetic flux to poles (Solanki
et al. 1997).

The saturation regime consists of cool short-period binaries
and young stars, whereas old single stars and long period
binaries follow the activity—R relationship. Young single stars
slow down with age due to angular momentum loss (AML)
caused by winds, CMEs, and other factors. Thus, as they grow
into old-aged stars, they are not expected to lie in the saturation
regime unless they manage to overcome AML. On the other
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hand, binary stars exhibit increased activity due to tidal locking
between binary components. The tidal locking may have a
detrimental impact on activity because it impedes the
differential rotation and decreases the efficiency of the internal
dynamo. This has been observed in the case of contact binaries,
where decreased differential rotation results in weak magnetic
activities and thus weak emission in X-rays (see, e.g., Chen
et al. 2006). Based on the lack of correlation between X-ray
luminosity and the Roche lobe filling fraction, Dempsey et al.
(1993, 1997) suggested that the magnetic activities are
primarily governed by the interaction of convection and
differential rotation within the star and are unaffected by other
binary components.

Theoretical models predict that semidetached systems evolve
into a contact system via orbital AML. During this evolution,
the binary system oscillates between contact and broken-
contact phases due to thermal relaxations in which AML
controls the time spent in each phase (e.g., Vilhu 1982;
Rucinski 1986). Such oscillations should also be observable in
X-rays. Therefore, X-ray emitting short-period active binaries
are ideal candidates for understanding the lower limits of
differential rotation for dynamo operation (e.g., Bailyn &
Pinsonneault 1995). Such near-contact binaries are believed to
contain inter-binary magnetic components (Giidel 2004);
however, it is unclear if such inter-binary magnetic fields play
any role in flaring frequency and overall binary activity. The
existence of inter-binary magnetic fields is more plausible in
short-period active binaries by direct contact of coronae of
binary components. Thus, short-period eclipsing binaries are
the best objects for constraining theories about the extent of
stellar coronae.

In the above context, we present a systematic analysis of
X-ray and UV observations of five short-period eclipsing
binaries, namely, 44 Boo, DV Psc, ER Vul, XY UMa, and TX
Cnc. We organize the paper as follows: Section 2 explains the
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Table 1
Basic Parameters of Active Binaries in the Sample
System Sp. Type Distance” T, (HID) Period M,/ R,/ T,/ a i
M, R, T,
(pc) @ (Mc) (Re) X Re) @]
44 Boo® GO Vn 125 +£02 2439852.49030 0.2678159 0.9/ 0.85/ 5300/ 1.94 71.5
0.47 0.58 5035
DV Psc® K4V+MOV 425 +0.1 2454026.14320 0.30853593 0.714/ 0.71/ 4450/ 2.034 74.2
0.477 0.52 3692
ER Vul® G1-2V+G3V 50.8 £0.1 2445220.40964 0.698095 1.108/ 1.04-1.25/ 5900/ 428 66.63
1.052 1.05-1.21 5750
XY UMa* G2V+K5V 68.4 +0.2 2435216.39630 0.47899824 1.10/ 1.16 / 5310/ 3.107 80.86
0.66 0.63 3806
TX Cnc® F8V 188 £2 2455289.34028 0.3828824 1.276/ 1.255/ 6400/ 2.46 63.5
0.580 0.866 6058

Notes. Here T} is in HID and corresponds to orbital phase 0, M; and M,, R; and R,, T; and T, are mass, radius, and the effective temperature of the primary and
secondary components, respectively, a is binary separation, and i is orbital inclination angle.
4 Gray et al. (2001), Duerbeck (1978), Svechnikov & Kuznetsova (2004), Hill et al. (1989).

® Ppi et al. (2019).

¢ Duemmler et al. (2003), Harmanec et al. (2004), Ozavci et al. (2019), Hill et al. (1990).

4 Lister et al. (2001), Pribulla et al. (2001), Gazeas et al. (2010).
€ Pribulla et al. (2006), Liu et al. (2007).

sample selection, Section 3 discusses observations and data
reduction, Section 4 addresses X-ray spectral and temporal
analyses, in Section 5, we discuss our results, and we present
our conclusions in Section 6.

2. The Sample

For the coronally connected systems, eclipsing binaries
(EBs) with both components being late-type stars were
picked from the catalogs available in VizieR.” A total of 973
such EBs were available in different catalogs. For selecting
possible coronally connected binaries (CCBs), we have
assumed that the corona has to be extended up to 1 Rs from
the photosphere (Gtiidel 2004) and it should satisfy the relation,
Ri+R,>a/2, where R, and R, are radii of primary and
secondary stars, and a is the binary separation. Adopting these
criteria, a total of 671 EBs are found with a possible coronal
connection. These 671 binaries were then searched for X-ray
data in XMM-Newton archives.* A total of 34 binaries were
observed by the XMM-Newton observatory until 2021
December. Only seven binaries are found to show significant
X-ray detection for a detailed analysis. X-ray data of one EB,
VW Cep, was heavily contaminated by background soft proton
flares. A detailed study of the flaring events observed in another
EB, SV Cam, was carried out by Sanz-Forcada et al. (2006)
and the quiescent state X-ray light curve of SV Cam covers
only half an orbital cycle. Therefore, we omitted these two
binaries from the present study. Finally, the sample was
reduced to only five potential CCBs for a detailed study. The
fundamental parameters of these seven EBs are given in
Table 1 and described below.

2.1. 44 Boo

The system 44 Boo is a short-period closest eclipsing binary,
which forms a visual binary with the ADS 9494 system. The
first X-ray observation of this system indicated that 44 Boo is

3 hitps: //vizier.u-strasbg.fr/viz-bin/VizieR
http: / /nxsa.esac.esa.int/nxsa-web /#search

the X-ray source in this system (Cruddace & Dupree 1984).
Kellett (1998) studied orbital phase-dependent X-ray emission
of 44 Boo using ROSAT observations and found the signatures
of the formation of hot X-ray emitting plasma components
between the binary companion. These signatures directly
confirm the existence of a coronal connection between binary
components of this system. The outside eclipse variations in the
optical band are explained by the presence of dark spots on the
surface of binary components (Liu et al. 1984). Saar &
Brandenburg (1999) reported that 44 Boo is a highly active star
with a possible magnetic activity cycle of a period of 3.3 yr.
The XMM-Newton observation in the present work was also
analyzed by Gondoin (2004) using the RGS and PN data. They
fitted the X-ray spectra from the PN detector with three
temperature plasma models with temperatures 0.25, 0.61, and
1.05 keV. They also found three flaring events near phases 0.3,
0.65, and 0.9. A detailed discussion of these results is given in
Section 5.

2.2. DV Psc

DV Psc is a highly active short-period (=0.308 days)
eclipsing binary. Beers et al. (1994) investigated the chromo-
spheric activity from Ca H&K emission lines in spectra and
concluded the active nature of this binary. Later, it was detected
and confirmed as a soft X-ray source in the ROSAT survey
(Bade et al. 1998). A year later, Robb et al. (1999) discovered
asymmetries in photometric light curves, which Salehi &
Edalati (2003) later linked to its magnetic activities. Zhang &
Zhang (2007) investigated the physical nature of the system,
and concluded that the system is a near-contact binary and is in
process of evolving to a W UMa type contact binary in the next
1.5 £ 0.7 Gyr. Zhang et al. (2010) detected a first flare-like
event in the system in photometric time series. Based on
photometric data, Pi et al. (2012) calculated a flare rate of
approximately one flare per 2.5 days (=0.13 flare per cycle),
showing that DV Psc is a highly active binary. Gazeas &
Palafouta (2019) proposed a third body in an eccentric orbit
with a period of 9.79 + 0.60 yr and a magnetic cycle of period
14.74 + 0.84 yr.
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2.3. ER Vul

ER Vul was classified as a short-period RS CVn binary
system by Hall (1976). The presence of cool spots has been
used to explain optical light-curve variation outside the
eclipse by several authors in the past (see, e.g., Olah et al.
1994; Ekmek¢i et al. 2002; Pop & Vamos 2013). The active
nature of both the components of this binary was confirmed
by Cakirli et al. (2003) and revealed that the secondary
component is more active than the primary. Ozavci et al.
(2019) updated the physical parameters for this binary and
suggested the presence of cool spots at high latitudes for both
binary components. Brown et al. (2002) and Brown et al.
(2004) studied the coronal activity of ER Vul using
coordinated Chandra and VLA radio observations. Through-
out the X-ray observations, they found a low level of
variability without the presence of any eclipse-like feature
in the light curve. A solar-like flare with a duration of ~30
minutes was also observed during the Chandra observation.

2.4. XY UMa

XY UMa was first detected as a short-period eclipsing binary
by Geyer et al. (1955) and Geyer (1976). Magnetic activities of
both components have been studied by several authors
(Bedford & Geyer 1986; Hilditch & Bell 1994, etc) by linking
photometric variability outside the eclipse with the presence of
star spots. Two flaring events in the optical band have been
reported in the literature (i.e., Zeilik et al. 1983; Ozeren et al.
2001) where both optical flares were observed near the
secondary eclipse. X-ray observations from EXOSAT detected
a flaring event and orbital modulation in a quiescent state
(Bedford et al. 1990; Jeffries & Bedford 1990). Recently, three
X-ray flares were detected by Gong et al. (2016) during the
primary eclipse using CHANDRA data.

2.5. TX Cnc

TX Cnc is a well-known contact binary of particular interest
as being the member of the youngest open clusters Praesepe
harboring such binaries (Rucinski 1998). The optical light
curves of TX Cnc reveal the O’Connell effect (O’Con-
nell 1951), which is indicative of magnetic activities in this
system (Zhang et al. 2009; Gazeas et al. 2021).

3. Observations and Data Reduction

All the target stars were observed by the XMM-Newton
observatory at different epochs with different detector config-
urations. The XMM-Newton has six detectors (EPIC; one PN
(Striider et al. 2001) and two MOS (Turner et al. 2001)), two
reflection grating spectrometers (RGS; den Herder et al. 2001),
and one optical monitor (OM; Mason et al. 2001). Aside from
the OM, which is used for observations in the optical and UV
bands, all other detectors are devoted to observations in the
X-ray band with energy coverage of ~0.15-15keV. Since all
the detectors are co-aligned, it is feasible to conduct
simultaneous observations in multiple energy bands. A log of
observations for all the target stars is provided in Table 2.

The data were reduced using standard XMM-Newton
Science Analysis System (SAS) v18.0.0 software. We adopted
standard procedures to generate calibrated event lists from
EPIC data. We constrained our analysis in the energy range of
0.3-10.0 keV as at high energies coronal sources have very low
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and undetected flux, and also the background contribution is
significant. Each data set was searched and corrected for high
particle background events. The data of the stars 44 Boo, ER
Vul (obs ID: 0781500101), DV Psc, and XY UMa are found to
be affected by high background flaring events, and the
observations affected by this were excluded. The pile-up effect
was also checked using the task EPATPLOT within SAS, for
each star. Excluding the star 44 Boo, observations of all other
stars were free from this effect. X-ray light curves and spectra
were generated from on-source counts obtained from circular
regions with radii 30"-80"”. In the case of 44 Boo, pile-up was
unavoidable for PN observations, thus we constrained our
analysis using the observation from MOS. We took the annulus
region of an inner radius of 12” and outer radius of 80" to avoid
the pile-up effect. For each detector, the background was
extracted from source-free regions in such a way that it
accounted for the same amount of area as the source selection
region in the same CCD. The X-ray light curves were corrected
for background contribution and other effects by using the task
EPICLCCORR. The X-ray spectra were generated using the task
ESPECGET, which also computes both the photon redistribution
and ancillary matrix. We rebinned the X-ray spectra with at
least 20 counts per spectral bin for the spectral analysis. OM
fast mode data was reduced using the standard OMFCHAIN task
in SAS. However, fast mode data can have artifacts like jumps
in count rate for some exposures due to some events falling
outside the window, whereas the image mode data of each
exposure do not suffer such artifacts. Therefore, we recalibrated
the light curves of fast mode data from the image mode data
using the following strategy. If M(i) is the mean value of the
count rate corresponding to the time series 7(i) of the ith
exposure and C(i) is the count rate in the CORR_RATE
column of the image mode data file *SWSRLIO000", then the
scaled time series can be calculated as Tscaled(i) = 7(i) * C(i)/
M(i). The corrected time series obtained from each OM
exposure were then merged using FMERGE task of FTOOLS.

4. Analyses and Results
4.1. Light Curves

The X-ray light curves as observed from the EPIC
instrument in the energy band of 0.3-10.0 keV and OM light
curves in the different UV filters for all target stars are shown in
Figure 1. All the X-ray light curves were binned with 200 s,
whereas the OM light curve is constituted with each OM
observation. The time corresponding to each data point of the
light curve was converted to the orbital phase using the
ephemeris given in Table 1 and shown in the opposite to the
time axis of the same figure. Excluding the star TX Cnc, the
X-ray observations for all target stars suffering from flaring
events are depicted by the blue shaded areas in Figure 1 (see
Section 4.2 for a detailed description of the flare detection
method).

4.2. Flare Detection and Orbital Modulation

We identified the probable flaring events by inspecting the
hardness ratio (HR) curve. The HR is defined as HR = Z—;i,
where H and S are count rates in the hard (2.0-10.0keV) and
soft (0.3-2.0keV) energy bands, respectively. X-ray light
curves in the soft and hard energy bands together with the HR
curve are shown in Figure 2. We identified flaring episodes as
times when HR increases rapidly, mimicking the X-ray light
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Table 2
Log of Observations of Stars in the Sample
Star Name Obs. ID Instrument Filter Start Date and Time Exposure Offset Radius”
Total /Useful
(yyyy-mm-dd hh:mm:ss) (ks) ) @)
44 Boo 0100650101 MOS1 THICK 2001-6-8 10:49:36 24.2/17.4 0.005 12-80°
MOS2 THICK 2001-6-8 10:49:35 24.2/17.6 12-80°
DV Psc 0603980101 MOS1 MEDIUM 2009-6-19 14:49:19 55.5/50.0 0.002 50
MOS2 MEDIUM 2009-6-19 14:49:17 55.5/50.0 50
PN MEDIUM 2009-6-19 15:11:39 53.9/49.4 50
OM UVW1 2009-6-19 14:57:43 55.8/53.0
ER Vul 0785140601 MOSI THICK 2016-4-22 09:08:12 14.4/14.4 0.018 50
PN THICK 2016-4-22 09:14:02 14.2/14.2 50
OM Uuvw2 2016-4-22 09:17:08 15.8/13.2
0781500101 MOS1 MEDIUM 2016-4-22 13:51:33 75.4/60.6 0.016 50
MOS2 MEDIUM 2016-4-22 13:52:16 75.3/60.6 50
PN MEDIUM 2016-4-22 13:57:22 75.2/60.6 50
OM UvVM2 2016-4-22 14:00:29 76.7/66.0
XY UMa 0200960101 MOSI MEDIUM 2005-3-28 23:11:06 86.4/59.2 0.014 52
MOS2 MEDIUM 2005-3-28 23:11:07 86.4/59.2 52
PN MEDIUM 2005-3-28 23:33:26 87.1/57.8 50
OM UvVM2 2005-3-28 23:19:34 102.6/96.4
TX Cnc 0761921201 MOS1 MEDIUM 2015-5-11 06:07:50 58.0/58.0 4.501 30
MOS2 MEDIUM 2015-5-11 05:24:47 60.6,/60.6 30
PN MEDIUM 2015-5-11 05:47:03 59.0/59.0 33
Notes.

# Radius of the circular region for the extraction of light curve and spectra for the source.
Annulus region was taken for the source extraction with inner and outer radii of 12” and 80", respectively. For each source, a similar area of source-free regions was

taken for background extraction.

curves. Such episodes are shown as blue-shaded regions in
Figures 1 and 2. We identified seven such flaring episodes and
refer to them as FN, where N is 1,2,3....7. The HR value for all
stars reached close to —0.9, indicating that the sample stars are
very soft X-ray sources.

We used the PN light curve for further analysis for all stars,
excluding 44 Boo, as MOS observations have relatively poor
count statistics compared with the PN observations. We
excluded the flaring events from the X-ray and UV data of
each system to make quiescent state light curves. The quiescent
state light curves were phase folded according to the ephemeris
given in Table 1 and shown in Figure 3. The X-ray light curves
of the target stars are found to show phase-locked variation
even if the stars 44 Boo, ER Vul, and XY UMa were only
observed for approximately one orbital cycle.

The phase-folded X-ray light curve of 44 Boo shows a
highly variable nature during the entire binary phase. A
tendency of decreasing X-ray flux before the primary eclipse is
seen in the X-ray light curve, even if the observations during
the primary eclipse (0.92-0.10) were lacking. A dip near the
secondary eclipse was observed as well. Additionally, bright-
ening is seen near phase 0.35 indicating the existence of some
hot plasma. The presence of both eclipses in the light curves
shows that both the components of binary are active.

The phase-folded light curves of the stars DV Psc and ER
Vul show a similar trend, with a brighter X-ray around the first
quarter phase than that from the third quarter phase. This kind
of variation shows that one side of binary components is being
crowded by more active regions than the other side. Based on
the presence of both primary and secondary eclipses, one can
infer that both primary and secondary components are active in
both binary systems.

XY UMa, on the other hand, shows an odd phase-folded
light curve with the presence of three dips during the entire
orbital period. Two dips are at the phases of primary and
secondary eclipses, indicating both components are active. The
third dip is seen near phase 0.75. TX Cnc was found to be
brighter during the primary eclipse.

Simultaneous UV and X-ray observations were available for
three EBs, ER Vul, DV Psc, and XY UMa. UV light curves of
DV Psc and XY UMa show variation outside the eclipse,
mimicking the O’Connell effect. We then seek correlations
between UV and X-ray phase-folded light curves of these
binaries. The results of the correlation are summarized in
Table 3. The X-ray emission is found to be positively
correlated with the UV. In the case of DV Psc and one
observation of ER Vul, this correlation was found to be
stronger with correlation coefficients of more than 0.7, whereas
in the case of XY UMa a marginal correlation was found.

4.3. Photospheric Contribution in the UV Band

The flux in the UV band from the late-type stars could be a
combination of flux values arising from both the photosphere
and chromosphere. Therefore, we calculated the proportion of
photospheric emission in the overall measured UV flux. For
calculating the photospheric contribution, we used the synthetic
spectra from the BT—SETTL (CIFIST) spectral models of Baraffe
et al. (2015). These models are accounted for the solar
photospheric abundances only (Caffau et al. 2011). To extract
template spectra, the temperatures of primary and secondary
components of DV PSc, ER Vul, and XY UMa were taken as
4400 and 3700 K, 5900 and 5800 K, and 5300 and 3900 K,
respectively, whereas the log-g was taken as 4.5 for all stars.
These values of temperature and log-g are very close to their
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Figure 1. UV and X-ray light curves of all target stars as observed by the OM (blue), PN (black), and MOS (red) detectors of XMM-Newton. The time bin size of each
X-ray light curve is 200 s, whereas each observation from the OM instrument is constituted by each data point of the OM light curves. The energy bin for X-ray is
0.3-10.0 keV. The phase values as shown opposite to the time axis are calculated using the ephemeris given in Table 1. The blue shaded regions in Figures 1(a)—(c)
and (e) refer to flare duration and are marked by FN, where N = 1,2...,7.
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Figure 2. Soft (0.3-2.0 keV) and hard (2.0-10.0 keV) bands and X-ray light curves along with the HR plots for the stars in the sample. The time bin size is 200 s for
both the PN (black) and MOS (red) detectors.
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Figure 3. OM (blue) and EPIC [PN (black) and MOS (red)] folded quiescent state light curves of sample stars. The ephemerides used are given in Table 1.
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Table 3
Correlation Coefficient Between X-ray and UV Fluxes of the Stars in the
Sample Along with a Probability of No Correlation

Star Name Spearman’s p p-value® Kendall 7 p-value®
DV Psc 0.760 2x107% 0.538 1x10°°
ER Vul (1) 0.283 0.00288 0.199 0.00219
ER Vul (2) 0.82 3x 1077 0.59 7x107¢
XY UMa 0.233 0.0457 0.165 0.0378

Note.

? The p-value is the probability of no correlation. (1) and (2) for ER Vul
correspond to the observation IDs: 0781500101 and 0785140601, respectively.

well-estimated values listed in Table 1. The theoretical model
spectra for the primary and secondary components were
multiplied by their respective stellar surfaces and further folded
over the OM effective area. At the quarter phases, when both
stars of the system are visible, the theoretical flux prediction is
obtained using the following relation:

_ j;)oc (Sp(MA, + Ss(MAy) X Derd A

) Oeff 1)
4rd® [~ Burd \ ¢

where A, = 47TR; and A, = 47R? are the surface area of the
primary, and secondary stars, respectively, S,(\) and Sy(\) are
the model spectra of the primary and secondary, respectively,
@efr 1s the response function of the OM filter, d is the distance
of a star, and o is the effective width of the OM filter. The
observed OM count rates were converted to flux using
conversion factors given by the SAS team.’

This approach for estimating the photospheric flux does not
account for Roche geometry and surface heating effects.
Therefore, the estimated photospheric contribution to the
observed UV flux is an approximate lower value as accounting
for the Roche geometry and surface heating effects will
increase the predicted flux. The results of the photospheric
contribution are summarized in Table 4. Considering the
parameters of the stars as mentioned above, the observed
photospheric contribution was found to be 78% for DV Psc,
53% for ER Vul, and 68% for XY UMa. However, the
effective temperature of double-lined binaries is not precisely
measured as for a single star and a small change in the
temperature results in a large change in the predicted flux.
Therefore, the lower and upper limits of the predicted flux were
estimated by changing the effective temperature of each
component of the system by £100 K. We also included the
errors in radii of both components and the distance of the
system while estimating the upper and lower limits of the
predicted flux. Considering this we estimated the minimum PC
as 51%, 31%, and 43% for DV Psc, ER Vul, and XY UMa,
respectively. Due to a strong dependence of UV flux on
temperature, we could not constrain the upper limit of the
predicted flux for DV Psc and XY UMa.

4.4. X-Ray Light-curve Modeling: Coronal Imaging

The coronal structure of each component in an eclipsing binary
system can be constrained if the light curve spans nearly the entire
orbital period of the system. We used the 3D deconvolution
method of Siarkowski (1992) and Siarkowski et al. (1996) to

3 https: //www.cosmos.esa.int/ web/xmm-newton/sas-watchout-uvflux
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Table 4
Photospheric Contribution to Total Observed UV Flux
Star Observed Flux Predicted Flux PC (%)
DV Psc 104791 0.817042 >51
ER Vul® 17.98718 9.5713:83 53 (31-85)
XY UMa 0.687397 0.4610% > 43

Note. Observed flux is calculated by averaging the flux from phases 0.25 and
0.75, and the predicted UV flux is estimated from Equation (1). Photospheric
contribution is calculated as PC = Rredictedflx 45507,

observedflux

2 For the observation ID: 0781500101. Here, both observed and predicted flux
are in units of 10~'" erg s~ 'cm 2 The error in the observed flux is calculated
by adding a maximum relative error of 10% to the error obtained from the
count rate. Whereas, the error in predicted flux is estimated by propagating the
error in radius, distance, and temperature (100 K error). The values in the
parenthesis in the last column are the range of minimum to maximum values
of PC.

reconstruct the 3D coronal structures of each binary system, since
the inversion of a 1D light curve to 3D emitting structures is a
mathematically ill-posed problem and leads to multiple solutions.
However, as shown by Siarkowski (1992), with the given
physically reasonable priors, solutions converge to physically
sensible structures. The stellar surrounding is divided into uniform
cubical volume bins occupied by variable emission density [fm(x,
v, 2)]. If we consider optically thin plasma, then the total flux (F
(¢)) observed at any phase ¢ is the sum of the contribution from
all those bins that are not occulted by either star, i.e.,

F(@) =Y fun (. v, M (0, X, y, 2)dxdydz,

X, ¥,2

where M(¢, x, y, z) is the occultation matrix with values
ranging from O (totally occulted) to 1 (fully visible). The
occultation matrix is calculated with the assumption that the
system rotates rigidly and the distance to the system is much
larger than the binary separation, so shadows can be considered
cylindrical shapes rather than conical. These assumptions allow
our model to take care of the inclination angle when computing
the occultation matrix, so, it is an extension of the Siarkowski
(1992) model. We start with uniform emission density (i.e.,
felm(x, v,z2)=1 V x,y,z€X,Y,Z, where X, Y, Z means
the physical domain of computation). Based on this f.,(x, v, z)
and occultation matrix M(¢, x, y, z), the light curve F. is
computed. Then for each phase, ¢; a correction factor is
determined based on observed flux (F,) and distributed to all
visible volume bins. This correction factor updates the existing
emission density estimations as

(&)
i sM (@ %,y 2)

XM (9;, x, y, 2)

This updated emission density is then used to recompute the
light curve. The discrepancy between modeled and observed
light curves was checked using \* statistics. The iteration
process was stopped when the reduced x* approaches 1. We
used a cell size of 0.1 x 0.1 x 0.IRS with the physical
constraint that the corona of each binary is extended up to 1R,
above the photosphere. Based on the solution obtained, we
plotted the f.;, distribution with the axis (i.e., fi, f, f2). Here,
fr =X, fem(x, ¥, 2) provides information about how emitting
regions are varying with the variation of longitude, and

fe’;rl()Q Y, Z) :f;n(xs Y, Z)
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fy=2fem(x, ¥, 2) shows the variation of X-ray emitting
plasma along the line connecting the binary system. This
distribution shows the intra-binary plasma component and
provides the relative brightness of the primary with respect to
the secondary. The f,=2X, fom(x, y, z) distribution shows
whether emitting regions are uniformly distributed in both the
upper and lower hemispheres of the binary or not.

Results obtained from the coronal imaging are shown in
Figures 4-8. In each figure, panel (a) is the top view: a view of
the upper hemisphere as seen by an observer at the top of the
orbital plane, panel (b) is the bottom view: a view of the lower
hemispheres as seen by an observer at the bottom of the orbital
plane, panel (c) is the front view: 0°~180° longitudinal view of
the orbital plane from the front side, panel (d) shows the
backside view: 180°-360° longitudinal view of the orbital
plane from the backside, panel (e) represents the distributions
of fom, where R=0 corresponds to a 0 longitude for the f;
distribution, the center of mass of the binary system for the f,
distribution, and the equator for the f, distribution, and panel (f)
shows the best-fit modeled light curve along with the data. The
results obtained from eclipse modeling for different systems are
described below.

4.4.1. 44 Boo

Figures 4(a)-(d) show that both components of 44 Boo have
highly inhomogeneous coronae. The identical structure of the
top and bottom views (see Figure 4(a), (b)) indicate that the
upper and lower hemispheres contain an almost similar
distribution of active regions in both components of 44 Boo.
The presence of two peaks in the distribution of f, also suggests
the presence of two active latitudes (see Figure 4(e)). The
majority of the X-ray active regions are found to be
concentrated toward the poles and very less active regions
are found near the equator. A similar trend is seen in the f;
distribution as well, two active X-ray emitting regions exist
along the longitude. It is evident from back and front views as
shown in Figures 4(c) and (d) that the secondary component
has more active regions on the one side than on the other while
the primary has active regions on both longitudes. The f,
distribution as shown in Figure 4(e) indicates that the corona of
the primary is approximately twice as bright as the secondary
and the coronae of both stars overlap each other. In terms of the
brightness per unit area, both components are found to be
almost at the same activity level. Figure 4(f) shows the best-fit
modeled light curve over the real data. The brightening near
phase 0.35 can now be attributed to the high active region on
the secondary.

4.4.2. DV Psc

Figure 5 shows the results of the X-ray light-curve modeling for
DV Psc. Based on Figures 5(a) and (b), it is evident that the
primary has more active regions in the upper hemisphere while the
secondary has them in the lower hemisphere. From Figure 5 (c), a
clear pole-to-pole connection of the active region for this system
can be seen. The f, distribution in Figure 5 (e) shows that the lower
hemisphere is relatively more active than the upper one, which is
probably due to the larger contribution of the X-ray active region
on the lower hemisphere of the secondary star. The f, distribution
shows a skewed nature, which means that there exists only one
active longitude; this can be also inferred from Figures 5 (c) and
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(d). This further shows active regions are distributed uniformly
from the pole to the equator of the primary star. The f, distribution
shows a very dynamic trend, which also indicates that the relative
brightness of the primary for this system is almost 1.7 times that of
the secondary. We also noticed that both the components are
equally active when X-ray flux is taken into account per unit
surface area.

4.4.3. ER Vul

We found very similar results for ER Vul to those found for
DV Psc. The presence of one active longitude and uniformly
distributed active regions throughout the pole to the equator for
both components of this system are found to be present. We also
noticed the presence of an inter-binary active region in ER Vul,
which can be seen in Figure 6(d). The f, distribution as shown in
Figure 6(e), shows that X-ray emitting regions are concentrated
toward one side of the binary components and the relative
brightness of both coronae was the same. Both components are
of almost similar sizes indicating a similar activity level.

4.4.4. XY UMa

The corona of XY UMa shows more dynamic features than
any other system in our current sample. In Figures 7(a) and (b),
three bright X-ray emitting regions with two being on the
primary facing away from the secondary and one being on the
place where coronae of both components are connected. The f,
distribution shows X-ray emitting regions are not distributed
homogeneously over both hemispheres for the primary as well
as the secondary (see Figure 7(a), (b)). From Figures 7(c) and
(d), we can infer that the coronae of both components are
clearly connected. In fact, the distribution of f;, shows three
peaks, which can be explained by the presence of three active
regions in which two active regions are on the primary whereas
the third active region arises from the X-ray emitting plasma
near the contact point between the binary components. The
relative brightness of the primary and coronal connection
regions is about 4 and 2 times more than that of the secondary
component. Two active longitudes were also visible in the f;
distribution.

4.4.5. TX Cnc

The results for TX Cnc are shown in Figure 8. The coronae
of both components have uniformly distributed X-ray emitting
regions, with a small excess in the upper hemispheres for both
components. It appears that a common envelope of the X-ray
emitting region exists around the binary. The relative bright-
ness of the primary is nearly 3 times that of the secondary, but
again both components become equally active if we consider
the relative brightness per unit of surface area.

4.5. X-Ray Spectral Analysis

The X-ray spectra of coronally active stars are well modeled
by collisionally ionized plasma. We used XSPEC (version
12.11.0; Arnaud 1996) for X-ray spectral fitting with the
absorbed APEC model (Smith et al. 2001) considering the solar
abundances from Anders & Grevesse (1989). We analyzed the
X-ray spectra at the quiescent and flaring states separately. The
energy range for the spectral fitting was chosen to keep source
spectra considerably above the background X-ray spectrum.
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Figure 4. Results of the X-ray light-curve modeling for the system 44 Boo. (a) Top view: a view of the upper hemisphere as seen by an observer at the top of the
orbital plane, (b) bottom view: a view of the lower hemispheres as seen by an observer at the bottom of the orbital plane, (c) front view: 0°~180° longitudinal view of
the orbital plane from the front side (d) back view: 180°-360° longitudinal view of the orbital plane from the backside, (e) the distributions of f,, where R =0
corresponds to a 0 longitude for f, distribution, the center of mass of the binary system for the f, distribution, and equator for f. distribution, (f) the best-fit modeled
light curve along with the observed light curve. The yellow dashed circles show the extent of the photosphere of primary and secondary.
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Figure 9. Quiescent spectra of target stars. Here, the color scheme is as
follows: black for I Boo, red for DV Psc, green and blue for ER Vul with the
observation IDs: 0781500101 and 0785140601, respectively, cyan for XY
UMa, and magenta for TX Cnc.

Figure 9 shows the average quiescent state spectra of all five
EBs. The quiescent state spectra from all three EPIC
instruments were fitted simultaneously. The single temperature
absorbed APEC model resulted in a large value of x~ for all
systems. After adding one additional temperature component to
the model, fitting was improved significantly. The abundances
of both components of the two-temperature APEC were tied and
left free along with other parameters. However, the parameter
of the redshift was fixed to zero.

The best-fit average spectral parameters for the quiescent
state of all target stars are given in Table 5. The average cool
temperature is found to be 0.26-0.30 KeV for stars 44 Boo, DV
Psc, and XY UMa and 0.56-0.64 keV for stars ER Vul and TX
Cnc. However, the average temperature of the hot component
is found to be between 0.9 and 1.1 keV for all stars. The ratio of
emission measures (EMs) corresponding to the hot and cool
components is found to be in the range of 0.84-1.67. The
abundances are found to be near 0.14 Z for the majority of
stars, whereas for TX Cnc, it was found to be 0.35 Z.. As
expected, the value of Ny for each star is found to be less than
the galactic value of Ny (Dickey & Lockman 1990) toward the
direction of that star.

4.5.1. Orbital Phase-resolved X-Ray Spectral Analysis

In order to study the orbital evolution of X-ray spectral
parameters, we extracted spectra from each EPIC instrument
with a phase interval of 0.1 using the PHASECALC task of SAS.
The spectra from the MOS1, MOS2, and PN detectors were
fitted simultaneously for each phase interval. Similar to the
average spectral fitting, we fitted the two-temperature plasma
model to each phase bin X-ray spectra. The Ny was obtained to
be constant during the entire orbital phase of each binary except
XY UMa. So, we froze the Ny value to the average value and
refitted the spectra with the two-temperature APEC models. The
best-fit spectral parameters for all phase bins are given in
Table 5 and shown in Figure 10. Here, kT; and EM, are the
temperature and corresponding EM of the cool component, k7,
and EMj; are the temperature and EM corresponding to the hot
component, Z is abundances in terms of solar photospheric
abundances (Z.), and Lxq is the X-ray luminosity in the 0.3
—10.0 keV energy band.
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The variability in each spectral parameter was tested by the

B-rY

)(2 test, where X2 = Zi( . “‘) , P;, and op, are the value and
P,

corresponding error of the p'arameter in a particular phase bin,
and P,, is the average value of the parameter. This x> was
compared with the critical value of x? for a 99% of confidence
level for a given degree of freedom. When the observed x? is
greater than the critical value of Y% the parameter was
considered to be a variable with a confidence level of 99%. The
results of this variability analysis are given in Table 6, where
“V” stands for variable parameters and “C” stands for the
constant parameter. We found the parameter Lxq is variable
with a 99% confidence level for all stars. All the spectral
parameters are found to be variable only for the star ER Vul.
The EM,; is found to be varying with the orbital phase for all
stars, excluding TX Cnc, whereas EM; is found to be variable
only for DV Psc, ER Vul, and XY UMa. The coronal
abundances also vary significantly for the stars 44 Boo and
ER Vul

4.5.2. Quiescent Coronal Length Scales

The EM (EM = n nydV; n. and ny is the number density of
electrons and hydrogen, respectively) provided in Table 5 can
be used to constrain the X-ray emitting plasma. As EM is a
composite of particle density and emitting volume, thus, the
density measurement is required to constrain the emitting
volume. For late-type stars, coronal densities were determined
by Ness et al. (2004) based on O VII and the Ne IX triplet. The
O VII triplet corresponds to the low-temperature component of
1-6 MK and electron densities n. of 10" em™. As the
density diagnosis based on He-like triplets has large errors, so
we used the average value of density scatter (i.e., log(n,) ~ 10)
for the estimation of the quiescent coronal length scale. For
estimation of ny (number density of hydrogen), one can assume
fully ionized plasma with a 10% helium abundance. In this
case,’ ny~ 0.8 Xn, It is reasonable to assume that the
emitting volume is uniformly distributed over the surface of the
star as the surface filling factor for very active stars is close to
unity (see Testa et al. 2004). In this case, the height of the
coronal shell can be estimated as V.yona = 47rR>fhcomna]. We
computed quiescent coronal length scales for both the primary
and secondary components of each binary. Next, to check for a
coronal connection between the components of the system, we
computed the parameter P.=a — (R; + h; + R, + h,), where
“a” is the binary separation, #; and h, are average coronal
lengths of the primary and secondary, respectively. The
parameter P, should be less than zero for a coronally connected
system. The value of P for the systems, ER Vul, DV Psc, 44
Boo, XY UMa, and TX Cnc were estimated to be 1.2, 0.3,
0.06, —0.13, and —0.62 R, respectively. The value of P, close
to zero indicates that the quiescent coronae of both the
components are in contact with each other. The lower values of
P, for the contact binaries TX Cnc and 44 Boo indicate their
coronae are in contact. Despite being a semidetached system,
XY UMa shows a stronger coronal connection than 44 Boo. On
the other hand, DV Psc shows a moderate coronal connection.
The large value of P, for ER Vul indicates the least possibility
of a coronal connection in this system. However, when the

5 As n(He) =0.1 n(H) and hence n(H)/n(e) = n(H)/[n(H)+2n(He)] =
1/1.2 = 0.833.
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Table 5
(Continued)
Phase Ny kT, kT AZ.) EM, EM, Lxq X2 (dof)
0.6 >0.45 0.9%01 0.237503 103 57§ 1.69* 004 0.89(78)
0.7 0.5701 0827008 031508 313 1013 L7190 0.97(79)
0.8 0417008 0.89*004 04751 5% 87 176564 1.24(81)
0.9 0.5%91 0.837504 0.30+ 08 3 173 1807004 0.94(80)

Note. All the parameters are within a 68% confidence interval for a single parameter value. k7', and kT, are in units of kiloelectronvolts, EM; and EM, are in units of
10°? cm3, the quiescent state X-ray luminosity, Lxq, is in units of 10%° erg s~ in the 0.3-10.0 keV band, and Ny is in units of 10%° cm™2.

lower limit of electron density (i.e., n, = 10°° cm ) is taken
into account, all EBs show a significant coronal connection.

4.5.3. Flares

As described in Section 4.1, a total of seven flaring events
were detected from the current sample of CCBs. The spectrum
for each flaring region was also extracted for a detailed
analysis. The EPIC spectra for each of the flaring events were
fitted simultaneously. To account for the flare emission only the
X-ray spectra during the flaring states were fitted with an
additional APEC model on the top of the quiescent state. The
quiescent phase emission close to the flaring phase was taken
into account by including its best-fitting two-temperature
plasma model as a frozen background contribution. This
approach is equivalent to subtracting the quiescent state coronal
component and provides the spectral parameters of flaring
plasma.

The results of the best-fit flare spectra are given in Table 7.
The temperature of the flaring plasma is found to be in the
range of 14—47 MK, whereas abundances during the flares are
found to be similar to that from the quiescent state coronae. The
X-ray luminosity during the flaring events is found to be 11%—
449% more than that from the quiescent state coronae. The
energy released during the flaring events is in the range of
1.95 x 10%—2.7 x 10°* erg, with flare durations ranging from
42—145 minutes.

In order to estimate the loop lengths of flaring events, we
used the magneto-hydrodynamic loop model of Shibata &
Yokoyama (2002). Using this model, the loop length (L) and
magnetic field (B) are given as

L=10"EM %0n, %4 T-10cm
B =35 x 107*EM %2223 T'7 G,

This model allows deducing flaring loop lengths based on
three observed parameters, namely, pre-flare coronal density
(ne in cm73), flare temperature (T =75 in K), and flare EM
(EM =EM; in cm>). For coronal densities, we used the
density scatter of 10>~ """ as obtained by Ness et al. (2004) to
get the bounds for the loop length and magnetic field strength.
The estimated values of the loop length and magnetic fields for
all flaring events are given in Table 7. The loop lengths of the
flaring events are estimated to be of the order of 10°'" cm,
whereas the magnetic field strength is estimated to be in the
range of a few tens to a few hundreds of Gauss.

5. Discussion

We have carried out a detailed study of five CCBs. These
CCBs are detached, semidetached, and contact EBs with solar-
type dwarf companions. The X-ray light curves of all CCBs
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show a very dynamic nature, with at least the presence of one
flaring event in the majority of CCBs. The phase-folded light
curves for all CCBs revealed the variability, which we interpret
as the orbital modulation as phase-folded X-ray light curves
near the primary and secondary eclipses show minimum X-ray
flux. The out-of-eclipse variability can be due to the
modulation of active regions that usually survive for several
orbital cycles. Nonetheless, the variability seen in the X-ray
cannot be unambiguously attributed to orbital/rotational
modulation and there might be a considerable degree of
stochastic variability.

There are very few examples where orbital modulation in
X-rays was evident among the eclipsing binaries. For example,
AR Lac, HR 1099, and XY UMa (e.g., Agrawal &
Vaidya 1988; Bedford et al. 1990; Siarkowski 1992; Siar-
kowski et al. 1996; Drake et al. 2014) are binaries that had
shown X-ray orbital modulation. X-ray eclipses are observed in
these three systems as well. The stars DV Psc and ER Vul
showed a similar phase-folded X-ray light curve. The X-ray
light curves of these two systems mimic the O’Connell-like
effect with a ratio of brightness at Max I to Max II of ~1.5. In
the earlier X-ray observations, no orbital modulation for ER
Vul was found (White et al. 1987; Brown et al. 2002, 2004).
The X-ray light-curve modeling of ER Vul and DV Psc shows
that one side of each binary component is occupied by more
active regions than the other side. A coronal connection in
these two systems is also visible in the coronal images, where
DV Psc shows a pole-to-pole intra-binary connection of active
regions and ER Vul shows a near-the-equator coronal
connection.

The X-ray light curve of XY UMa shows three minima, with
the deep primary eclipse at phase 0.0, a secondary eclipse at
phase 0.5, and a dip near phase 0.75. The presence of a third
minima near the 0.75 phase could be due to the following
reasons: (i) an active region crosses the limb of the primary
star, (ii) there exist an intra-binary plasma component that is
being eclipsed, or (iii) both of the above reasons are happening
at the same time. The X-ray light-curve modeling favors the
second scenario to be most likely for the observed third dip.
The intra-binary active region is in fact relatively twice as
bright as the secondary star. In the past, XY UMa was observed
in X-rays by Jeffries (1998) and Gong et al. (2016), and they
did not find any X-ray eclipses. However, Bedford et al. (1990)
found clear signatures of the primary eclipse in X-rays using
EXOSAT observations.

The contact binary systems, 44 Boo and TX Cnc, show an
almost similar phase orbital modulation in X-rays. Both
systems are brighter during the primary eclipse. This kind of
counterintuitive behavior could be due to the fact that the
coronae of both stars in these systems are significantly
overlapped. It appears that when the system is in an over-



THE ASTROPHYSICAL JOURNAL, 934:20 (21pp), 2022 July 20

Singh & Pandey

- T 0.6 T T T T T
o8l 4 } [ \ Jo2 . .. - * * Joz2
5 *t, 3 4 * 1 0~ Joa e . e L. u w ++ 4 w ++ ~
onl- e o Bt e et 1. ; . 7+ o t i iy
0.4 i i i aainy t i i 1.2 02»‘1 = ; i = { 12
: 1+ 0.3 :
4 ++ 4 4 = J1a
503’ ++’ + ++ +*+ ++ 0 +o +‘oo +o +‘oo *1'0-::' :— + # ++ + l ++ + + + + é‘
[ + + + + ¢” ‘N 1 1 + 1Tt * { Ey e + ++++ 4t + *H 10
0.2 i i i i i T i i i Los 0.2 i i T i i i ; i 0.9
§6; | s +++ ++o +++ ++‘ 1w 54; ++ ++ i ++ +* 74rn
© ++~+¢|++%¢ \ t + t 1+ B0 T Hor QT e et Tep e 1S
B AR A : + b y Pty Mo _ bt
- S R - S R RN - S B - BN - S R - S R RN - S B - B~
Phase Phase Phase Phase
a) 44 Boo b) DV Psc
(a) (b)
T T T 0.20 T T T
. * + + 10? + - —10
I : ] pt . 1, z f 1 1 s
x . . 1 + ~ R SRR IS L FURNR IS T SRUPUTIE IS L BPURE Y B
= . © o L o T4 LA 1 + IR LA 21 t
e St AUSUMTR IR SRR TR
il | 3T L R L S I I B I B P
0_87l i ] i 1771 BRRRREEEEEERERS R s PN I T **+*+**++ +++++$+,+ }
4 4 2r PR P 1+ —o.1
=) ?+.¢ ?+$$ ++%+$++++$+$+¥ 1 3 : e : — : e AT
O bt . 0.4l _
o8- 3 t s '8 t 1 s bt bt - H ++ +++ ++H ~++ ++++ =
R R R R TR TV YL S I A TA R AT L
30~ NI + 140 0.2t by
- + + 3 ++ ® $ +¢ ® i E ar
= . e g 2 ¢ b ¢ A
201 +,,+ $¢T.°++,+ i‘f‘w 1l ' 8 " 4>$ ] E1O;+..¢¢‘+.* +-¢+M+,,* s +‘+++++++ +‘+++++++ =
0 05 1 75 7% 05 i 7’5 320 B X R V- W R 210:010 05 0T 2!0710
Phase Phase Phase Phase
(¢) ER Vul (filled circle: Obs ID. 0781500101 and open circle: (d) XY UMa
Obs ID. 0785140601)
2.00F T
t t gt } s
51.757++++++++++++++, +.H++++.H+++ ~
1.0 00
_ . . *+++ +++ —1.00»
':‘O‘Sf++ ++ ‘+L+ ++ ‘A ] ++ “4 ++ 4” N
[ - —0.75
0.0
ol 1F s
- + +
SETSIE SOTINTES
} MALRRE
ol - bl
o ‘ofs“P‘h%‘ 75 0 0B P‘h1“ - aa——
(e) TX Cnc

Figure 10. Spectral parameters vs. phase. Ly is un-absorbed luminosity in units of 10** erg s™', nyy in units of 10?°, EMs are in units of 10°* cm ™, temperatures are
in kiloelectronvolts and abundance (z) is relative to the solar photospheric abundances (Anders & Grevesse 1989). The errors are within the 1o confidence limits.
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Table 6
Variability Matrix for Parameters Obtained from Phase-resolved Spectral
Fitting with a 99% of Confidence Level

System kT, kT, EM, EM, z Lxqg
44 Boo C Vv C Vv Vv Vv
DV Psc C C Vv \%4 C \%
ER Vul (1) Vv Vv Vv % Vv Vv
XY UMa C C Vv \% C \%
TX Cnc C C C C C \%

Note. Here, V stands for variable and C stands for constant.

contact state, primary and/or secondary eclipses show a
brightening feature rather than a dip. The absence of an
X-ray eclipse in these two systems can also be attributed to the
orbital inclination, which is 63°5 and 77°5 for TX Cnc and 44
Boo, respectively. So for X-ray light curves to show no
eclipses, X-ray emitting regions need to exist anywhere from 0°
to a colatitude of 26°5 for TX Cnc and from 0° to a colatitude
of 1295 for 44 Boo. In the case of 44 Boo, the X-ray light-curve
modeling is also attributed to the presence of polar active
regions; hence, the absence of eclipses in 44 Boo is more
probably due to the geometry of the system. Whereas in the
case of TX Cnc, the eclipse modeling and quiescent coronal
length parameter obtained from X-ray spectral analysis support
a common envelope scenario for the absence of the X-ray
eclipse. It is also noted that no eclipsing light curve for 44 Boo
has been observed in the past (see Kellett 1998). The X-ray
light-curve modeling and quiescent state coronal length scales
suggest that coronal connection is independent of whether the
binary is detached or in contact. The phase-folded X-ray light
curves of the sample stars indicate that X-ray eclipses exist as
long as the system is not evolved to the over-contact phase of
binary evolution.

The UV light curves of DV Psc and XY UMa show the
O’Connell effect with Max I/Max II being 1.17 +0.01 and
1.05 £ 0.01, respectively. The O’Connell effect is found to be
absent in the case of ER Vul. The minimum value of the
estimated PC indicates that chromospheric emission dominates
in the case of ER Vul and is comparable to photospheric
emission in the cases of DV Psc and XY UMa. In either case,
the positive correlation between UV and X-ray emission
indicates that the chromospheric emission is positively
correlated to the coronal emission. However, considering the
upper bounds of PC, it appears that UV emission is being
dominated by photospheric emission. If this is the case, the
positive correlation between UV and X-ray flux can be
attributed to correlated photospheric and coronal emissions.
The resemblance of the UV light curve of DV Psc to its optical
light curves presented by Pi et al. (2014) indicates the
photospheric domination of the UV emission. If it is true, then
the photosphere may be dominated by faculae rather than cool
star spots. The origin of faculae-dominated photospheric UV
emission from DV Psc at the age of 1.8+0.5 Gyr
(Wielen 1974) can be supported by the fact that stars become
faculae dominated at the age of ~2.55 Gyr (see Reinhold et al.
2019). Interestingly, we found that the UV light curve shows
the O’Connell effect when the higher photospheric contribution
(even if at the lower limit) is estimated. The positive correlation
between the two emissions reinforces the belief that the
photospheres of these systems are dominated by faculae.
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The average hot temperature component in our current
sample is ~1keV, while the temperature of the cool
component is derived to be around two values of ~0.28 and
~0.6 keV. These temperatures are similar to those of other
active stars like the BY Dra type and RS CVn type (Dempsey
et al. 1993, 1997). However, the quiescent state RS CVn
binaries show the existence of three temperature plasma using
XMM-Newton (Pandey & Pant 2012). The EM corresponding
to cool and hot Comgonents for these stars are in the range of
10°2°7333 and 107277333 cm_3, which 1is also similar to that
for other active dwarf binaries (Dempsey et al. 1997). The
abundances of the majority of EBs in the sample are ~0.15 Z,
which is similar to those of other active systems (Pandey &
Singh 2008; Pandey & Pant 2012; Pandey & Singh 2012).

For 44 Boo, based on the Einstein observations in 1979,
Cruddace & Dupree (1984) showed that the coronal temper-
ature is about 1.63 keV, whereas the EUVE observations of
1994 showed a coronal temperature of ~0.65 keV (Brickhouse
& Dupree 1998), which is close to the average temperature of
0.64 keV found in this study. The XMM-Newton observation
of 44 Boo in the present work was also analyzed by Gondoin
(2004) using the RGS and PN data. We found a discrepancy in
the fitted spectral parameters. The main reasons for obtaining
the discrepancies in the modeled parameters are (i) they have
taken around the first 25 ks of observations from PN for the
spectral fitting; however, after 17 ks of observations the data
were heavily affected by background flaring events, and (ii) the
PN observations suffered from a severe pile-up effect, which
was unavoidable.

In the case of ER Vul, the two-temperature model was fitted
by White et al. (1987) using EXOSAT observations of 1984
and 1985. They showed that the corona of ER Vul consisted of
0.52 and 3keV plasma in 1984 and found that the hotter
component had increased by 15% in 1985. The present
observations of 2016, show cool and hot components with
temperatures of 0.64 and 1.11 keV, respectively, indicating that
the cool temperature has remained almost constant since past
observations, whereas in the last 32 yr, the hotter component
has decreased by 63%. The hot temperature is sensitive to a
higher level of activity. Thus, it may be possible that the
EXOSAT observations had suffered from the higher level of
magnetic activity. The magnetic activity cycle of 31 yr (Qian
et al. 1997) supports the decreased X-ray activity level after 32
yr. The cool and hot temperature components for XY UMa are
found to be consistent with that of the ROSAT observation in
1992 (Jeffries 1998).

The detailed phase-resolved analysis showed luminosity is
variable at a 99% confidence level for each of the CCBs in the
current sample, indicating evidence of orbital modulation. For
the system ER Vul, all the spectral parameters are found to be
variable being maximum during phase 0.25 compared with
those during phase 0.75, indicating the highly active region
near phase 0.25. This result is also supported by the coronal
imaging obtained from the X-ray light-curve modeling. Both
kT, and kT, for the stars DV Psc and XY UMa are found to be
constant, but their respective EMs are significantly variable.
This behavior indicates that both binary components are
equilibrated to a common temperature distribution, but EMs
change to account for the change in emission volume seen as
the phase evolves. The coronal abundance for the majority of
the stars in the sample does not show any significant variability.
Such a non-variable nature of coronal abundance shows plasma
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Spectral Parameters

Loop Parameters

System Flare Orbital Phase
KT; EM; %Z.) Lxr Ey (%) X, (dof) L B
44 Boo Fl 0.56-0.67 3.76°00 0.437008 0.16470:9%3 0.76610903 11 1.15(544) 2-9 162-457
DV Psc F2 0.51-0.71 3.057%3) 0.58549 0.16+39! 0.44279:003 28 0.90(309) 4-15 107-301
F3 0.46-0.70 2.86°0% 0.907089 0.1839! 0.495%9:30 44 1.09(378) 5-22 88-247
ER Vul F4 0.26-0.32 3.157318 18.957931 0.213595%3 7454093 25 1.08(1035) 29-116 56-158
XY UMa F5 0.85-1.00 6377338 2267032 0.1261:90% 2.6710% 22 1.10(249) 3-10 285-803
F6 0.82-0.03 461759 137403 0.12* 242790 11 1.21(279) 3-13 182-512
F7 0.10-0.21 4587038 3.281549 0.141+3.904 2.90°0% 33 1.18(269) 6-22 151-425

Notes. All the parameters are reported at a 68% confidence. k73 is in kiloelectronvolts, EM; is in units of 1032 cm™3, luminosity during flare Lxg is in units of
10% erg ™', the parameter E; is the percentage of quiescent state luminosity enhanced during the flaring phase, L is the loop length in 10° cm, and B is the magnetic

field in Gauss. *Fixed to the quiescent state value.

abundances are almost similar in both components. The non-
variable spectral parameters in TX Cnc indicate that both
components consist of a common coronal envelope as shown in
their coronal images.

The derived X-ray luminosity of all stars in the sample lies in
the range of (0.4—4.9) x 10*° erg_l. The log; (L /Lpo1) of —3.3
to 3.9 put these stars in the supersaturation regime of Ly/Ly
versus the R, relation. Inverting this result, we suggest that all
the binary stars with both components being X-ray active in the
supersaturation regime must have a coronal connection to some
extent. Thus, we suggest that the coronal connection between
binary components must be taken into consideration while
discussing the supersaturation regime. As most of the W UMa
type binaries reside in the supersaturation regime, and thus
could be a part of the CCB class.

At least one flare-like event is observed in four out of five
CCBs. The total energy released during these flares is in the
range of 10%273*4 erg. Coronal abundances during the flare
are increased by 1.1-1.3 times from the quiescent state
abundances, whereas the X-ray luminosity is increased 11%-—
44% to that of the quiescent state value. The loop length and
loop magnetic field derived from the magnetohydrodynamic
loop model are found to be in the range of 10°*'"! cm and
56-803 G, which are close to the values obtained for RS CVn
and other active late-type dwarfs (Pandey & Singh 2008, 2012).
Because both components of CCBs are solar-type stars, it is
very plausible that the coronal connection is causing complex
magnetic topologies in the system, allowing energetic flares to
occur. However, energetic flares on CCBs might occur for a
variety of reasons, including faster rotation periods, super-
saturated coronae, and so on. Both flares that occurred in DV
Psc and XY UMa are observed near the secondary and primary
eclipses, respectively, indicating that the flares are driven by
the same active region in each CCB.

6. Summary and Conclusions

A detailed analysis of five CCBs has been carried out. We
found that the CCBs are very soft X-ray sources, with a
majority of the X-rays coming below 2 keV energy, as found
for many binaries in the past. The X-ray light curves of three
CCBs, DV Psc, ER Vul, and XY UMa are found to show the
eclipse behavior, whereas the other two CCBs, 44 Boo and TX
Cnc, do not show eclipsed-like light curves. Modeling of the
X-ray light curves indicates that both components of the CCBs
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are active where the primary component is more X-ray bright
than that of the secondary. Results from the coronal imaging
along with the X-ray spectral analysis show that coronae of
both components are connected for the detached and
semidetached binaries DV Psc, ER Vul, and XY UMa, whereas
in the contact binaries 44 Boo and TX Cnc a significant part of
the coronae of both components are overlapped. We suggest
that the X-ray eclipse occurs as long as the photospheric
surfaces of both components of active binaries do not come
into physical contact. In the case of XY UMa, we found a
highly active region near the coronal connection region. The
X-ray spectral parameters, particularly EMs and X-ray
luminosity, for the majority of the CCBs are found to be
variable. Excluding TX Cnc, all other CCBs are found to be
flaring during their observations with flare luminosity in the
range of 107°°7%°  which is 11%-44% more than their
quiescent state luminosity.

This work is based on observations obtained with XMM-
Newton, an ESA science mission with instruments and contribu-
tions directly funded by ESA Member States and NASA. We
thank the referee of this paper for his/her comments and
suggestions.

XMM-Newton archive (http://nxsa.esac.esa.int/nxsa-web/
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