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ABSTRACT

The eclipsing M dwarf binary system, YY Gem, was observed using Chandra covering
140 ks (2Prot ) in total, split into two even exposures separated by 0.76 d (0.94 Prot ). The
system was extremely active: three energetic flares were observed over the course of these
observations. The flaring and non-flaring states of the system are analysed in this paper. The
activity level increased between the first and second observations even during the quiescent
(non-flaring) phases. An analysis of the dynamics of the X-ray-emitting plasma suggests that
both components are significantly active. Contemporaneous Hα spectra also suggest that both
components show similar levels of activity.
The primary star is the likely source of at least two of the flares. From a detailed analysis
of the flare emission at the maximum temperature and maximum density with single loop
flare models, we find loop lengths of ∼0.7R∗ , 1.5R∗ and 1.8R∗ . All of these flares are strongly
associated with hot (>10 MK) X-ray emission which appears to predominantly trace the
orbital motion of the primary star. The two largest flaring loops are similar to the largest
sizes reported in other active M stars and span nearly half the interbinary system; this may
indicate magnetospheric interaction between the binary star coronae. We discuss the time
and spectral resolution requirements that are necessary to recover detailed information about
coronal structure from the X-ray spectra in similar cool star systems.
Key words: techniques: spectroscopic – binaries: eclipsing – stars: coronae – stars: flare –
stars: magnetic field – X-rays: stars.

1 I N T RO D U C T I O N
Time-resolved X-ray spectroscopy can provide insights into the
sizes and structure of both non-flaring and flaring X-ray-emitting
coronae in cool stars (Favata et al. 2000; Sanz-Forcada, Brickhouse
& Dupree 2003). With the availability of the higher spectroscopic
resolution capabilities in the Chandra and XMM–Newton satellites,
we can trace dynamic information in cool star systems in greater
detail than previously possible.
Dynamic studies of W UMa type contact binary systems at X-ray
wavelengths have yielded important advances in probing the quiescent structure of cool star coronae. As these systems have short
orbital periods, it is possible to cover several rotation periods in a
relatively short time, and thus disentangle flaring and stable quiescent X-ray emission. Brickhouse, Dupree & Young (2001) observed
44i Boo (G0V+G0V, Prot = 0.27 d) over 2.5 Prot using Chandra
 E-mail: ghussain@eso.org
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High Energy Transmission Grating (HETG; Canizares et al. 2005).
From the rotational modulation observed in the system’s X-ray
light curves and the Doppler shifts in its X-ray line profiles, they
deduce that the emission from the system is dominated by compact emission at high latitudes. Observations of the contact binary,
VW Cep (K0V+G5V, Prot = 0.28 d), covering 4.8 Prot also show
evidence for a high-latitude, compact X-ray corona, predominantly
concentrated on the primary star (Huenemoerder, Testa & Buzasi
2006).
A multiwavelength study of the single rapidly rotating star AB
Dor (K0V, Prot = 0.51 d) reveals evidence of rotational modulation
in both the X-ray light curves and spectra (Hussain et al. 2007).
The authors find that its corona must be compact, based on the
coronal densities measured in its O VII diagnostic along with complex magnetic field distribution found via contemporaneous surface
magnetic field maps (obtained with ground-based spectropolarimetry). Furthermore, a significant high-latitude component is required
to explain the relatively low rotational modulation observed on the
system.
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We observe the eclipsing binary, YY Gem (M1V+M1V, Prot =
0.81d), using Chandra/HETG observations in conjunction with optical spectroscopy. We aim to study the structure of the stellar coronae by following the system over 2Prot . To study the dynamics
in the system, we build composite line profiles from the strongest
emission-line profiles in the X-ray data. The observations are described in Section 2; the X-ray light curves and spectra are presented
in Sections 3 and 4, respectively. An analysis of the dynamics of
the non-flaring and flaring coronae of the M star components of YY
Gem is presented in Section 5. In Section 6, we analyse the flares
observed in our X-ray observations using the techniques developed
by Reale (2007).
1.1 YY Gem
YY Gem (Castor C, BD+32 1582, HD 60179 C, Gliese 278 C) is
an eclipsing binary system that is strongly magnetically active, as
evidenced by (i) YY Gem’s high flaring rate, (ii) dark cool starspots
from photometry and spectroscopy and (iii) X-ray variability (Kron
1952; Golub, Harnden & Maxson 1983; Doyle & Butler 1985;
Hatzes 1995; Butler, Doyle & Budding 1996; Güdel et al. 2001;
Stelzer et al. 2002). YY Gem is part of the Castor sextuplet, located
71 arcsec south of Castor A and B. Castor A and B are also spectroscopic binaries (albeit single lined) and have an angular separation
from each other of about 3.9 arcsec. YY Gem is an eclipsing binary;
its component stars are in a circular orbit with an inclination angle
of ∼86◦ .
The primary and secondary components have almost identical
semi-amplitudes (K 1 = 121.2 ± 0.4 km s−1 , K 2 = 120.5 ± 0.4
km s−1 ) and derived properties (M ∗ = 0.599 M , R1 = R2 =
0.619 R , T eff = 3800 K) (Torres & Ribas 2002). From a detailed
analysis of existing data including Hipparcos, and new spectra of
the system, Torres & Ribas (2002) find an inclination of i = 86.◦ 3
and derive an age of 370 Myr for the Castor system. These measurements suggest that the primary and secondary stars are separated
from each other by about 3.8R∗ . Hatzes (1995) finds that the surfaces of both stars possess low- to mid-latitude spots, predominantly
concentrated near 45◦ latitude.
Very long baseline interferometry (VLBI) studies of the system
suggest a large coronal volume, with no evidence of eclipses at radio
wavelengths and a coronal size of 2 × 1011 cm, closely corresponding to the size of the interbinary distance (Alef, Benz & Güdel
1997). At X-ray wavelengths there is evidence for considerably
smaller coronal structures. From XMM observations, Güdel et al.
(2001) find evidence for three minima indicating X-ray eclipses.
These X-ray observations imply that both stars have compact coronal volumes. Güdel et al. (2001) invert their X-ray light curves to
construct a coronal model and conclude that the active regions are
predominantly within ±50◦ latitude in a more compact configuration than that indicated by the radio observations alone. Stelzer
et al. (2002) conducted coordinated Chandra Low Energy Transmission Grating (LETG) and XMM observations of YY Gem and
analyse a flare found to have a height of ∼2 × 109 cm (R∗ ∼ 5 per
cent). Density measurements made from O VII suggest high densities
(∼1010 cm−3 ) and they conclude that the deep eclipses combined
with the observed densities and emission measures are consistent
with compact coronal volumes in both components. A global fit of
XMM–Newton EPIC data suggests that loops of the order of ∼2 ×
109 cm are consistent with the flare measured at this epoch. They
conclude that this flare was associated with one component and there
is no evidence of magnetospheric interaction of both component
stars.

2 O B S E RVAT I O N S
YY Gem was observed over 140 ks, i.e. almost two full rotation
cycles (Prot = 0.814 d, 70.3 ks) in order to study the structure and
dynamics of the component M star X-ray coronae. The Chandra
observation was split into two pointings, each of which lasted about
70 ks (see Table 1). Over the course of these observations four
eclipses are covered, enabling us to identify any potential modulation. The configuration used was the High energy Transmission Grating (HETG) combined with the Advanced CCD Imaging
Specotrometer S-array (ACIS-S) to ensure low background and high
spectral resolution, both of which are essential for our subsequent
analysis.
One of the aims of this study was to conduct a coordinated optical
and X-ray study of the eclipsing M dwarf system. We were awarded
141 ks on Chandra and three nights on the KPNO 4-m telescope
towards this objective. Unfortunately, the coordinated Chandra and
KPNO campaign was disrupted due to solar flare activity. The Xray observations were rescheduled from 2006 December to 2007
February, while the optical campaign was conducted as originally
planned between 2006 December 12 and 14. In order to have contemporaneous chromospheric monitoring with our X-ray observations, we acquired four moderate-resolution spectra spanning the
Hα region (R ∼ 0.5 Å, 6154.29 < λ < 6917.5247 Å) from the
Ritter Observatory, USA in 2007 February. The dates and exposure
times of these low-resolution spectra are shown in Table 1. The
detailed analysis of the earlier KPNO data will be the subject of a
separate paper as the spot distribution is significantly altered over
a time-scale of one month in active systems such as these (Hussain
2002).
The Chandra data were processed using standard CIAO (v.4.1)
procedures. The brightest source is YY Gem (Castor C), while
Castor A and B are also clearly resolved. Spectra for all three sources
were extracted. We focus on YY Gem here. Fluxes and centroids
of the extracted Medium Energy Grating (MEG) and High Energy
Grating (HEG) spectral line profiles are measured using the SHERPA
package.
The resulting ACIS/HETG observations cover three flares: one
moderate flare in the first pointing and two strong flares in the
second pointing. Flaring and non-flaring states are identified, and
the densities and temperatures are measured to probe the location
and sizes of the most active regions. Phase-binned spectra are used
to measure velocity shifts in the system in both its quiescent and
flaring states to analyse the X-ray coronae of the component stars.
The data were corrected for barycentric motions prior to phase
folding the data. The ephemeris used is from Torres & Ribas (2002);
they define the time of observation, tMJD , as a function of the orbital
phase, φ, where phases 0 and 0.5 are the phases corresponding to
the eclipse of the primary and the secondary star, respectively:
tMJD = 49344.612 327 87 + 0.814 288 2212φ.

Table 1. Table of observations.
ObsID

UT

date

Chandra 8504
Chandra 8509
Ritter s. 1
Ritter s. 2
Ritter s. 3
Ritter s. 4

2007 Feb 5
2007 Feb 7
2007 Feb 8
2007 Feb 8
2007 Feb 9
2007 Feb 9

MJD

T exp (ks)

Orbital phases

54136.8692
54138.4587
54139.1445
54139.1855
54140.1354
54140.1722

70.4
67.3
2.7
2.7
2.7
2.7

5885.27:5886.27
5887.213:5888.17
5888.02
5888.07
5889.23
5889.28
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Figure 1. Hα spectra of YY Gem: these spectra were taken contemporaneously with the Chandra data. The corresponding orbital phases (φ =
5888.0+) are printed above each spectrum and the central velocities of the
primary star and secondary star are denoted by a solid line and a dashed
vertical line, respectively. The double-peaked line profiles near quadrature
indicate that both components of the system are significantly active at this
epoch.

2.1 Chromospheric activity in YY Gem
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Figure 2. Zero-order X-ray light curves with 1400 s (0.02φ) bins. The solid
and dashed lines are the first and second pointings, respectively. The start
times of the two pointings are separated by 1.95 Prot (137 ks). (a) The hard
2–10 keV light curves are used to identify the flaring intervals (marked
as horizontal bars, solid and dashed lines represent the first and second
pointings, respectively). (b) The 0.3–10 keV light curve with the flaring
intervals identified from (a). SE and PE denote the phases corresponding to
the secondary and primary eclipses. Typical error bars are shown for each
set of light curves.

The Hα line profiles from the four contemporaneous optical spectra
are all in emission (Fig. 1). The first two spectra were acquired
during the rise phase of the last X-ray flare captured during the
Chandra observations. The mid-times of these Hα spectra correspond to phases φ = 5888.016 and 5888.06, the period before and
the period at which the flare started, respectively. There is no obvious sign of Hα involvement in this flare. The strength of the profile
decreases in the second spectrum at 0.067, but this is expected due
to the increased continuum contribution as the primary star emerges
from eclipse. The double-peaked profiles near quadrature (Fig. 1,
φ = 1.233 and 1.279) confirm that both components in the system
show significant levels of chromospheric activity at the epoch of
observations.
3 X - R AY L I G H T C U RV E S
Fig. 2 shows the zero-order phase-folded light curves for both pointings. These two light curves were used to identify flaring states. The
0.3–10 keV light curve is used to identify the ‘average’ activity level.
The quiet, non-flaring state is then defined to be where the count
rate is at or below the average count rate. Flaring states are defined
to be where the count rate in the 2–10 keV light curve exceeds that
in the quiet periods by over 2σ . This allows the largest flares to be
identified, with the first pointing having a lower quiescent count rate
(80 per cent) compared to the second, though in agreement within
2σ . Three flaring intervals are identified in this data set. In the first
pointing, the flaring phase is between 0.85 and 0.97. In the second
pointing, there are two flaring intervals: 0.69–0.83 and 1.05–1.13.
Fig. 3 shows the light curves extracted from the summed ±1 order
HEG and MEG spectra. These were extracted by dividing the phasefolded light curves into 0.02φ (1.4 ks) bins. Fig. 3(a) shows light
curves that were extracted by summing spectra over soft X-ray lines
with peak formation temperatures kT between 0.17 and 0.544 keV
(see Table 3). This figure demonstrates that integrating only over
the soft X-ray lines can eliminate a significant contribution from
the flaring continuum. In the first pointing (solid line), there is little
involvement in the soft X-ray plasma corresponding to the flare that
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Figure 3. X-ray light curves produced by summing up counts over lines
in ±1 order HEG and MEG spectra; the bin size used here is 0.02φ (1400 s).
Solid and dashed lines represent the first and second pointings as in Fig. 2.
(a) The X-ray light curve formed from lines at soft energies (Mg XI, O VII,
O VIII, Ne IX, Ne X, Fe XVII; up to a peak formation temperature of 0.544 keV).
(b) The hard X-ray light curve produced by integrating counts over the 1–
8.3 Å (1.5–12.4 keV) band. Typical error bars are shown for each set of light
curves.

is observed at harder X-rays (near φ = 0.88). By contrast, there is
clear involvement of the soft plasma in both of the flares that are
observed in the second pointing (dashed line).
Optical light curves of YY Gem show deep eclipses for both
component stars, lasting 0.05φ from first to fourth contact. Given
the system’s inclination angle (86.◦ 3) and the equal sizes of the stars,
partial eclipses block almost 80 per cent of the eclipsed star’s light
(Torres & Ribas 2002). As described in Section 1, a previous XMM–
Newton study of YY Gem found evidence of deep X-ray eclipses
(Güdel et al. 2001; Stelzer et al. 2002). The X-ray light curves had
300 s bins (φ = 0.004φ) and showed clear minima associated
with all the three eclipses (two primary and one secondary eclipse)
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Figure 4. (a) The quiet and (b) flaring MEG spectra. ±1 orders have been summed over both sets of observations. There is clearly an enhanced continuum
below 10 Å in the flaring spectrum as well as stronger Fe XIX–XXIV lines at 10.66, 10.81, 11.0–11.2 and 11.77 Å.

that were covered in the observation. Stelzer et al. (2002) observe
YY Gem with both XMM–Newton and Chandra/LETG covering
one (secondary) eclipse and find evidence of a shallow minimum.
Our observations cover four eclipses; however, the light curves
shown in Fig. 2 are binned to 1400 s (φ = 0.02φ) and are not very
sensitive to the time-scale of the eclipse. We examine X-ray light
curves using 0.01φ binning separately and find that even though
these light curves are much noisier there is tentative evidence for
a minimum at φ = 0.5 (i.e. secondary eclipse) in the first observation. None of the remaining three eclipses show minima even in
the 0.01φ-binned X-ray light curves, indicating that a significant
fraction of the emission is either extended or else concentrated in a
compact region preferentially within 40◦ of only the ‘northern’ (or
upper) poles of the stars. We discuss the X-ray emission models that
are consistent with the X-ray light curves and spectra in Section 7.
4 S P E C T RO S C O P I C D I AG N O S T I C S : F L A R I N G
A N D Q U I E T C O RO N A L S TAT E S
The quiescent and flaring coronal spectra are shown in Fig. 4, with
the strongest lines labelled. These were produced by integrating
counts over both ±1 MEG orders over both pointings. We define
flaring and non-flaring intervals using the criteria described in Section 3. The flare spectrum clearly shows an enhanced continuum and
strengthened Fe XIX, XXIII, XXIV, Si XIII and Si XIV (formed between
0.862 and 1.366 keV). In contrast, the Ne IX line strengths near
13.5 Å appear relatively unchanged in the flaring and quiescent
states; this line has a peak formation temperature of 0.343 keV.
4.1 Densities
The most easily resolved He-like transitions in this spectral range
are the O VII, Si XIII and the Ne IX triplets. Fluxes are measured
by fitting Gaussian profiles. While the continuum level varies with

wavelength over the full data set, a straight line is a suitable approximation over the small wavelength region in each of these He-like
triplets. The O VII line measurements are based on only the −1 order
MEG spectra (as there are few counts at this wavelength range in
the +1 order); the other diagnostics shown here are based on simultaneous fits to both ±1 MEG order spectra. Strong iron line blends
are also accounted for in the Ne IX line fits. Table 2 lists the fluxes
measured for the O VII, Ne IX and Si XIII He-like density diagnostics.
To investigate the densities in YY Gem during flares, we integrate over the three prominent flares in our data set to increase the
statistics. We then compare these spectra to those produced by integrating over the ‘quiet’ non-flaring intervals. As the statistics on
these fluxes are poor (with 50–60 per cent uncertainties on the flux
measurements), a detailed density analysis is difficult. The fluxes
from the O VII triplet integrated over the flares are consistent with
the low-density limit within 1σ (Fig. 5).
The intensities of the Si XIII lines at ∼0.862 keV (near 6.65 Å)
strengthen during the flares (Fig. 4), but the relative densities remain
unchanged and are consistent with the low-density limits. Nonflaring fluxes in particular agree with those measured using YY
Gem X-ray spectra taken in 2000 September, i.e. approximately 6.5
years prior to these observations (Stelzer et al. 2002).

5 I N V E S T I G AT I N G X - R AY V E L O C I T I E S
In order to probe the structure of the X-ray coronae in this system
during both the flaring and non-flaring states, we analyse velocity
shifts in the Chandra spectra as a function of orbital phase. Due
to the three prominent flares observed over the course of the two
pointings, it is not possible to detect rotational modulation of the
fluxes. Here we examine the spectra integrated over a range of
prominent relatively isolated emission-line profiles for the MEG
and HEG spectra separately to generate a higher signal-to-noise
ratio composite line profile with greater diagnostic potential than
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Table 2. Fluxes of density-sensitive diagnostics: resonance, intercombination and forbidden line fluxes are listed here for the two
separate pointings and for the spectra in and out of the flare. Only the −1 order had sufficient coverage of the O VII region; for the Ne IX
fits, we fitted the +1 and −1 orders simultaneously.
Flux (× 10−4 )
(photons s−1 cm−2 )

Wavelength
(Å)
Flare
O VII (−1)
21.606
21.803
22.103
Ne IX
13.447
13.549
13.701

Err (× 10−4 )

f /i

Flux (× 10−4 )
(photons s−1 cm−2 )

Err (× 10−4 )

21.602
21.797
22.100

1.49
0.29
0.73

0.47
0.77
0.46

13.446
13.553
13.699

1.31
0.22
0.95

0.12
0.06
0.11

Wavelength
(Å)

f /i

Non-flare
0.7 ± 0.6
1.86
1.13
0.76

0.63
0.62
0.50

1.65
0.33
1.03

0.27
0.12
0.24

2.5 ± 7

3±1

r
__

i

f

__

__

4±1

profiles from the non-flaring phases. Section 5.4 investigates the
behaviour of the composite profiles generated from lines that are
formed at high temperatures.
5.1 Composite line profiles: summed spectra

r

__

i
__

f
__

Figure 5. O VII density-sensitive diagnostics. Top: non-flaring density diagnostics. Bottom: flaring density diagnostics. The error bars correspond to
the ±2σ uncertainties. The fluxes from the O VII triplet integrated over the
flares are consistent with the low-density limit within 1σ .

the individual lines in our data sets. In Section 5.1, we describe how
these high signal-to-noise ratio composite profiles are produced.
The composite profiles for the full MEG and HEG data sets are
presented in Section 5.2; in Section 5.3, we discuss the composite

C 2012 The Authors, MNRAS 423, 493–504
C 2012 RAS
Monthly Notices of the Royal Astronomical Society 

We use an approach first used by Brickhouse et al. (2001) to analyse velocities in the coronae of contact binary systems (also see
Hoogerwerf, Brickhouse & Mauche 2004; Huenemoerder et al.
2006). For each pointing, we create spectra integrated over 0.2φ
bins (1400 s) in order to obtain sufficient counts for the subsequent
analysis; hence five independent spectra can be obtained for each
of the pointings.
It is possible to probe dynamics on time-scales that are shorter
than 0.2φ by extracting spectra shifted over different intervals. We
apply a time shift of 0.04φ between each extracted spectrum, i.e.
extracting spectra between phases 0.00 and 0.2, 0.04 and 0.24,
0.08 and 0.28, 0.12 and 0.32, 0.16 and 0.36, 0.20 and 0.40, etc.
In this sequence, only the first and last spectra are independent of
each other but the extraction over intermediate time bins enables
us to investigate the system dynamics in more detail. In this way,
about 25 time-resolved spectra are created for each pointing. In
each extracted spectrum, well-isolated emission lines are chosen to
create composite line profiles with better statistics. The composite
line profiles are constructed as described below.
(i) The central wavelengths are measured for the strongest emission lines in the MEG and HEG spectra for each observation, integrating over the entire exposure. This is used to define the zerovelocity position of each line and accounts for any shifts in the
relative wavelength scales in the different pointings. We use 24
strong emission lines in the MEG spectra and 10 emission lines
in the HEG spectra (Table 3). The centroids of these lines can be
measured to a precision of 0.0015 Å or better.
(ii) All of the selected lines in the 0.2φ spectrum are converted
into velocity space using the central wavelengths determined in the
previous step.
(iii) At each phase, the spectra are interpolated on to the same
velocity scale and summed up to create a composite line profile.
(iv) The results are compared for −1 and +1 orders for MEG and
HEG spectra separately before summing them up. We treat HEG
and MEG separately as the HEG lines have superior spectral resolution but poorer statistics. By examining the HEG and MEG lines
separately, we can check the composite line profiles and identify
whether any systematic errors were introduced in the centroiding
procedure. We find that the velocity shifts shown in the MEG and
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Table 3. The emission lines used to build the composite
line profiles. The columns show the ion used, the peak
formation temperature and the central reference wavelength. The final column shows a flag to indicate which
composite line profile the line was used in: the MEG
(M), HEG (H) or flaring (F) composite profiles. The
flaring composite line profiles are produced using lines
that form at high temperatures and are discussed further
in Section 5.4.
Ion

log T (K)

log T (keV)

λ◦ (Å)

M/H

S XV
Si XIV
Si XIII
Si XIII
Mg XII
Mg XI
Ne X
Ne X
Ne X
Fe XXIV
Ne IX
Ne X
Ne IX
Ne IX
Fe XVIII
Fe XVII
Fe XVII
O VIII
Fe XVII
Fe XVII
Fe XVII
O VIII
O VII

7.2
7.39
7.03
7.01
7.19
6.83
7.01
7
6.99
7.19
6.64
6.95
6.61
6.59
6.84
6.71
6.71
6.71
6.71
6.71
6.7
6.66
6.35

1.366
1.366
0.862
0.862
0.862
0.544
0.544
0.544
0.544
1.719
0.343
0.544
0.343
0.343
0.685
0.544
0.544
0.273
0.432
0.432
0.432
0.273
0.172

5.039
6.183
6.648
6.74
8.422
9.169
9.481
9.708
10.239
11.18
11.544
12.135
13.447
13.699
14.208
15.014
15.261
16.006
16.78
17.051
17.096
18.97
21.602

MHF
MH
MHF
MHF
MHF
MH
MF
M
MH
F
M
MH
MH
M
M
MH
M
M
M
M
M
M
M

HEG composite line profiles are in agreement thus enabling us to
ascertain where the dominant X-ray emission is located in the system with a higher degree of confidence.
5.2 Composite line profiles: full data set
Figs 6(a)–(d) show the stacked composite MEG and HEG line
profiles for the two observations of YY Gem. The higher spectral
resolving power and fewer counts in the HEG spectra are apparent.
The precision with which the centroids of line profiles can be measured depends on the spectral resolution, the velocity bin size and
the peak signal. During the peak counts (i.e. during the flares), these
composite line profile centroids can be measured with a precision
of approximately 40 and 60 km s−1 for the MEG and HEG data
sets; more precision is possible in the second MEG exposure due to
the increased X-ray emission. In Section 7.1, a series of simulations
are used to investigate how the diagnostic power of composite line
profiles are affected by an improved spectral resolution and a higher
signal. Despite these differences, both the MEG and HEG stacked
spectra show consistent velocity variations. By analysing the width,
amplitude and variations in velocity space of this composite line
profile, it is possible to study the dynamics of the X-ray coronae in
the system (e.g. Brickhouse et al. 2001).
In the first observation, ObsID 8504, the peak emission traces
the orbital motion of the primary star, though there appears to be
a contribution from both component stars (Figs 6a–d). This can be
deduced by the broad HEG and MEG profiles leading up to the
primary eclipse near phase 0.9. While the peak of the profile is
suppressed near the secondary eclipse at φ = 0.5, the amplitude is

still relatively high, with peak counts of 100 and 20 in the MEG
and HEG composite line profiles, respectively. Near phase 0.9, the
light curves show that the flare is near its maximum. At the same
phase, the primary star has a central velocity of 70 km s−1 . Fig. 6
also shows that the peak emission is in the 0–100 km s−1 bin, so
it may be associated with the primary star. Following the flare at
phase 0.9, the emission moves to the −100 to 0 km s−1 bin also
following the movement of the primary star. This may be evidence
of the flare originating on the primary star.
The system was more active during the second observation,
ObsID 8509, as reflected in the higher counts in the composite
line profiles (Figs 6c and d). The MEG and HEG profiles near
the start of the observation at phase 0.4 are well centred between
both component stars, which may indicate that both components
are active. The light curves show that there are two prominent flares
during this observation and these dominate the emission in these
stacked composite profiles. These flares start near phases 0.70 and
1.05. The X-ray light curves (Fig. 2) suggest that the first flare has
two peaks with a second peak near phase 0.80. The velocities of
the composite profile follow the primary’s orbital velocity between
phases 0.7 and 0.8 as does the subsequent decay, which lasts until
φ = 0.85. The emission from the second flare near phase 1.05 may
come from either star as emission is split between both components,
as it is during the subsequent decay, which lasts up to the end of the
observation.
5.3 Composite line profiles: quiescent phases
The dynamics of the ‘quiet’ coronae can also be investigated using
composite stacked spectra in Figs 7(a)–(d); the quiet coronal level
is defined according to the criteria in Section 3. These spectra were
extracted excluding the flaring phases that were identified in Section 3: 0.77 < φ < 0.97 in ObsID 8504 (the first pointing); and
0.69 < φ < 0.83 and 1.05 < φ < 1.13 in ObsID 8509 (the second
pointing). The excluded phases are marked by horizontal bars in
Fig. 2. The composite profiles are produced as described in Section 5.1; by integrating over all well-resolved emission lines using
0.2φ bins at 0.04φ intervals.
In the first observation (ObsID 8504), the quiescent emission
is variable over time. The better resolved HEG spectra indicate
contributions from both components (Fig. 7b). However, the HEG
counts are low so the double-peaked emission near quadrature at
phase 0.7 here is not significant, and at the level of the noise. In
the second observation, the quiet emission appears to be raised
compared to the first observation at all ‘quiet’ phases, as shown in
the X-ray light curve (see Section 3 and Fig. 2). Furthermore, the
secondary star contributes more to the quiet emission in the second
observation in both the MEG and HEG spectra (e.g. near phase
0.45 – lower plots in Figs 7a–d). Prior to the start of the second
flare at φ = 1.05, the emission is broad and subdued compared
to that of earlier phases. In the subsequent flare, there appears to
be contribution from both component stars. We analyse the hightemperature spectra most likely to be associated with the large flares
below.
5.4 Composite line profiles: high-temperature diagnostics
Fig. 8 shows the composite line profiles stacked by orbital phase
obtained by integrating lines formed at the high-temperature range,
i.e. >10 MK. These lines predominantly form in high-temperature
plasma associated with energetic flares. Only MEG spectra could
be used to generate these profiles as there are insufficient counts in
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Figure 6. Composite line profiles in MEG (left) and HEG (right) ±1 orders for ObsID 8504 (top) and ObsID 8509 (bottom). The colour scales have a 10
and 3 count resolution for MEG and HEG, respectively. The errors can be approximated as counts0.5 in order to assess the significance of the velocity shifts
with orbital phase. The solid and dashed lines represent the orbital velocities of the primary and secondary components of YY Gem, respectively. The orbital
parameters were calculated by Torres & Ribas (2002) using optical spectra. The improved velocity resolution of HEG is reflected by the composite line profile
being narrower and therefore a narrower velocity scale.

the HEG lines. The lines used are Si XIV 6.18 Å, Si XIII 6.65 Å, Si XIII
6.74 Å, Mg XII 8.42 Å, Ne X 9.48 Å and Fe XXIV 11.18 Å.
In the first observation the counts peak near phase 0.9, which
corresponds with the maximum phase of the large flare in this data
set. As this flare occurs near primary eclipse the central velocities
of the stars are very close at the time of the flare maximum, so it
is difficult to discriminate on which component the flare originates.
The peak emission of the hot corona following the flare, however,
follows the primary in Fig. 8. The flare loop length measured in
Section 6 at the flare maximum is ∼0.7R∗ , which is well within the
range of loop lengths found on M stars (Mullan et al. 2006).
The first flare in the second observation, near phase 0.7, also
appears to be associated with the primary star. As this occurs near
quadrature, the two stellar components are well separated and the
peak emission is consistent with the primary. From least-squares
Gaussian fitting to the composite line profiles in Fig. 6, we find
velocity shifts in the line centroid of 70 ± 40 and 60 ± 70 km s−1 ,
respectively, for the MEG and HEG profiles centred at phase 0.79,
which is consistent with the emission being dominated by the primary star; the primary star’s velocity at this phase is 115 km s−1 .
This does not however exclude the possibility of a smaller contribution from the secondary star. The second and last flare in the
data set (which starts after phase 1.0) is stronger than the previous
flares. This flare is particularly interesting as there appears to be
significant hot X-ray emission on both components at the time of
the flare, which gives evidence for the involvement of both magnetospheres in the development of this flare. This is further supported
by centroid measurements of the composite line profiles near flare
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maximum at phase 1.1. These correspond to velocities of −27 ±
40 km s−1 for the MEG profile and −15 ± 60 km s−1 for the HEG
profile, compared to the primary and secondary star orbital velocities of −76 and 76 km s−1 , respectively.
6 F L A R E A N A LY S I S
In this section, we analyse the flaring light curves and derive loop
parameters based on the rise and decay time-scales of the flares.
As noted previously, our observations cover three prominent flares;
these are called 8504a, 8509a and 8509b in this analysis. The key
flaring phases (flare rise, peak and decay) are marked out for the
three flares in Fig. 9. We analyse these flares as occurring in single
loops. The flaring loop properties can be evaluated by measuring
the evolution of the plasma temperatures and emission measures
from low-resolution spectra extracted over key phases of the flares.
We first extract low-resolution spectra from the zero order over
the quiescent (non-flaring) phases and the rise, peak and decay
phases of each of the flares. We fit one-temperature (1-T) and twotemperature (2-T) models to these spectra and find that the lowtemperature component in the quiescent phases is kT = 0.69 ±
0.01 keV. Unfortunately, with either 1-T or 2-T modelling we find
that the temperatures cannot be constrained well enough to extract
a trend useful for the analysis of the decay as in Reale et al. (1997).
We therefore obtain information from the analysis of the rise and
peak phases according to Reale (2007). In Reale (2007), flares are
modelled as being triggered from a heating pulse, the duration of
which can affect the delay between the maximum temperature and
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Figure 7. Out of flare ‘quiescent’ emission on YY Gem: composite line profiles from MEG ±1 order spectra (left-hand column) and HEG ±1 order spectra
(right-hand column) for ObsID 8504 (top row) and ObsID 8509 (bottom row). The colour scale intervals are every 5 and 3 counts for MEG and HEG,
respectively. Solid and dashed lines are the same as in Fig. 6.

maximum density as the flare evolves. They use these hydrodynamic
models to derive diagnostic formulae as a function of observable
quantities related to the rise phase and maximum phase of the flare.
The emission measure values and the peak temperatures are taken
from 1-T modelling of the spectra. The loop parameters derived
here can be compared to those derived for other stellar flares in
table 1 of Reale (2007).
Table 4 shows the measured and calculated parameters. Here, τ rise
is the rise time-scale; t(T max − nmax ) is the delay time between the
maximum temperature and density maximum1 ; T obs is the measured
temperature at the flare peak; T 0 , the maximum loop temperature,
is calculated using equation (1) (see equation A.1 in Reale 2007);
L0 is the loop half-length; τ decay is the e-folding time-scale of the
flare decay; L1 provides an upper limit to the size of the loop length
derived from the flare decay time-scale; nM is the maximum density
at the loop apex; r is the loop cross-section radius; and r/L0 is the
aspect ratio. All the values we calculate for the aspect ratios of
these flares are consistent with those expected for a single loop as
discussed in Section 7.2. A brief description of how these quantities
are calculated is provided below but readers should refer to Reale
(2007) for the full derivations.
The maximum loop temperature T 0 is
η

T0 = ξ Tobs .

(1)

Here, T obs is the measured temperature at the flare peak, and η
and ξ are specific to the instrument used. For Chandra/ACIS, η and
1

The time of the light curve maximum is used as a proxy of the time of the
emission measure, and therefore of the density maximum (Reale 2007).

ξ are 1.20 and 0.068, respectively (Reale 2007, table A1). The loop
half-length is derived from the ratio of the maximum temperature
and the temperature at density maximum (Reale 2007, equations 11
and 12):
1/2

L0 ≈ 3ψ 2 T0,7 tM,3 ,

(2)

where L0 is the loop half-length (in 109 cm), tM is the time corresponding to density maximum in ks and T 0 is the loop maximum
temperature (in units of 107 K). ψ is the ratio of the maximum
temperature to the temperature at density maximum:


τ0−M
T0
= exp
ψ=
,
(3)
TM
1.2tM
where TM is the temperature at the time of the density maximum and
τ0−M is the time between flare maximum and the time at which the
density maximum occurs. The associated uncertainty is estimated
assuming that the uncertainty on the tM is about half of the time
interval of the flare peak.
The e-folding decay time, τ decay , is used to estimate an upper
limit to the loop length (L1 ) independently. For this calculation
we assume the minimum possible value for the heating factor,
F(ζ ) ≈ 1.9.
Densities can also be determined for the loop apex in each
flare, with nM , the maximum density at the loop apex (in units
of 1010 cm−3 ; Reale 2007). The volume can be estimated from the
emission measures measured from 1-T fitting and thus the area and
radius of the loop cross-section. This is useful to estimate the ratio
between the loop length and radius to evaluate whether or not this
would realistically correspond to a single loop. Aspect ratios (r/L0 )

C 2012 The Authors, MNRAS 423, 493–504
C 2012 RAS
Monthly Notices of the Royal Astronomical Society 

Chandra study of the eclipsing binary YY Gem

501

are found to be under 0.15 for all three flares observed on YY Gem;
these are therefore consistent with flares occurring in typical single
coronal loops (Golub et al. 1980; Peres et al. 1987).
7 D I S C U S S I O N A N D S U M M A RY

Figure 8. High-temperature >10 MK MEG emission in YY Gem for ObsID
8504 (top) and ObsID 8509 (bottom). The colour scale intervals are every
5 counts. The errors can be approximated as counts0.5 in order to assess the
significance of the velocity shifts with orbital phase. The dashed and solid
lines are the same as in Fig. 6.

Figure 9. Hardness ratio used to help identify flaring intervals; this is the
ratio between the 2–10 and 0.3–0.7 keV light curves. The dotted lines represent the rise (R), maximum and decay (D) phases for the prominent flares
in the two pointings: (a) ObsID 8504 and (b) ObsID 8509.
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At this epoch, both components of YY Gem are clearly active as
evidenced by the lack of strong eclipses in the X-ray light curves
and double-peaked emission-line profiles in the Hα line profiles
obtained at the same time as the X-ray observations. The previous
XMM–Newton study by Güdel et al. (2001) showed two deep primary and one secondary eclipse in the X-ray light curves. We find
tentative evidence for a decrease in the X-ray emission corresponding to the primary eclipse in the first X-ray light curve of the first
observation but not in the other three eclipses (one primary and
two secondary) covered in these observations. This implies that the
distribution of the X-ray-emitting regions is different, either with
activity at the poles and/or extended emitting regions. We have produced composite line profiles, which have been used to great effect
in the investigation of close binary stars in the past. In YY Gem the
analysis is complicated by the comparatively smaller orbital velocities of the components (K 1 = 120 km s−1 ), the equal activity level of
both components and the three large flares. As both the instrumental
resolution and the signal-to-noise ratio are necessarily limited in the
data, it is difficult to disentangle how the X-ray-emitting volume is
distributed in this system. We investigate the minimum data requirements to probe stellar coronae and discriminate between different
types of X-ray distributions using simulations of X-ray coronae and
convolving these with different instrument resolutions and noise
levels.
7.1 Probing stellar coronae: X-ray spectra requirements
In this section, we seek to quantify the instrumental resolution and
signal-to-noise ratio needed to effectively probe the X-ray coronal
distribution in active cool star binary systems such as YY Gem. The
composite line profiles presented in Section 5 have instrumental
profiles with a full width at half-maximum (FWHM) of 400 km s−1
for the MEG composite line profiles and 300 km s−1 for the HEG
composite line profiles. The best resolved individual line profile
in our data set is the HEG 15.01 Å Fe XVII line diagnostic with a
FWHM of 200 km s−1 .
We generate very simple models of X-ray coronae, simply exploring the effect of a non-time-variable corona with stable ‘quiescent’
X-ray active regions. The compact models assume an X-ray corona
with a height of about 0.05R∗ , while the extended coronal model
has a maximum height of 1R∗ in these initial models. We assume a
2-T X-ray corona in these simple simulations, with the only modulation caused by rotational modulation of active regions. The contribution from the active regions to the computed X-ray profiles
depends on the visibility of the active region, the area of these regions projected along the line of sight at each orbital phase using an
adapted version of the Doppler imaging code, DOTS (e.g. Dunstone
et al. 2008). The X-ray profiles from each pixel in the coronal
volume can be modelled as a Gaussian profile.
Examples of our simulated spectra for four different X-ray coronal models are shown in Fig. 10. The left-hand column shows the
original simulations; from top to bottom, there are three compact
coronal models: (a) a simple polar active region on only one star;
(b) both stars host active polar regions but the primary also hosts
an additional low-latitude active region; and (c) even distribution
of active regions in the entire coronal volume. The fourth model
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Table 4. Flare diagnostics.
Flare ID

τ rise
(ks)

t(T max − nmax )
t0−M (ks)

Tobs
(× 107 K)

T0
(× 107 K)

L0
(× 109 cm)

τ decay
(ks)

L1
(× 109 cm)

nM
(× 1010 cm−3 )

r
(× 109 cm)

r/L0

8504a
8509a
8509b

2.8 ± 0.5
4.2 ± 0.5
3.5 ± 0.5

0.7
2.1
1.4

2.3 ± 0.3
3.1 ± 0.6
3.9 ± 0.7

4.6 ± 0.7
6.7 ± 1.6
8.8 ± 1.9

28 ± 10
75 ± 15
61 ± 15

5.8
7.0
6.1

≤53
≤78
≤78

6±4
3±2
8±5

4
6
4

0.15
0.09
0.06

Figure 10. This plot shows dynamic simulated spectra. Top to bottom: four different coronal models were used. Top row: one compact X-ray-emitting polar
region on the primary star only; second row: the primary star has two X-ray active regions at high and low latitudes and the secondary has a polar X-ray-emitting
region; third row: both stars have an evenly distributed compact corona (<5 per cent of R∗ ); bottom row: the corona is evenly distributed and extends out
beyond 1R∗ . The left-hand column shows the original simulated spectra; the middle column shows the simulations convolved with a FWHM of 200 km s−1
instrumental profile and spectra with peak counts of 300. The right-hand column shows the simulations convolved with a FWHM of 400 km s−1 instrumental
profile and binned in phase over 0.2φ, these spectra have peak counts of 500 (a factor of 5 more than our quiescent spectra – cf. Fig. 8).
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is of an extended X-ray corona with even emission throughout a
1R∗ coronal volume. Left to right: the first column shows the original profiles from the simulations, the middle column shows these
profiles binned into 0.025φ bins and convolved with instrument
profile widths of 200 km s−1 (corresponding to the best resolution
attainable in a single line, Fe XVII 15.01 Å, with HEG) and with
added noise (peak counts of 300). The last column shows the spectra binned over 0.2φ, as shown in Section 5 with noise added (peak
counts of 500).
As noted above, this figure can also be used to explore signal-tonoise ratio limitations. The throughput in the 200 km s−1 convolved
spectra corresponds to an improvement in throughput of over 65
times compared to the strongest individual MEG line profile (Ne X
at 12.1 Å) and an instrumental resolution equivalent to the best
resolved HEG line profile in our data set. With these simulations, it is
possible to distinguish between different active region distributions
with discrimination easily possible between the different compact
models. While compact model (b), which has two active regions on
the primary, cannot be precisely mapped it is possible to see that both
components are active with more than one active region involved.
The discrimination between compact and extended models is clearly
more challenging with the loss of spectral resolution.
The third column shows the simulations convolved with an instrumental profile with a FWHM of 400 km s−1 and binned up in 0.2φ
segments. These have been computed in a similar manner to the
composite line profiles in Fig. 7 but with a signal-to-noise ratio increased by a factor of 5 with respect to the quiescent composite line
profiles (peak counts of 500). What these simulations show is how
much information is necessarily lost by binning up by 0.2φ. While it
is still possible to distinguish between a system with only one active
star and two active stars, if there is only one dominant active region
this will show clearly even in these binned spectra. If both stars have
similar levels of activity, then the emission predominantly remains
confined to the central velocity bins. The velocity evolution seen in
the high-temperature composite line profiles (Fig. 8) does therefore
probably trace the movement of the primary star.
7.2 X-ray coronae in YY Gem
We detect three large flares in a total exposure time of 1.6 d. Including previous Chandra and XMM–Newton observations of the
system, this adds up to a total exposure of 3.4 d (1.03 d: Güdel et al.
2001; 0.78 d: Stelzer et al. 2002; 1.6 d: this paper). With nine flares
detected in these observations, this leads to an average flaring rate
of one every 9 h. However, the system’s flaring frequency may not
be consistent over a period of years and there may be long-term
changes in its activity state that are not well characterized. Previous observations of YY Gem report X-ray luminosities ranging
2–8 × 1029 erg s−1 in the soft X-ray band (Stelzer et al. 2002). We
find X-ray luminosities in the 0.2–2.0 keV ACIS band of 3–3.5 ×
1029 erg s−1 in the ‘quiet’ data (i.e. excluding the large flares). We
measure X-ray luminosities during the flare maximum of 5, 7.5 and
13 × 1029 erg s−1 for the three flares in our data set. These are
consistent with the range of X-ray luminosities reported during the
flares of active main-sequence stars (e.g. Pandey & Singh 2008).
Studies looking at flaring properties of main-sequence stars have
uncovered trends with spectral type. Mullan et al. (2006) analyse
over 100 flares from 33 active stars, including single and binary
systems, covering a range of spectral types. They find that the flaring loop sizes found in M stars can be significantly larger (L ≤
1.5R∗ ; L ≤ 45 × 109 cm) than those found in G and K star systems
(typically <0.5R∗ ). Radio observations can also be used to charac
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terize the sizes of stellar magnetospheres, through the detection of
gyrosynchrotron radiation emitted by relativistic electrons in magnetic loops. Benz, Conway & Güdel (1998) also find evidence of
radio emission of the dM5.5e binary with lengths between 2.2R∗
and 4R∗ . Even larger flaring loops are found from a detailed analysis
of over 260 flares in T Tauri stars in the Orion nebula cluster, with
loop lengths above 1012 cm (Getman et al. 2008).
Previous X-ray observations of YY Gem were interpreted as a
mixture of compact (0.05R∗ ) and longer loops (>0.75R∗ ) (Güdel
et al. 2001; Stelzer et al. 2002). By measuring the thermal evolution
of each flare during the epochs of rise time, maximum temperature
and maximum density epochs, we find flare loop lengths under
the hypothesis of single loop flares. Although we cannot exclude
that flares occurred in multiloop flaring systems, the hypothesis of
single loop flares leads to a consistent scenario with loops that are
within the range of those measured for M stars. Two of the flares
had longer loops than previously measured for YY Gem: the flare
loop lengths are 0.7R∗ , 1.8R∗ and 1.5R∗ for flares 8504a, 8509a and
8509b, respectively. The flares with the longest loop lengths were
observed when the system was in a higher state of activity. Given
a separation of 3.8R∗ between the component stars (Brancewicz
& Dworak 1980), the flare loops are of the same size as half the
interbinary separation.
The coronal densities measured in YY Gem in previous studies
support a coronal extension of 1010 cm, or close to 0.3R∗ (Ness
et al. 2004). There is also strong evidence that the magnetospheres
of cool stars such as YY Gem extend to much larger radii. Radio
observations indicate that YY Gem supports structures extending to
greater than 1R∗ . Time series of Balmer line spectra show fast moving transients in absorption, indicating the presence of cool material
subtended at distances of up to ∼3R∗ and co-rotating with the star,
e.g. in the K0V, AB Dor and K3V, BO Mic (Dunstone et al. 2006;
Hussain et al. 2007). Hubble Space Telescope/ STIS observations of
the binary system, V471 Tau (DA + K2V), also reveal a 0.25 MK
atmosphere extending out to the Keplerian co-rotation radius of the
K2 star (Walter 2004). Surface magnetic field maps of YY Gem
would enable us to model the binary magnetospheric interaction of
the system in more detail (cf. the pre-main-sequence binary star,
HD 155555; Dunstone et al. 2008).
Recently, magnetospheric interaction between stars in a close binary system has been found to occur in the T Tauri binary system,
DQ Tau (Salter et al. 2010; Getman et al. 2011). The high eccentricity of DQ Tau’s orbit leads to a periodic flaring in millimetre (mm)
and X-ray wavelengths. These flares occur when the system nears
periastron (with an interbinary distance of 8R∗ ); the mm emission
region is located halfway between the binary stars with a height of
3.7–6.8R∗ . Similar effects are noted for the T Tauri binary, V773
Tau A, which shows radio flares near periastron (Massi et al. 2006;
Torres et al. 2012). Adams et al. (2011) produce models explaining how interactions from binary magnetic fields can change the
magnetic energy stored in the system, an effect that will be more
pronounced in eccentric binary orbits such as in DQ Tau and V337
Tau A. The magnetic energy stored in close binary systems with circular orbits must also be enhanced and dissipated due to interactions
between the two stellar coronae.
Due to the presence of the large X-ray flares, it was not possible to
measure rotational modulation that might originate in the softer Xray corona as has been possible with AB Dor (Hussain et al. 2007).
Instead we examine the velocity shifts in the emission-line spectra
by constructing composite line profiles from the strongest, most
isolated, emission lines in the data. With the current resolution, it
remains difficult to establish whether YY Gem has a compact corona
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or whether there is significant extended emission in the system
through these spectral line profiles alone. What is clear is that both
components are similarly active during these observations, or as
confirmed by simulations, a clear trend would be seen following the
X-ray active star even with the resolution and signal-to-noise ratio
constraints of our data.
With the composite line profiles, we find that the flaring emission
on YY Gem predominantly traces the movement of the primary
star during the flares observed in both data sets. We also acquired
a time series of optical high-resolution spectra that can be used to
map spots in the system. Given the challenges with coordinating the
X-ray and optical observations, there was a delay by several months
between the optical and X-ray observations; the spot activity likely
evolves significantly over a period of two months (Hussain 2002).
However, it would be instructive to see if the primary star is indeed
more active than the secondary, as the flaring data set appears to
suggest.
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