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ABSTRACT

We present long-term high-resolution spectroscopic observations of the very active RS Canum
Venaticorum-type star V711 Tau, obtained during several observing runs from 1998 to 2004,
and study its chromospheric activity. Using the spectral subtraction technique, several optical
chromospheric activity indicators [including the He1 D3, Na1 Dy, D,, Ha and Can infrared
triplet (IRT) lines] formed at different atmospheric heights are analysed. Strong chromospheric
emission supports earlier results that indicate that V711 Tau is a very active system. Two large
optical flares were detected during our observations. The results suggest that the main part of
chromospheric emission is attributed to the primary star of the system. The secondary also
presents weak emission but is less active. The ratios of EWgs4y /EWsgog indicate that Can IRT
emission arises predominantly from plage-like regions. We have found rotational modulation
of chromospheric activity in the He and Can IRT lines, which suggests the presence of the
chromospheric active longitudes over the surface of V711 Tau. Two active longitudes separated
by about 180° were observed to dominate the activity, and the so-called flip-flop phenomenon
was seen during our observations. Moreover, the chromospheric activity level shows a long-
term variation that gradually increases from a deep minimum near the year 2002. A close
spatial connection of photospheric spots and chromospheric active regions in both short and
long timescales was found for V711 Tau.
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1 INTRODUCTION

Magnetic activity phenomena, often seen in the Sun, have been
widely observed in cool stars. These are very intense due to the deep
convection coupled with high rotation rates, resulting in an efficient
magnetic dynamo. Rotational rate decreases with age because of
the increasing moment of inertia and the loss of angular momen-
tum through magnetic braking during stellar evolution. Thus, the
magnetic activity of cool stars indirectly depends on stellar age
(Schrijver & Zwaan 2000). At Yunnan Observatories, we began
a long-term high-resolution spectroscopic monitoring project for
some late-type stars at different evolutionary stages from pre-main
sequence stars to evolved stars, to study their magnetic activity (de-
tecting optical flares, searching for prominence-like events, explor-
ing the rotational modulation of chromospheric activity and investi-
gating the evolution of active regions) using the information derived
through several optical chromospheric activity indicators formed at
different atmospheric heights. In our previous work, we had derived
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results for one active young main sequence star, LQ Hya, showing
that the chromospheric emission exhibits rotational modulation and
that the photospheric spots and chromospheric activity regions are
spatially connected (Cao & Gu 2014). In the present work, we focus
on one of the most active RS Canum Venaticorum binaries, which
has at least one evolved component showing remarkable photomet-
ric variability caused by photospheric dark spots, chromospheric
activity, transition region emission and coronal radiation, V711 Tau.

V711 Tau (HR 1099, HD 22468) is a close double-lined, non-
eclipsing spectroscopic binary consisting of a K1 IV primary and
a G5 V secondary in an almost circular orbit with a period of
about 2.84 d (Fekel 1983). Having a fast rotation rate induced by
tidal synchronization and an extended outer convection zone that
generates a powerful dynamo, the K1 IV component shows a very
high level of magnetic activity. Due to the brightness of the system
(V=15.7,Ducati 2002) and extreme magnetic activity, V711 Tau has
attracted much attention for nearly all wavelength regions during
recent years.

The system always shows significant photometric variability and
its long-term star-spot activity has varied cyclically over several
years (Henry et al. 1995; Lanza et al. 2006; Berdyugina & Henry
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2007; Muneer et al. 2010). Since Vogt & Penrod (1983) published Table 1. Observing log of V711 Tau.

the first Doppler image of V711 Tau, many investigators, e.g. Vogt

et al. (1999), Donati (1999), Strassmeier & Bartus (2000), Garcia- Date HID* Phase  Exposure time
Alvarez et al. (2003b), Donati et al. (2003), Petit et al. (2004) and (2450 000+) (s)
Gu eF al. (2007), have stud.ied this very active star us.ing Doppler 1998 Mar 13 0885.9641 03911 720
imaging and found a prominent polar spot concentration over the 1998 Mar 13 0885.9740 0.3946 720

surface. Furthermore, Berdyugina & Henry (2007) produced the

first stellar butterfly diagram of spot activity for V711 Tau and found iggg E:E ;(9) Eggg?;g 82?22 Egg
thaF the mean latitudes of active regions at opposite longitudes shift 2000 Feb 21 1596.0773 0.6301 1200
antisymmetrically. 2000Feb22  1597.0391  0.9691 1200
The K1 IV star exhibits very intense chromospheric activity, 2000 Feb 23 1598.0356 0.3202 1200
as demonstrated by the Ho emission above the continuum, Can 2000 Feb 24 1599.0312 0.6711 1200
H and K and Can infrared triple_t (IRT) lines core emission in 2000 Sept 15 1803.2550 0.6381 1200
the optical spectral range (Gondoin 1986; Montes et al. 1995b; 2000 Sept 16 1804.2564 0.9910 1200
Zhai & Zhang 1996; Montes et al. 1997; Garcia-Alvarez et al. 2000 Sept 17 1805.2357 0.3361 1200
2003a). V711 Tau has frequently been observed by the MUSICOS 2001 Nov 23 20371026 0.5230 1200
(Multl.—SIte Continuous S.pectroscopy) project, which has facqulred 2001 Nov 24 2238.1337 0.8864 2700
a continuous spectroscopic coverage over several days. Foing et al. 2001 Nov 25 2239.0943 0.2249 1800
(1994) observed the modulation of the Can K line profile due to 2001 Nov 25 2239.3069 0.2998 1500
chromospheric plage-like regions and found two white-light flares 2001 Nov 26 2240.0637 0.5665 1800
during the MUSICOS 1989 campaign. Garcia-Alvarez et al. (2003a) 2001 Nov 27 2241.0928 0.9292 900
obtained continuous observations of several chromospheric activity 2001 Nov 29 2243.1581 0.6570 1800
indicators during the MUSICOS 1998 campaign and detected two 2001 Dec 01 2245.1479  0.3581 1800
large optical flares. Both flares were in the same active region. 2002 Dec 13 2622.0042 0.1597 1200
Rotational modulation was also found in the Hoe and He1 Dj lines, 2002 Dec 13 2622.1209 0.2008 1200
which was anti-correlated with the photometric light curves. 2002 Dec 13 2622.2390 0.2424 1200
Although there have been many papers on the magnetic activity 2002 Dec 16 2624.9965  0.2142 1500
of V711 Tau, long-term chromospheric activity studies and simulta- 2002 Dec 16 2625.1684 0.2747 1800
neous analysis of several chromospheric activity indicators are rare. 2002 Dec 17 2626.0329 0.5794 1800
It is very important to understand the vertical structure of active re- 2002 Dec 17 2626.1992 0.6380 1800
gions and their evolution. In this paper, we present the results of the 2003 Nov 08 2952.1053  0.4851 900
short-term (rotational modulation) and long-term chromospheric 2003 Nov 08 2952.1162 0.4339 900
activity of V711 Tau, based on a large set of high-resolution spec- 2003 Nov 08 2952.2523 0.5368 900
troscopic observations from 1998 to 2004. Moreover, we compare ;ggg Egz 82 ;gg;iiég 8247“0)8 1980 (?0
our results.w1th r}early 51multa.neous light curves observed by othf:r 2003 Nov 10 29542100 02267 900
authors to investigate the possible correlation between photometric 2003 Nov 10 2954.2208 0.2305 900
and chromospheric activity regions. 2003 Nov 10 29543351  0.2708 900
The details of our observations and data reduction are given in 2003 Nov 10 2954.3459 0.2746 900
Section 2, and the procedure for the spectral analysis is described 2004 Feb 03 3039.1104 0.1450 600
in Section 3. In Section 4, the behaviour of chromospheric activity 2004 Feb 04 3040.0640 0.4811 200
indicators, the variation of chromospheric activity, and the corre- 2004 Feb 04 3040.0749 0.4849 900
lation between photospheric spots and chromospheric activity are 2004 Feb 05 3041.0323 0.8223 600
discussed. Finally, we state the conclusions of our study in Section 5. 2004 Feb 05 3041.0395 0.8248 600
2004 Feb 06 3042.1073 0.2011 900

2004 Feb 06 3042.1182 0.2050 900

2004 Feb 07 3043.0752 0.5422 600

2 OBSERVATIONS AND DATA REDUCTION 2004 Feb 07 3043.0825 0.5448 600
. . . 2004 Feb 08 3044.0365 0.8810 600
Spectroscopic observations of V711 Tau were performed during 2004 Feb 08 30440444 0.8838 600

several opserv1ng seasons from 1998 to 2004. Th'e observatlgns 2004 Feb 09 30450515 02386 600
were carried out with the 2.16-m telescope at the Xinglong station 2004 Feb 09 3045.0588 0.2412 600
of the National Astronomical Observatories, China. The Coudé

echelle spectrograph with a resolving power of about 37 000 and iggi EZX ;8 ;gzgiig? 8;1(7)3 288
a 1024 x 1024-pixel Tektronix CCD detector were used (Zhao 2004 Nov 21 3331:21 31 0:0818 900
& Li 2001). The reciprocal dispersions are 0.082 A pixel~! for 2004 Nov 21 3331.2290 0.0856 900
the Na1 Dy, D,, He1 Ds spectral region, 0.091 A pixel~! for the 2004 Nov 22 3332.3337 0.4749 1200
Ha spectral region, 0.118 A pixel ™' for the Can AA8498, 8542 2004 Nov 25 3335.2975 0.5193 3600
spectral region, and 0.120 A pixel~! for the Can 18662 spectral 2004 Nov 26 3336.2707 0.8623 1200
region. Correspondingly, the spectral resolution determined as the 2004 Nov 26 3336.2852 0.8674 1200
full width at half-maximum of the arc comparison lines is 0.152, 2004 Nov 26~ 3336.2994  0.8724 1200
0.167,0.211 and 0.216 A, respectively. 2004 Nov26  3336.3136  0.8774 1200

In Table 1, we give the observing log, which includes the ob- 2004 Nov 27 3337.2215 0.1974 600
serving date, the heliocentric Julian date (HJD), orbital phase 2004 Nov 27 3337.2292 0.2000 600
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Table 1. — continued

Date HID Phase  Exposure time
(2 450 000+) )
2004 Nov 27 3337.2364 0.2026 600
2004 Nov 27 3337.2865 0.2202 600
2004 Nov 27 3337.2959 0.2236 900
2004 Nov 27 3337.3068 0.2274 900
2004 Nov 28 3338.0829 0.5009 2700
2004 Nov 29 3339.2097 0.8980 1800
2004 Nov 29 3339.2970 0.9287 3000

Note. “Heliocentric Julian date.

and exposure time. The orbital phases were calculated with the
ephemeris:

HIDconj = 2442766.080 + 2983774 x E, (1)

from Fekel (1983), where zero phase corresponds to the conjunction
with the K1 IV primary in front. In total, 67 spectra of V711 Tau
were obtained. In addition, observations of some early-type stars
and non-active stars were obtained. The spectra of early-type stars
were used as telluric templates whereas the non-active stars were
used as reference stars in the spectral subtraction technique.

The spectrum reduction was performed with the IRAF package, '
following the standard reduction procedures (image trimming,
bias correction, flat-field division, scattered light subtraction, one-
dimensional spectrum extraction and wavelength calibration). The
wavelength was calibrated using the spectra of a Th-Ar lamp.
Finally, all spectra were normalized using a low-order polynomial
fit to the observed continuum. The signal-to-noise ratio (S/N) is
more than 100 in the chromospheric activity indicator regions for
most of our observations. In Fig. 1, we display the normalized Can
IRT (18662, A8542 and 18498), Ha, He1 D3, and Na1 Dy, D, line
profiles of V711 Tau obtained during our observations. The orbital
phase and observing date are also marked in the figure. During the
1998 observing run, the Cau IRT 18498 line was not in the spectra
due to the echelle frame position change.

For some observations during which telluric water vapour lines
were heavy in the chromospheric activity line regions, two rapidly
rotating early-type stars HR 7894 (B5 IV, vsin i = 330 km s~!) and
HR 8858 (B 5V, vsini =332 kms~!) were used as telluric templates.
The telluric lines in the spectra of V711 Tau are eliminated using
these templates with an interactive procedure, as described by Gu
et al. (2002) in detail.

3 SPECTRAL ANALYSIS

To obtain the pure chromospheric contribution, we apply a method
usually called the spectral subtraction technique, which was de-
scribed in detail by Barden (1985) and Montes et al. (1995a). This
method has been widely and successfully used for chromospheric
activity studies (Gunn & Doyle 1997; Gunn, Doyle & Houdebine
1997; Montes et al. 1995b, 1997, 2000; Gu et al. 2002; Zhang & Gu
2008; Cao & Gu 2012, 2014). It subtracts a synthesized spectrum
constructed from artificially rotationally broadened, radial velocity
shifted, and weighted spectra of two inactive stars with the same
spectral type and luminosity class as the two components of the

'IRAF is distributed by the National Optical Astronomy Observatories,
which is operated by the Association of Universities for Research in Astron-
omy (AURA), Inc, under cooperative agreement with the National Science
Foundation.

MNRAS 449, 1380-1390 (2015)

binary system. The synthesized spectrum represents the contribu-
tion of the non-active state of the system, and the subtraction be-
tween the observed and the synthesized spectra provides the pure
chromospheric activity emission caused by activity. Here, the syn-
thesized spectra were constructed using the program STARMOD
(Barden 1985).

During our observations, we observed some stars with spectral
types and luminosity classes similar to the components of V711
Tau as candidate reference stars. By comparison, HR 7690 (K1
IV) and HR 7683 (G5 IV) were used in the synthesized spectrum
construction. The vsin i value of each component of V711 Tau
was determined using the reference spectrum in the course of the
spectral analysis. According to the method described in detail by
Barden (1985), average values of 41.5 km s~' for the primary and
8.5 km s~ for the secondary were obtained from high S/N spectra,
spanning the wavelength regions 6030-6220 A, 6370-6520 A and
6590-6670 A with many photospheric lines, at phases where the
two components were well separated. The obtained value for the
primary is in good agreement with the one estimated by Donati
et al. (1992), Vogt et al. (1999), Donati (1999) and Strassmeier &
Bartus (2000). Moreover, the adopted intensity weight ratios are
0.745/0.255 for the Na1 Dy, D,, He1 Dj spectral region, 0.76/0.24
for the Ha spectral region, 0.77/0.23 for the Can AA8498, 8542
spectral region, and 0.78/0.22 for the Can A8662 spectral region.
Consequently, the synthesized spectra were constructed by broad-
ening and weighting the reference spectra to the values of vsin i
and the intensity weight ratios derived above, and shifting along the
radial-velocity axis. Finally, the subtracted spectra were calculated
for V711 Tau. Examples of spectral subtraction in the Can IRT
(18662, A8542 and 18498), Ha, Na1 Dy, D,, and He 1 D5 line spec-
tral regions at phase 0.2202 on 2004 November 27 are presented in
Fig. 2.

For the primary component, the equivalent widths (EWs) of the
excess emission in the different chromospheric diagnostics were
measured for the subtracted spectra using the IRAF/SPLOT task.
We determined the EWs by integrating over the emission profiles
in the subtracted spectra, and additionally measured them using a
Gaussian function fit. To measure the EWs of asymmetric profiles
more accurately, we may need more Gaussian profiles to fit them.
The final EWs for the Can IRT (L8662, 18542 and 18498) and Ho
lines were derived by taking the mean values of the two methods
and are listed in Table 2 along with their errors. The errors for the
measured EWs were estimated by using the difference between the
measurements of the two methods. In Table 2 we also give the ratio
of excess emission, EWgs4,/EWg49g, which is used as an indicator
of the type of chromospheric structure that produces the observed
Caun IRT emission.

Finally, to analyse the possible rotational modulation of chromo-
spheric activity of V711 Tau, the observations of each observing
run were grouped together. We plot the EWs of Ha and Cau IRT
excess emission as a function of orbital phase in Fig. 3.

4 DISCUSSION

4.1 Chromospheric activity indicators

Chromospheric activity lines formed at different atmospheric
heights were obtained for V711 Tau during our observations, such
as the Ha (formed in the middle chromosphere), Na1 Dy, D, (up-
per photosphere and lower chromosphere), He 1 D3 (upper chromo-
sphere), and Ca 1 IRT (lower chromosphere) lines. These lines have
been proven to be very important and useful chromospheric activity
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Figure 1. Ha, Na1 Dy, D,, He1 D3 and Can IRT (18662, 18542 and A8498) line profiles of V711 Tau obtained during our observations from 1998 to 2004,
and shifted arbitrarily. The different observing runs are plotted with different colours for better visibility.
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Figure 1. — continued
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Figure 2. Examples of the observed, synthesized and subtracted spectra for the Cau IRT (18662, 18542 and A8498), Ho, Na1 Dy, D;, and He1 D3 line
spectral regions. For each panel, the lower solid line is the observed spectrum, the dotted line represents the synthesized spectrum and the upper spectrum is
the subtracted one, shifted for better display. ‘P” and ‘S’ indicate the primary and secondary components of the system, respectively.

indicators in the optical spectral range from the region of low tem-
perature to the upper chromosphere (Gunn & Doyle 1997; Gunn
et al. 1997; Montes et al. 1995b, 1997, 2000), which can help us
to investigate the chromospheric structure for different atmospheric
layers.

In Fig. 1, V711 Tau always shows Ho in emission above the
continuum, and has a very variable profile. In all spectra, we can
see clear emission reversals in the cores of the Ca IRT absorption
line profiles. Moreover, asymmetry of the chromospheric emission
profiles and the profiles with central absorption reversal appeared
in the Can IRT lines at most phases. Gondoin (1986) found a
similar structure in the Cau IRT lines of V711 Tau and concluded
that the polar chromospheric plages located on the primary star
could account for this feature. At phases such as 0.2202 on 2004
November 27 where the two components were well separated, it
can be seen that weak emission features appear near the main core
emission in Can IRT lines, especially in the Cau 18542 line.

The synthesized spectra match the observational ones quite well
(see Fig. 2). The exceptions are the Na1 D;, D, lines, which are
very sensitive to the effective temperature. Just a slight tempera-
ture difference between the target and reference stars can produce
significant changes in the wings of the line profiles. Despite that,
according to Montes et al. (1997), the filled-in cores of the Nat
D;, D, lines could be used as chromospheric activity indicators.
After application of the spectral subtraction technique, one can see
that the Can IRT, He and Na1 Dy, D, excess emission is primarily

associated with the K1 IV star. Moreover, it is clearly seen that
the weak emission features in the Ca 1 IRT line profiles arose from
the G5 V secondary star (see Fig. 2). This is consistent with the
emission in the Cau H and K lines found by Montes et al. (1995b),
which suggests that the secondary is also active, but less active than
the primary star.

The He line profile shows broad emission wings, consistent with
the findings by Montes et al. (1997), which can arise from mi-
croflaring in the chromosphere. Moreover, broad wings in the chro-
mospheric Mg 4 and k lines of V711 Tau were also detected by
Dempsey et al. (1996) and Wood et al. (1996). Such broad emission
wings had been found previously for several other chromospheric
active stars (Montes et al. 2000; Gu et al. 2002; Zhang & Gu 2008).

For the ratio of excess emission EWgs4,/EWg408, we find the
values in the range 1-2 (see Table 2), approximating the values in
solar plages (~1.5-3; Chester 1991), which indicate that Cau IRT
emission arises predominantly from plage-like regions. These low
values have also been found for several other chromospheric active
stars by many authors, e.g. Montes et al. (2000), Gu et al. (2002),
Lépez-santiago et al. (2003), Zhang & Gu (2008), Géalvez et al.
(2009) and Cao & Gu (2014).

4.2 Optical flares
The He 1 D5 line emission is the most important evidence in support

of the occurrence of an optical flare (Zirin 1988). As shown in
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Table 2. Measurements for excess emission of the Can IRT and He lines in the subtracted spectra.

Date Phase ~ EW;sa08 (A)  EWjgsa0 (A) EW,s662 (&)  EWpy (A)  EWgssn/EWsaog
1998 Mar 0.3911 1.074 +0.011 0.974 £0.012 2.629 +£0.011
0.3946 1.072 £ 0.011 0.976 £ 0.011 2.592 4+ 0.009
2000 Feb 0.9268 0.694 £0.002 0.931 £0.008 0.832 +0.002 2.358 +0.012 1.341
0.2762 0.678 + 0.002 0.951 +0.013 0.853 4+ 0.002 2.505 4+ 0.005 1.403
0.6301 0.698 +0.003 0.985 4+ 0.015 0.862 4 0.003 2.379 4+ 0.004 1411
0.9691 0.682 + 0.001 0.917 + 0.005 0.821 4+ 0.001 2.631 +0.013 1.345
0.3202  0.667 £0.005  0.930 £ 0.001 0.814 £0.007  2.565 + 0.008 1.394
0.6711 0.651 = 0.007 0.964 +0.002 0.842 £ 0.010 2.184 4 0.006 1.481
2000 Sept 0.6381 0.801 £ 0.015 1.237 £+ 0.025 1.093 £ 0.012  2.474 £ 0.006 1.544
0.9910 0.749 £ 0.015 1.108 = 0.023  0.881 &= 0.020  3.989 £ 0.011 1.479
0.3361 0.647 £+ 0.011 0.939 +£0.012  0.768 + 0.023 2.951 4+ 0.009 1.451
2001 Nov-Dec  0.5230 0.786 £ 0.011 1.111 £ 0.025 1.053 £ 0.039  2.700 £ 0.020 1.413
0.8864 0.664 £0.012 0.885 £+ 0.011 0.829 +£0.016  2.213 £+ 0.005 1.333
0.2249  0.724 £ 0.023 1.044 +0.023  0.884 +0.024  2.331 £0.018 1.442
0.2998  0.806 £+ 0.018 1.059 +0.025 0.955 +0.015 2.423 4+ 0.035 1.314
0.5665  0.819 £ 0.022 1.083 +0.023 0.978 £0.010  2.117 £ 0.020 1.322
0.9292  0.692 £+ 0.021 0.861 +=0.012 0.821 +0.015 1.866 4= 0.030 1.244
0.6570  0.714 £0.020 0.992 £0.013  0.893 + 0.025 1.913 4+ 0.020 1.389
0.3581 0.724 +0.013 1.065 +0.030  0.946 +0.020  2.689 4 0.025 1.471
2002 Dec 0.1597 0.717 £0.004 0.937 £0.017 0.838 =0.014 2.303 +0.019 1.307
0.2008  0.724 £0.004 0.958 £0.013  0.848 & 0.015 2.364 £ 0.015 1.323
0.2424  0.682 +£0.025 0916 +0.012 0.836 +0.013 2.314 +0.015 1.343
0.2142  0.668 £0.002 0.860 £ 0.011 0.809 £ 0.011 2.199 +0.011 1.287
0.2747 0.702 + 0.005 0.938 +0.019 0.815 +0.012 2.380 4 0.005 1.336
0.5794  0.711 £ 0.001 0.998 +0.020  0.904 & 0.007  2.527 £ 0.020 1.404
0.6380  0.721 £ 0.001 1.023 £0.025 0.927 £0.016  2.680 + 0.033 1.419
2003 Nov 0.4851 0.702 £+ 0.011 0.987 +0.024  0.849 +0.013 3.147 4+ 0.003 1.406
0.4889  0.704 £0.012 0.980 +£0.015 0.834 +0.013 3.118 +0.025 1.392
0.5368  0.711 £0.010 0.980 £0.010 0.844 +£0.014 3.135+0.011 1.378
0.5406  0.706 £ 0.011 1.012 +0.023 0.839 £ 0.016  3.065 £+ 0.012 1.433
0.5709  0.705 £0.014 0.985+£0.012 0.841 +0.023 2.904 £ 0.011 1.397
0.2267 0.682 +£0.013 0.982 +0.013 0.877 +£0.028 2.473 +0.010 1.440
0.2305 0.685+£0.010 0.989 +£0.022 0.899 +0.013 2.497 £ 0.015 1.444
0.2708  0.672 £ 0.011 1.000 + 0.030  0.867 = 0.013 2.520 +0.015 1.488
0.2746  0.663 £0.011 1.001 +0.025  0.894 4 0.021 2.459 4+ 0.008 1.510
2004 Feb 0.1450  0.630 £0.019 0.945 £0.015 0.889 +£0.017 2.441 +0.012 1.50
0.4811 0.680 +=0.012 0946 +0.012 0.861 +=0.019  2.420 £ 0.025 1.391
0.4849  0.642 £ 0.011 0.945 +0.019 0.862 &£ 0.011 2.400 +0.013 1.472
0.8223  0.710 £0.014 1.141 +£0.022 0.9324+0.019 3.002 +0.018 1.607
0.8248 0.714 £0.014 1.131 +0.031 0.945 £ 0.015 3.024 +0.019 1.584
0.2011 0.609 +0.015 0914 +0.013 0.865 4+ 0.021 2.415 +0.015 1.501
0.2050  0.640 £ 0.011 0944 +0.012 0.876 &2 0.022  2.353 £ 0.013 1.475
0.5422  0.718 £0.012 0.975 £+ 0.011 0.871 £0.011 2.643 4+ 0.024 1.358
0.5448 0.728 £0.012  0.985 £ 0.011 0.883 £0.012 2.631 =0.011 1.353
0.8810 0.719 £0.013 1.134 +£0.012 0.968 & 0.012  3.244 +0.014 1.577
0.8838 0.711 £0.012 1.126 £ 0.012  0.967 £0.012  3.275 £ 0.015 1.584
0.2386  0.691 +£0.014 0.941 +£0.016  0.880 + 0.021 2.491 +0.012 1.362
0.2412  0.694 £0.012 0.950 £0.012 0.866 +0.022 2.439 +0.019 1.369
2004 Nov 0.7374  0.715 £ 0.031 0.995 +0.035 0.963 4+ 0.021 2.599 +0.012 1.392
0.7400  0.702 £ 0.021 1.022 +0.034  0.928 4 0.023 2.553 £ 0.013 1.456
0.0818 0.666 £+ 0.012 1.002 +0.023  0.906 & 0.014  2.798 £ 0.016 1.505
0.0856 0.702 = 0.016 1.015 4+ 0.021 0.933 +0.017 2.697 £ 0.015 1.446
0.4749  0.723 £ 0.021 1.123 £ 0.014  0.978 4+ 0.021 3.152 +0.013 1.553
0.5193  0.725 £0.013 1.093 +0.023 0.956 £0.019 3.137 £0.014 1.508
0.8623  0.780 £ 0.022 1.149 +0.019  0.999 +0.015 3.301 = 0.013 1.473
0.8674 0.784 £ 0.015 1.144 +0.014  0.973 £ 0.015 3.358 +0.028 1.459
0.8724  0.802 £0.014 1.155 +0.021 1.013 +0.017 3.224 +£0.019 1.440
0.8774  0.801 £ 0.023 1.145 £ 0.011 1.007 £ 0.022  3.169 £ 0.019 1.429
0.1974  0.742 £ 0.019 1.137 £ 0.013  0.964 4 0.021 3.062 4+ 0.022 1.532
0.2000 0.769 £0.014 1.104 4+ 0.021 0.949 £0.011 3.062 4+ 0.022 1.436
0.2026  0.762 £ 0.023 1.138 +0.011 0.971 £0.020 3.059 £+ 0.017 1.493
0.2202  0.760 £ 0.017 1.086 4+ 0.021 0.969 +£0.019  3.107 £ 0.018 1.429
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Table 2. — continued

Chromospheric activity of V711 Tau 1387

Date Phase  EWjgaos (A)  EWissio (A)  EWigea (A)  EWpo (A)  EWsss/EWgaog
2004 Nov  0.2236  0.751+£0.021 1.102+0.016 0.988 +0.025  3.090 & 0.013 1.467
0.2274  0.737+£0.015 1.100 £0.018 0.986 +0.016  3.080 + 0.022 1.493
0.5009 0768 £0.022  1.156 £0.023  1.022 £0.023  3.734 £ 0.012 1.505
0.8980 0.868 +£0.014 1.180+0.012 1.069 +0.017  3.255 + 0.023 1.359
0.9287 0.826£0.019 1.103+£0.012 1.048 £0.023 3.112 +0.011 1.335
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Figure 3. EWs of excess emission versus orbital phase for He and Cau IRT lines. The label identifying each observing run and chromospheric activity

indicator are marked in the corresponding plot.

Fig. 4, in which the He1 D; lines show weak emission, two optical
flares occurred on V711 Tau during our observations. The first flare
happened on 2000 September 16 (HID 2451 804.2564) at phase
0.9901. The second one occurred on 2004 November 28 (HJD
2453 338.0829) at phase 0.5009.

When the two flares happened, the Ho line strengthened dra-
matically (see Figs 1 and 4). The intensity of the Ho emission
is stronger than the emission of the first optical flare detected by
Garcia-Alvarez et al. (2003a) in 1998 November. Calculating the
stellar continuum flux in the He line region using the calibration of
Hall (1996) and the colour index B — V = 0.92 of V711 Tau (Eggen
1978), and converting the EWs into the absolute flux at the stellar
surface, we have estimated the flare energy in the observed He line
as 1.7 x 103! erg s~! for the first flare and 1.59 x 103! erg s~! for
the second one. We corrected the EWs to the total continuum before

they were converted to the absolute flux at the stellar surface. The
values for energy released in the He line during the flares have a
similar order of magnitude to the ones for V711 Tau estimated by
Garcia-Alvarez et al. (2003a) and for UX Ari calculated by Gu et al.
(2002).

4.3 Rotational modulation and active longitudes

Variability of chromospheric emission with orbital phase indicates
that the distribution of active regions is not uniformly seen on the
stellar surface. Rotational modulation of chromospheric activity can
help us to derive the location of active regions, similar to the hot
solar plage structures, and has been found in many active stars using
several chromospheric diagnostics (Berdyugina, Ilyin & Tuominen
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Figure 4. He1D3, Na1 Dy, D, and Ha lines during flares.

1999; Gu et al. 2002; Garcia-Alvarez et al. 2003a; Frasca et al.
2008a,b; Zhang & Gu 2008).

The observing runs of 2000 February, 2001 November to Decem-
ber, 2004 February and 2004 November had better orbital phase
coverage during our observations. From Fig. 3, it can be seen that
the EWs of Ho and Ca 11 IRT excess emission correlate and show ro-
tational modulation. This suggests the presence of active longitudes
over the surface of V711 Tau. In 2000 February, although only six
spectra were observed, there is a clearly modulated trend showing
two active longitudes: one chromospheric activity longitude occurs
at phase between 0.3 and 0.6, while another active longitude exists
around phase 1.0. For the 2001 observing run, the activity variation
indicates a strong active longitude appears near phase 0.4, and a
narrow active longitude near phase 0.9. For 2004 November, we
notice that there are two active longitudes located near phases 0.4
and 0.9. However, although there is a gap between 0.25 and 0.5 in
2004 February, the overall level of the chromospheric variation is
flat and weak compared with the 2004 November observing run for
the first active longitude. The active longitude at the second half of
the orbital phase seems to be stronger. This may indicate that the
chromospheric activity regions evolved dramatically between those
two observing runs in 2004.

We find two surviving chromospheric activity longitude regions,
a broader, primary activity longitude and a narrower, secondary
longitude separated about 180°, which dominate the activity of
V711 Tau during our observations, except the observation in 2004

MNRAS 449, 1380-1390 (2015)

February. For V711 Tau, Berdyugina & Henry (2007) analysed
photometric data for the years 1975-2006 with an inversion tech-
nique and found that spot phases constitute two migrating active
longitudes separated by 180° on average. A similar feature with
two active longitudes has also been found for V711 Tau by Lanza
et al. (2006), and in other active RS Canum Venaticorum (CVn)-
type binary systems (Berdyugina et al. 1998; Gu et al. 2002; Zhang
& Gu 2008) and rapidly rotating single stars, such as LQ Hya
(Berdyugina, Pelt & Tuominen 2002). According to the change of
the dominating activity longitude between opposite hemispheres in
2004 February and November, moreover, we infer that a flip-flop
phenomenon occurred in chromospheric activity regions of V711
Tau, which suggests the redistribution of active regions. The flip-
flop cycle with a period of 5.3 &= 0.1 yr for V711 Tau was derived by
Berdyugina & Henry (2007) from cyclic pattern of the peak-to-peak
V magnitude. A similar short-term spot activity cycle with a period
of 3-5 yr was also reported by Lanza et al. (2006). Moreover, Buc-
cino & Mauas (2009) found a chromospheric flip-flop cycle with a
period of ~3.3 yr through analysing the peak-to-peak Mount Wilson
index for several seasons.

4.4 Correlation between photospheric spots and
chromospheric activity

There is close spatial connection between photospheric spots and
chromospheric plages for most single active stars and RS CVn-type
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Figure 5. Ho chromospheric activity emission of V711 Tau versus year for
all observations.

systems. For example, Catalano et al. (1996) found that the variation
of chromospheric activity is anti-correlated with the optical light
curve for V711 Tau and several other active binaries, which indicates
that the chromospheric activity regions are mainly concentrated in
regions above dark spots.

According to Lanza et al. (2006), the timescale for the evolution
of the spot pattern is of the order of 100-200 d and their individ-
ual light curves were built with this time baseline. Our observing
runs in 2000 February and 2001 November—December overlapped
with their observations for the mean epochs 2000.07 and 2001.80,
respectively, therefore, we had an opportunity to analyse the spatial
correlation between photospheric spots and chromospheric activity.
By comparing the variation of chromospheric emission with the
light curves in fig. 7 of Lanza et al. (2006), we find a clear anti-
correlation: the EWs approach a maximum when V711 Tau becomes
fainter and most spots appear on its visible hemisphere. Thus, this
indicates that the chromospheric activity region is associated with
the photospheric star-spot region in the spatial structure, and further
that the localized magnetic loop heating the chromospheric activity
region is connected to the spot region.

From Fig. 5, showing chromospheric activity emission in the Ho
line against the year of observation, it can evidently be seen that
chromospheric activity gradually increases from a deep minimum
near 2002, which indicates a long-term variation of chromospheric
activity due to the evolution of active structures. In addition, we
find that the year of minimum chromospheric activity is very close
to the local brightness maximum of V711 Tau, and the behaviour
is anti-correlated with the mean brightness variation reported by
Berdyugina & Henry (2007) and correlated with the variation in
light loss caused by spot activity derived by Muneer et al. (2010).
This suggests that the long-term variation of chromospheric ac-
tivity is also spatially connected with the long-term evolution of
photospheric spot regions. The cyclic behaviour for several years
of spot activity of V711 Tau was extensively derived by Henry
et al. (1995), Lanza et al. (2006), Berdyugina & Henry (2007) and
Muneer et al. (2010). Also, a possible chromospheric activity cy-
cle with a period of about 18 yr was found by Buccino & Mauas
(2009) based on International Ultraviolet Explorer ultraviolet high-
and low-resolution spectra from 1975 to 1996, in good agreement
with the ones derived from the optical photometric observations
mentioned above.

Chromospheric activity of V711 Tau 1389

To infer the possible cycle of the flip-flop phenomenon and the
longer chromospheric activity variation for V711 Tau, we may re-
quire more frequent observations over several years. Fortunately,
our project is ongoing.

4.5 Comparison between LQ Hya and V711 Tau

The rapidly rotating single K2 V star LQ Hya and RS CVn-type
system V711 Tau are both important target stars in our project.
Although rotational rate spins down with age during the evolution
of single stars, the evolved K1 IV star of V711 Tau rotates fast due to
tidal locking. Based on the similar activity patterns of LQ Hya and
RS CVn stars, Berdyugina et al. (2002) concluded that binarity does
not have a strong effect on the dynamo and it is the rapid rotation
that determines the dynamo behaviour of stars. Our previous results
for LQ Hya have similarities to V711 Tau, such as the rotational
modulation of chromospheric activity and an association between
photospheric spots and chromospheric activity regions (Cao & Gu
2014). Similar results have also been found for four young solar-
type stars by Biazzo & Frasca (2007). Although no optical flares
were found during our observations, a strong flare on LQ Hya was
detected by Montes et al. (1999). Moreover, it can be seen that
V711 Tau has much stronger activity than LQ Hya according to
the emission levels of chromospheric activity indicators during our
observations.

5 CONCLUSIONS

Based on the above analysis of our long-term high-resolution spec-
troscopic observations taken during eight observing runs from 1998
to 2004, we have obtained information about chromospheric activ-
ity of the very active RS CVn-type system V711 Tau with several
optical activity indicators formed at different atmospheric heights.
Our main results are summarized as follows:

(i) Strong and variable chromospheric emission in the Ho and
Can IRT lines indicates that V711 Tau is a very active system. Most
of the chromospheric emission is attributed to the primary star of
the system. The secondary component also has weak emission,
but it is less active. The ratio of excess emission EWgs4o/EWgaog
indicates that Can IRT emission arises predominantly from plage-
like regions, like several other RS CVn-type stars.

(i) Two optical flare-like events were detected in the 2000
September and 2004 November observing runs, which were con-
firmed by the He 1 D5 line emission.

(iii) We have found rotational modulation of chromospheric ac-
tivity in the He and Ca 1 IRT lines, which suggests the presence of
chromospheric activity longitudes over the surface of V711 Tau.
Two active longitudes separated by about 180° were observed
to dominate the activity during our observations excluding 2004
February, and one flip-flop event occurred.

(iv) The chromospheric activity level shows a long-term varia-
tion, which gradually increases from a deep minimum near the year
2002. This indicates that the evolution of chromospheric activity
regions is on a long timescale.

(v) By comparing with the light curves of Lanza et al. (2006) and
long-term photometric variations found by Berdyugina & Henry
(2007) and Muneer et al. (2010), a close spatial connection between
photospheric spots and chromospheric active regions for short and
long timescales was found for V711 Tau, which indicates the spatial
structure of active regions at different atmospheric layers.
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