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Abstract. We present simultaneous and continuous observations of the Hα, Hβ, He  D3, Na  D1,D2 doublet and the Ca  H & K lines for the
RS CVn system HR 1099. The spectroscopic observations were obtained during the MUSICOS 1998 campaign involving several observatories
and instruments, both echelle and long-slit spectrographs. During this campaign, HR 1099 was observed almost continuously for more than
8 orbits of 2.d8. Two large optical flares were observed, both showing an increase in the emission of Hα, Ca  H & K, Hβ and He  D3 and a
strong filling-in of the Na  D1, D2 doublet. Contemporary photometric observations were carried out with the robotic telescopes APT-80 of
Catania and Phoenix-25 of Fairborn Observatories. Maps of the distribution of the spotted regions on the photosphere of the binary components
were derived using the Maximum Entropy and Tikhonov photometric regularization criteria. Rotational modulation was observed in Hα and
He  D3 in anti-correlation with the photometric light curves. Both flares occurred at the same binary phase (0.85), suggesting that these events
took place in the same active region. Simultaneous X-ray observations, performed by ASM on board RXTE, show several flare-like events,
some of which correlate well with the observed optical flares. Rotational modulation in the X-ray light curve has been detected with minimum
flux when the less active G5 V star was in front. A possible periodicity in the X-ray flare-like events was also found.
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1. Introduction

RS CVn binary systems consist of a chromospherically active
evolved star tidally locked to a main-sequence or sub-giant
companion. Short orbital periods of a few days are typically ob-
served. The RS CVn high level of activity has been measured
across the entire spectrum and, for fast rotators, it approaches
the saturation limits for chromospheric, transition region and
coronal emission. One of the striking aspects of these systems
is their propensity to flare (Doyle et al. 1992). Moreover, RS
CVns show optical photometric variations which are believed
to arise from the rotational modulation of photospheric spots
(Rodonò et al. 1986), large scale versions of dark solar spots,
that provide evidence for large scale magnetic fields. The typi-
cal energies of the atmospheric magnetic fields in these systems
are up to several orders of magnitude larger than on the Sun,
thus allowing us to observe a range of energetic phenomena
not occurring on the Sun. Short-period RS CVn-like systems,
through their rotational modulation, can then provide informa-
tion on the morphology and three-dimensional spatial distribu-
tion of spots in stellar atmospheres.

The system observed in this campaign is HR 1099
(V711 Tau, 03h36m47s +00◦35′16′′ (J2000), V = 5.64, B−V =
0.92) a close double-lined spectroscopic binary. At a distance
of 29 pc (The Hipparcos and Tycho Catalogues (ESA 1997)),
HR 1099 is the nearest and brightest of the classical RS CVns
with a K1 IV primary and a G5 V secondary tidally locked
in a 2.d8 orbit. Fekel (1983) provided the orbital parameters
of the binary and obtained masses, radii, and spectral types
for both components. The K sub-giant nearly fills its Roche
lobe and is by far the most “active” of the two components
(Ayres & Linsky 1982; Robinson et al. 1996). Evolutionary
models suggest that mass transfer from the K primary onto the
G secondary may begin within 107 years (Fekel 1983). The
primary exhibits conspicuous signatures of chromospheric ac-
tivity, such as strong and variable Ca  H & K and Hα emis-
sion (Rodonò et al. 1987; Dempsey et al. 1996; Robinson
et al. 1996), which is due to its tidally induced rapid rotation,
combined with the deepened convection zone of a post-main-
sequence envelope. Montes et al. (1997) revealed broad and
variable wings of the Hα chromospheric line on the primary
star.

The G5 dwarf is probably also active, having a sufficiently
deep convection zone and fast rotation to host an efficient dy-
namo. In particular, due to the presence of spots, G-type stars

Fig. 1. The sites involved in the MUSICOS 98 campaign: INT, OHP,
XING (Xinglong), KPNO (Kitt Peak), MSO (Mt. Stromlo), LNA,
ESO and SAAO.

with rotation periods of about 3 days are expected to show
V-band light curve amplitudes up to 0.10 mag, as can be in-
ferred from the rotation-activity relations at photospheric levels
(Messina et al. 2001). However, because of the small luminos-
ity ratio in the V-band (LG5V/LK1IV ' 0.27), the contribution
from the G5 component to the observed magnetic activity man-
ifestations in the optical band is significantly smaller than from
the K1 IV primary.

HR 1099 is one of the few RS CVn systems, along with
UX Ari, II Peg, and DM UMa, that shows Hα constantly in
emission. Optical light curves have shown, via Doppler im-
agery, the presence of a long-lived (>11 yr) polar spot, together
with transient (<1 yr) low-latitude spots on the surface of the
active K star (Vogt et al. 1999). Strong magnetic fields of the
order of 1000 G have also been detected on HR 1099 using
the Zeeman Doppler Imaging technique (Donati et al. 1990,
1992; Donati 1999).

White et al. (1978) reported the first X-ray outburst in coin-
cidence with a large radio flare on HR 1099. Van den Oord
& Barstow (1988) argued that the low amplitude variability
of the HR 1099 light curve on time-scales of tens of minutes
would indicate flare-like heating. This is in-keeping with the
earlier work of Doyle & Butler (1985) who suggested that the
corona of all late-type stars were heated via a flare-like process.
Pasquini et al. (1989) suggested coronal temperatures of 3 MK
and 25 MK based on spectral fits to the X-ray data. Several
authors (Agrawal & Vaidya 1988; Drake et al. 1994; Audard
et al. 2001) have reported periodic changes in the X-ray and
UV light curves, which they attributed to rotational modulation
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of a starspot-associated bright coronal region. Dempsey et al.
(1996) recorded, in coordinated IUE and GHRS observations,
several flare enhancements in UV lines, one of which lasted
more than a day. Wood et al. (1996) suggested a relationship
between the broad wings in UV emission lines of HR 1099
and micro-flaring in its chromosphere and transition region.
Brown et al. (1997) reported variability in high-energy bands
with ASCA, RXTE, and EUVE: numerous small flares and a
giant event lasting 3 days.

Many scientific programs, most of them linked to stellar
physics (such as flare monitoring, stellar rotational modulation,
surface structures, Doppler imaging) requires continuous spec-
troscopic coverage over several days. MUSICOS1 (MUlti-SIte
COntinuous Spectroscopy) is an international project for set-
ting up a network of high resolution spectrographs coupled
to telescopes well distributed around the world. During the
MUSICOS 1989 campaign on HR 1099, Foing et al. (1994) ob-
tained complete phase coverage for Doppler imaging of spots.
They observed the modulation of the Ca  K line profile due
to chromospheric plage-like regions. They also observed two
white-light flares (one of them was the largest optical flare re-
ported on an RS CVn system) with typical rise and decay times
of 60–90 min, and with a remarkable spectral dynamic signa-
ture in Hα. The fifth MUSICOS campaign (MUSICOS 98), the
largest campaign organised to date, involved 13 telescopes to
address 6 distinct science programs. Figure 1 shows the dis-
tribution of the participating sites. The main goals of the cam-
paign for HR 1099 were to monitor for flare events, to probe the
chromospheric line variability in order to diagnose the energet-
ics and dynamics in active regions, and to produce photospheric
Doppler images.

In this paper we present the results of the MUSICOS 98
campaign on HR 1099. Observations and data analysis are de-
scribed in Sect. 2; in Sect. 3 we present the results, and in
Sect. 4 we analyse the flares on HR 1099. The conclusions
are given in Sect. 5. Note that the fragmentary results from
a preliminary analysis published in conference proceedings
(Garcı́a-Alvarez et al. 2002a,b) are superseded by the final ones
presented herein.

2. Observations and data

2.1. MUSICOS 98 campaign: Optical spectroscopy

The spectroscopic observations were obtained from
21 November to 13 December 1998 during the MUSICOS 98
campaign. It involved eight northern and southern sites,
namely: Observatoire de Haute-Provence (OHP), Kitt
Peak National Observatory (KPNO), European Southern
Observatory (ESO), Mt. Stromlo Observatory (MSO),
Xinglong National Observatory, Isaac Newton Telescope
(INT), Laboratório Nacional de Astrofı́sica (LNA) and South
African Astronomical Observatory (SAAO), using both
echelle and long-slit spectrographs. A summary of the sites
and instruments involved in the campaign and some of their
most important characteristics are given in Table 1.

1 http://www.ucm.es/info/Astrof/MUSICOS.html

The spectra were extracted using the standard reduction
procedures in the NOAO packages IRAF2. For OHP, HEROS
and Xinglong observations, the MIDAS3 package was used.
Background subtraction and flat-field correction using expo-
sures of a tungsten lamp were applied. The wavelength cali-
bration was obtained by taking spectra of a Th–Ar lamp. A
first-order spline cubic fit to some 45 lines achieved a nomi-
nal wavelength calibration accuracy which ranged from 0.06
to 0.11 Å. The spectra were normalized by a low-order poly-
nomial fit to the observed continuum. Finally, for the spectra
affected by water lines, a telluric correction was applied.

Apart from the chromospheric activity indicators, the spec-
tra also include many lines important for spectral classifica-
tion (i.e. Ca  triplet 6102, 6122, 6162 Å and Na  doublet
8183.3, 8194.8 Å) and temperatures calibration purposes (i.e.
V  6251.8 Å and Fe  6252.6 Å), as well as other lines normally
used for the application of the Doppler imaging technique (i.e.
Fe  6411.7 Å, Fe  6430.9 Å and Ca  6439.1 Å). A summary of
the observations, including Julian date, phase at mid-exposure
and site (refer to Table 1), is given in Table 2. To produce a
phase-folded light curve we adopted the ephemeris given in
Eq. (1).

Appropriate data have been obtained to apply Doppler
Imaging technique, based on the photospheric lines, to study
the connection between spots, chromospheric emission and
flares. These results will be presented in a separate paper
(Garcı́a-Alvarez et al. 2003).

2.2. RXTE X-ray observations

The X-ray observations were obtained with the all-sky moni-
tor (ASM) detector on board the Rossi X-ray Timing Explorer
(RXTE) (Levine et al. 1996). The ASM consists of three sim-
ilar scanning shadow cameras, sensitive to X-rays in an en-
ergy band of approximately 2–12 keV, which perform sets of
90-s pointed observations (“dwells”) so as to cover 80% of the
sky every 90 min. The analysis presented here makes use of
light curves obtained from individual dwell data. Light curves
are available in four energy bands: A (1.3–3.0 keV), B (3.0–
4.8 keV), C (4.8–12.2 keV) and S (1.3–12.2 keV). Around
15 individual ASM dwells of HR 1099 were observed daily by
RXTE, during MUSICOS 98. A summary of the observations,
including date, number of dwell data and exposure time are
given in Table 3. The data were binned in four-hour intervals,
which is approximately 6% of the orbital period of HR 1099.

2.3. Photometry

During the MUSICOS 98 campaign, ground-based photoelec-
tric observations were obtained with two different Automatic

2 IRAF is distributed by the National Optical Astronomy
Observatories, which is operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.

3 ESO-MIDAS is the acronym for the European Southern
Observatory Munich Image Data Analysis System, which is devel-
oped and maintained by the European Southern Observatory.
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Table 1. The sites and instruments involved in the spectroscopic observation of HR 1099 during the MUSICOS 98 campaign and some of their
most important characteristics: number of nights allocated at each site and instrument, resolving power, number of spectral orders, wavelength
coverage (nm) and number of spectra obtained.

Site Telescope Spectrograph Number Resolving Number Wavelength Number
Nights Power Orders coverage (nm) Spectra

1. OHP, France 1.5 m Aurelie 6 22 000 1 652–672 37
2. OHP, France 1.9 m Elodie 8 43 000 67 390–690 7
3. KPNO, USA 0.9 m Echelle 10 65 000 23 530–700 20
4. ESO, Chile 0.9 m HEROS 11 20 000 62 350–560 34

33 580–865 34
5. Mt.Stromlo, Australia 1.9 m Echelle 5 35 000 43 480–680 17
6. Xinglong, China 2.2 m Echelle 10 35 000 35 550–850 10
7. INT, Spain 2.5 m ESA-MUSICOS 9 35 000 58 400–680 13
8. LNA, Brazil 1.6 m Coudé 6 60 000 1 663–672 5
9. SAAO, South Africa 1.9 m Giraffe 3 36 500 52 430–700 3

Fig. 2. Top panel: V-band light curve (filled dots) of HR 1099 in late November/early December 1998 fitted by the Maximum Entropy spot
model (continuous line). The flux was normalized to the brightest magnitude (Vunsp = 5.744 at phase = 0.21) and phases were computed
according to Eq. (1). The residuals (∆F/F) between the observed and synthetized light curves are also plotted vs. phase. Bottom panel: maps of
the distribution along stellar longitude of the spot filling factors at five rotation phases. Spots located at latitude below '−33◦ cannot contribute
to the flux because the inclination of the star’s rotation axis is 33◦.

Photoelectric Telescopes (APTs): a) the 0.80-m APT-80 of
Catania Astrophysical Observatory (CAO) on Mt. Etna, Italy
(Rodonò et al. 2001); b) the 0.25-m T1 Phoenix APT of
Fairborn Observatory at Washington Camp, AZ, USA, that is
managed as a multiuser telescope (Boyd et al. 1984; Seeds
1995). Both telescopes are equipped with standard Johnson
UBV filters and uncooled photoelectric photometers. HR 1099
has been regularly monitored since 1988 by the Phoenix

(Rodonò & Cutispoto 1992) and since 1992 also by the Catania
APT-80 (Cutispoto et al. 1995). Although repeated observa-
tions were scheduled on each night during the campaign to ob-
tain complete rotation phase coverage, bad weather conditions
resulted in light curve gaps around phases 0.30 and 0.70.

The Catania APT-80 observed HR 1099 differentially with
respect to the comparison star HD 22796 (V = 5.55, B−V =
0.94) and the check star HD 22819 (V = 6.10, B−V = 1.00).
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Table 2. Log of the HR 1099 spectroscopic observations during the MUSICOS 98 campaign.

Date JD Phase Exp. Site Date JD Phase Exp. Site
2451100.0+ (s) 2451100.0+ mid exp (s)

1998 Nov. 21 39.390 0.6994 600 1 1998 Nov. 30 48.046 0.7498 800 5
1998 Nov. 21 39.430 0.7136 600 1 1998 Nov. 30 48.147 0.7853 800 5
1998 Nov. 21 39.494 0.7364 600 1 1998 Nov. 30 48.333 0.8509 1200 1
1998 Nov. 22 40.328 0.0300 1200 1 1998 Nov. 30 48.356 0.8592 1200 1
1998 Nov. 22 40.363 0.0425 1200 1 1998 Dec. 01 48.519 0.9167 1800 4
1998 Nov. 22 40.475 0.0819 1200 1 1998 Dec. 01 48.597 0.9441 1800 4
1998 Nov. 23 40.574 0.1169 1200 1 1998 Dec. 01 48.932 0.0621 900 5
1998 Nov. 23 40.659 0.1468 1200 1 1998 Dec. 01 48.963 0.0731 800 5
1998 Nov. 23 41.303 0.3739 600 2 1998 Dec. 01 49.097 0.1203 800 5
1998 Nov. 23 41.329 0.3829 1200 1 1998 Dec. 01 49.144 0.1367 800 5
1998 Nov. 23 41.367 0.3961 1200 1 1998 Dec. 01 49.438 0.2402 600 1
1998 Nov. 23 41.423 0.4160 600 2 1998 Dec. 02 49.519 0.2691 1800 4
1998 Nov. 23 41.470 0.4326 1200 1 1998 Dec. 02 49.612 0.3017 1800 4
1998 Nov. 24 41.569 0.4676 1200 1 1998 Dec. 02 49.934 0.4152 900 5
1998 Nov. 24 41.585 0.4732 1200 3 1998 Dec. 02 50.011 0.4424 1200 6
1998 Nov. 24 41.654 0.4975 1200 1 1998 Dec. 02 50.074 0.4647 1200 6
1998 Nov. 24 41.711 0.5175 900 3 1998 Dec. 02 50.185 0.5036 1200 6
1998 Nov. 24 41.853 0.5674 1200 3 1998 Dec. 03 50.516 0.6203 1800 4
1998 Nov. 24 41.959 0.6049 1200 3 1998 Dec. 03 50.608 0.6528 1800 4
1998 Nov. 24 42.319 0.7316 600 2 1998 Dec. 03 50.975 0.7821 900 5
1998 Nov. 24 42.327 0.7346 1200 1 1998 Dec. 03 51.007 0.7933 800 5
1998 Nov. 24 42.351 0.7429 1200 1 1998 Dec. 03 51.066 0.8141 800 5
1998 Nov. 24 42.451 0.7781 1200 1 1998 Dec. 03 51.126 0.8354 800 5
1998 Nov. 25 42.543 0.8107 1200 1 1998 Dec. 03 51.184 0.8557 800 5
1998 Nov. 25 42.584 0.8251 1200 3 1998 Dec. 03 51.287 0.8922 1800 9
1998 Nov. 25 42.627 0.8403 1200 1 1998 Dec. 03 51.346 0.9127 1800 9
1998 Nov. 25 42.735 0.8782 1200 3 1998 Dec. 03 51.446 0.9480 900 9
1998 Nov. 25 42.838 0.9145 1200 3 1998 Dec. 04 51.514 0.9720 1800 4
1998 Nov. 25 42.938 0.9499 1200 3 1998 Dec. 04 51.610 0.0057 1800 4
1998 Nov. 26 43.510 0.1516 1200 1 1998 Dec. 04 52.035 0.1557 1200 6
1998 Nov. 26 43.594 0.1812 1800 4 1998 Dec. 04 52.062 0.1653 1200 6
1998 Nov. 26 43.622 0.1907 1200 1 1998 Dec. 04 52.168 0.2025 1200 6
1998 Nov. 26 43.677 0.2103 1800 4 1998 Dec. 04 52.247 0.2304 1200 6
1998 Nov. 26 43.759 0.2392 1200 3 1998 Dec. 05 52.513 0.3241 1800 4
1998 Nov. 26 43.847 0.2700 1200 3 1998 Dec. 05 52.598 0.3540 1200 7
1998 Nov. 26 43.967 0.3124 1200 3 1998 Dec. 05 52.606 0.3566 1800 4
1998 Nov. 26 43.982 0.3177 1200 3 1998 Dec. 05 53.088 0.5265 1200 6
1998 Nov. 26 43.997 0.3231 1200 3 1998 Dec. 06 53.514 0.6767 1800 4
1998 Nov. 26 44.306 0.4318 1200 2 1998 Dec. 06 53.614 0.7120 1800 4
1998 Nov. 26 44.324 0.4384 1200 1 1998 Dec. 06 54.479 0.0169 1200 7
1998 Nov. 26 44.345 0.4457 1200 1 1998 Dec. 07 54.511 0.0282 1800 4
1998 Nov. 26 44.454 0.4842 1200 1 1998 Dec. 07 54.606 0.0617 1800 4
1998 Nov. 27 44.513 0.5050 1800 4 1998 Dec. 07 54.669 0.0837 1500 7
1998 Nov. 27 44.581 0.5289 1800 4 1998 Dec. 07 55.108 0.2384 1200 6
1998 Nov. 27 44.629 0.5458 1200 3 1998 Dec. 07 55.170 0.2604 1200 6
1998 Nov. 27 44.644 0.5510 1200 3 1998 Dec. 07 55.347 0.3228 900 7
1998 Nov. 27 44.659 0.5563 1200 3 1998 Dec. 07 55.444 0.3571 600 8
1998 Nov. 27 44.783 0.5999 1200 3 1998 Dec. 07 55.469 0.3659 600 8
1998 Nov. 27 44.798 0.6053 1200 3 1998 Dec. 07 55.491 0.3735 1200 7
1998 Nov. 27 44.812 0.6104 1200 3 1998 Dec. 08 55.514 0.3815 1800 4
1998 Nov. 27 44.941 0.6557 1200 3 1998 Dec. 08 55.515 0.3820 600 8
1998 Nov. 27 45.328 0.7923 1200 2 1998 Dec. 08 55.612 0.4160 1800 4
1998 Nov. 27 45.345 0.7981 1200 1 1998 Dec. 08 56.330 0.6691 900 7
1998 Nov. 27 45.462 0.8392 1200 1 1998 Dec. 08 56.487 0.7246 1200 7
1998 Nov. 28 45.513 0.8571 1800 4 1998 Dec. 09 56.517 0.7349 1800 4
1998 Nov. 28 45.549 0.8698 1200 1 1998 Dec. 09 56.543 0.7442 600 8
1998 Nov. 28 45.632 0.8992 1200 1 1998 Dec. 09 56.550 0.7466 600 8
1998 Nov. 28 46.324 0.1432 1500 2 1998 Dec. 09 56.558 0.7493 600 8
1998 Nov. 28 46.337 0.1476 1200 1 1998 Dec. 09 56.613 0.7689 1800 4
1998 Nov. 28 46.359 0.1554 1200 1 1998 Dec. 09 57.364 0.0335 900 7
1998 Nov. 28 46.454 0.1889 1200 1 1998 Dec. 10 57.517 0.0873 1800 4
1998 Nov. 29 46.523 0.2132 1800 4 1998 Dec. 10 57.524 0.0897 900 7
1998 Nov. 29 47.017 0.3872 900 5 1998 Dec. 10 57.610 0.1203 1800 4
1998 Nov. 29 47.031 0.3921 900 5 1998 Dec. 10 58.302 0.3641 900 7
1998 Nov. 29 47.156 0.4361 900 5 1998 Dec. 10 58.341 0.3778 900 7
1998 Nov. 29 47.374 0.5129 1500 2 1998 Dec. 10 58.374 0.3893 1200 7
1998 Nov. 29 47.397 0.5210 1200 1 1998 Dec. 11 58.515 0.4389 1800 4
1998 Nov. 30 47.513 0.5619 1800 4 1998 Dec. 11 58.610 0.4727 1800 4
1998 Nov. 30 47.542 0.5724 1200 1 1998 Dec. 11 58.627 0.4786 900 7
1998 Nov. 30 47.586 0.5878 1800 4 1998 Dec. 12 59.511 0.7901 1800 4
1998 Nov. 30 47.635 0.6052 1200 1 1998 Dec. 12 59.612 0.8256 1800 4
1998 Nov. 30 47.929 0.7087 900 5 1998 Dec. 13 60.516 0.1442 1800 4
1998 Nov. 30 47.967 0.7219 900 5 1998 Dec. 13 60.644 0.1893 1800 4
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Fig. 3. The same as in Fig. 2 fitted by the Tikhonov spot model and the Tikhonov photospheric maps. The presence of spots in the inaccessible
regions is an artifact of the Tikhonov regularization that correlates the filling factors of nearby pixels.

Table 3. Log of RTXE observations.

Date No. exp. Exp. time
(s)

1998 Nov. 22 9 90
1998 Nov. 23 13 90
1998 Nov. 24 3 90
1998 Nov. 25 12 90
1998 Nov. 26 6 90
1998 Nov. 27 16 90
1998 Nov. 28 11 90
1998 Nov. 29 17 90
1998 Nov. 30 13 90
1998 Dec. 01 7 90
1998 Dec. 02 24 90
1998 Dec. 03 33 90
1998 Dec. 04 11 90
1998 Dec. 05 11 90
1998 Dec. 06 4 90
1998 Dec. 07 22 90
1998 Dec. 08 13 90
1998 Dec. 09 11 90
1998 Dec. 10 21 90
1998 Dec. 11 11 90
1998 Dec. 12 12 90

The Phoenix APT observed HR 1099 differentially with respect
to the comparison star HD 22484 (V = 4.28, B−V = 0.58),

while HD 22796 (V = 5.56, B−V = 0.94) served as a check
star. After subtraction of sky background and correction for at-
mospheric extinction, the instrumental differential magnitudes
were converted into the standard Johnson UBV system. In or-
der to obtain a homogeneous data set the measurements from
the two telescopes were first converted into differential val-
ues with respect to the same comparison star HD 22796 and
then converted into standard values. Details on the observation
techniques, reduction procedures and accuracy of the Phoenix
and the Catania APT-80 photometry are given in Rodonò &
Cutispoto (1992) and Cutispoto et al. (2001), respectively.

The V-band flux modulation shown by HR 1099 in 1998.89
(see top panel of Fig. 2) can be attributed to the presence of a
stationary spot pattern, mainly on the photosphere of the K1 IV
primary, whose visibility is modulated by the stellar rotation.
The HR 1099 light curve was computed using Fekel (1983)
ephemeris:

HJD = 2442766.080+ 2.83774 E. (1)

All the APT observations included the faint visual tertiary
companion HD 22468B (Vter = 8.83, Eggen 1966), which is
6 arcsec away from the spectroscopic binary. Its contribution to
the observed light curve is ∆V = −0.061 mag. Before perform-
ing spot modelling, the V-band differential magnitudes were
corrected for the third component’s contribution:

∆V=2.5 log
(
10−0.4∆Vobs − 10−0.4(Vter−Vcomp)

)
. (2)



D. Garcı́a-Alvarez et al.: Multi-wavelength observations of HR 1099 (V711 Tau) 291

Table 4. Radial velocities for the primary and secondary components of HR 1099, using the Fe  6430.84 Å and Ca  6439.07 Å lines, as
measured from ESO-HEROS spectra.

JD Orbital vr(km s−1) Fe  6430.8 Å vr(km s−1) Ca  6439.1 Å
2451100.0+ Phase pri. sec. pri. sec.

43.5940 0.1812 +34.16 −78.32 +32.03 −77.83
43.6770 0.2103 +33.50 −76.18 +32.55 −77.47
44.5810 0.5289 −36.51 +17.36 −36.03 +15.79
45.5130 0.8571 −47.00 +15.04 −46.26 +20.59
46.5230 0.2132 +33.18 −76.55 +32.19 −77.47
47.5130 0.5619 −45.45 +29.77 −46.39 +26.64
47.5860 0.5878 −52.74 +34.48 −53.21 +32.28
49.5190 0.2691 +28.56 −72.72 +27.53 −72.90
49.6120 0.3017 +25.99 −66.80 +24.16 −65.76
50.5160 0.6203 −57.11 +39.60 −59.26 +40.37
50.6080 0.6528 −62.80 +44.75 −64.33 +44.46
52.5130 0.3241 +22.42 −61.27 +19.45 −61.26
52.6060 0.3566 +17.32 −50.55 +11.32 −51.53
53.5140 0.6767 −64.71 +45.57 −66.10 +44.85
53.6140 0.7120 −65.64 +44.59 −67.58 +46.64
54.6060 0.0617 +19.05 −55.85 +14.34 −56.33
55.5140 0.3815 +08.37 −41.22 +04.84 −41.94
56.5170 0.7349 −62.66 +42.93 −64.65 +44.64
56.6130 0.7689 −61.77 +40.40 −63.44 +40.94
57.5170 0.0873 +23.24 −63.28 +20.73 −64.19
57.6100 0.1203 +27.11 −71.24 +25.62 −71.17
59.5110 0.7901 −55.76 +41.56 −58.51 +38.05
59.6120 0.8256 −52.60 +31.27 −54.03 +29.66
60.5160 0.1442 +32.30 −73.47 +28.96 −74.52
60.6440 0.1893 +32.98 −78.28 +31.57 −78.86

From the light curve maximum Vmax = 5.744 at the 1998.89
epoch and assuming V = 7.2 for the magnitude of the G5 com-
ponent (Henry et al. 1995), the maximum of the primary K1 IV
was estimated to be V = 6.074.

3. Results

3.1. Radial velocity and orbital solution

According to Fekel (1983), the orbital period has remained
constant over 60 years. Therefore, to compute the observed
phases for our analysis, we adopted his ephemeris (see Eq. (1)).
The uncertainty in the period (0.00001 d) is small enough to
ensure that, in the three week interval of our campaign, any
possible phase drift is less than 0.001 cycles. We therefore
solved for the following orbital parameters: φ0 (phase of con-
junction with the K1 IV sub-giant in front), γ (systemic veloc-
ity), Kpri,Ksec (semi-amplitudes of the velocity curves for the
K1 IV and G5 V star, respectively). The radial velocities were
determined by using a two-Gaussian fitting technique to each
profile of Fe  6430.84 Å and Ca  6439.07 Å observed with
HEROS on the Dutch 0.9 m telescope at ESO. This site was
the only one that observed those photospheric lines during al-
most all the campaign. The individual profiles of each compo-
nent were resolved and the velocity shifts were measured with
respect to the laboratory wavelengths of the Fe  and Ca  lines.
We obtained altogether 100 new velocities (25 for each compo-
nent in the two photospheric lines) and used them to recompute
the orbital parameters of HR 1099. These velocities are listed

Table 5. Orbital elements for the HR 1099 system.

Element (Unit) Value
Porb (days) 2.83774 (adopted)
T0(HJD) 2451142.943 ± 0.002
γ (km s−1) −15.61± 0.20
Kpri (km s−1) 49.66± 0.34
Ksec (km s−1) 62.88± 0.70
φ0 −0.0478
e 0.0 (adopted)
a1 sin i (km) 1.94± 0.01× 106

a2 sin i (km) 2.45± 0.03× 106

a sin i (km) 4.39± 0.03× 106

M1 sin3 i (M�) 0.234± 0.005
M2 sin3 i (M�) 0.185± 0.004
M1/M2 1.266± 0.011
rms for solution (km s−1) 1.85

in Table 4. In order to obtain the orbital parameters, the ra-
dial velocity curves were fitted by a double-lined spectroscopic
binary (SB2) model. Observations near phase conjunction be-
tween the components were not used because of line blending.
The orbital parameters are listed in Table 5. Figure 4 shows
the observed and computed radial velocity curves for the two
components of HR 1099, along with their (O–C) residuals.

In Table 6 we compare our derived orbital parameters
with previous determinations. The results of our analysis are
in good agreement with those obtained by previous authors.



292 D. Garcı́a-Alvarez et al.: Multi-wavelength observations of HR 1099 (V711 Tau)

Fig. 4. Observed and computed radial velocity curves for the two com-
ponents of HR 1099. Measurements for the K1 sub-giant and G5
are plotted as filled and open symbols, respectively. Velocities from
Fe  6430 Å and Ca  6439 Å are denoted by coupled symbols. The
dashed line is the system’s radial velocity. Plus and asterisk symbols
show the radial velocities, calculated using Hα, during the optical
flares at JD 2451145.51 and JD 2451151.07, respectively. The (O–C)
velocity residuals are shown in the bottom panel.

Table 6. A comparison of orbital parameters for HR 1099. Kpri and
Ksec denote the velocity amplitudes of the primary and the secondary,
respectively. γ is the systemic velocity, and φ0 is the orbital phase of
the superior conjunction (primary in front).

Reference Kpri Ksec γ φ0

(km s−1)
This paper 49.7 62.9 −15.6 −0.0478
Strassmeier & Bartus (2000) 52.6 64.1 −15.9 −0.0384
Donati (1999) 50.0 63.1 −14.3 −0.0378
Donati et al. (1992) 50.0 62.8 −15.4 +0.008
Fekel (1983) 49.4 61.7 −15.0 0

The value we found for φ0 seems to support previous results
by Donati (1999) and Strassmeier & Bartus (2000), who sug-
gested a slow but significant variation of the orbital phase at
superior conjunction with time; providing evidence for orbital
period variation. Applegate (1992), and most recently Lanza
& Rodonò (1999), interpreted such a variation as a change of
the quadrupole-moment of the primary, along the activity cy-
cle, arising from cyclic exchanges between kinetic and mag-
netic energy driven by a hydromagnetic stellar dynamo. Such a
mechanism has been used by Kalimeris et al. (1995) to explain
the orbital period variations in another RS CVn system: SZ
Psc. Fekel (1983) estimated an orbital inclination of 33◦ ± 2◦,
this value also used by Vogt & Penrod (1983) and Vogt et al.
(1999). Although Donati (1999) preferred a value of 40◦ ± 5◦,
we keep the inclination fixed at 33◦ for all further calcula-
tions. Adopting this inclination angle and the values of Kpri

and Ksec, the derived masses of the components of HR 1099
are: M1 = 1.45 M�; M2 = 1.14 M�.

Table 7. Stellar and model parameters of HR 1099 assumed to com-
pute the photospheric maps.

Stellar parameters K1 IV G5 V Ref.
Brightest V magnitude 6.074 7.2 1
V-band fractional luminosity 0.784 0.215 2
Limb-darkening coeff. (unspotted) 0.792 0.734 3
Limb-darkening coeff. (spotted) 0.823 0.798 3
Cs 0.161 0.318 3
Bolometric correction (mag) −0.50 −0.10 3
Gravity darkening 0.25 0.25 4
Surface gravity log g (cm s−2) 3.30 4.26 5
Effective temperature (K) 4750 5500 6
Starspot temperature (K) 3750 4500 7
Roche potential 3.8624 19.6412 4
Fract. radius (point) 0.3572 0.1070 4
Fract. radius (side) 0.3330 0.1067 4
Fract. radius (pole) 0.3225 0.1066 4
Fract. radius (back) 0.3465 0.1070 4

[1] See Sect. 2.1; [2] present paper; [3] Kurucz’s models (2000);
[4] Kopal (1989); [5] according to mass and radius;
[6] Donati (1999); [7] Strassmeier & Bartus (2000).

3.2. Photometry and spot modelling

The properties of the photospheric spotted regions or, more pre-
cisely, of the total spotted area and its distribution versus stellar
longitude, can be obtained by analysing the rotational modu-
lation of the optical band flux. However, due to the low in-
formation content of wide-band photometry, the derived maps
are not unique. In order to obtain unique and stable solutions,
some a priori constraints on the properties of the photospheric
maps, that is a regularization criterion, must be assumed. In
the present study we used both the Maximum Entropy method
(hereafter ME, Vogt et al. 1987) and the Tikhonov criterion
(hereafter T, Piskunov et al. 1990).

The star’s surface is divided into pixels and the specific in-
tensity of the ith pixel is assumed to be given by

Ii = fiIs + (1 − fi)Iu (3)

where Iu and Is = Cs Iu are the specific intensity of the unspot-
ted and spotted photosphere of the ith pixel (Cs is the brightness
contrast which we assume to be constant) and 0 ≤ fi ≤ 1 is the
pixel fraction covered by spots. The final map is obtained by
finding the distribution of fi that gives a constrained extreme
of the ME or T functionals, subject to a χ2 limit. A detailed
description of our modelling approach, source of errors and ac-
curacy can be found in Lanza et al. (1998).

The numerical code we used to compute the solutions
adopts Roche geometry to describe the surfaces of the compo-
nents and Kurucz’s4 atmospheric models to compute the sur-
face fluxes and linear limb-darkening in the V-band (Lanza
et al. 2001). Gravity darkening and reflection effect coefficients
were introduced according to the procedure outlined by Lanza
et al. (1998). The stellar and model parameters adopted to com-
pute the final maps are listed in Table 7.

4 http://cfaku5.harvard.edu



D. Garcı́a-Alvarez et al.: Multi-wavelength observations of HR 1099 (V711 Tau) 293

As shown in Figs. 2 and 3, a single large spotted region is
present on the K1 IV primary, centered around phase 0.85. A
much smaller spotted region in the ME map, about 45 degrees
apart from the primary, is not resolved in the T solution, which
represents the smoothest map that fits the light curve. Spots are
also present on the secondary G5 component, centered around
phase 0.0 and their area is smaller than on the K1 IV compo-
nent.

The resulting spot pattern appears to be concentrated on the
northern hemispheres of both components. This is due to the
fact that spots located at latitudes below '−33◦ cannot con-
tribute to the variation of the observed flux because of the
low value (i ' 33◦) of the inclination of the rotation axis.
The ME modelling tends to minimize the total spotted area
(AME = 5.49% for K1 IV, AME = 1.60% for G5 V), giving more
compact and darker surface inhomogeneities. The T modelling
tends to smooth the intensity fluctuations correlating the filling
factors of nearby pixels and leads to photospheric maps with
huge and smooth spots (AT = 5.65% for K1 IV, AT = 3.14% for
G5 V). Lanza et al. (1998) pointed out that the regularized maps
should be regarded as an intermediate step of the analysis. They
must be used to derive quantities not depending on the regular-
izing criterion adopted, that is the distribution of the spots vs.
longitude and its variation in time. Actually, apart from the dif-
ferent total spotted area between the ME and T solutions, both
regularizing criteria reproduce a similar distribution of spotted
area versus stellar longitude.

Absolute properties of the spots cannot be extracted from
single-band data because systematic errors arise from the un-
known unspotted light level, which we had to assume to coin-
cide with the brightest magnitude at the 1998.89 epoch, and the
assumption of single-temperature spots.

It is interesting to point out that both optical flares de-
tected during the MUSICOS 98 campaign at JD 2451145.51
and JD 2451151.07, started around phase = 0.80, that is at the
rotation phase where the largest active region on the K1 IV
component was facing the observer. Unfortunately, no simulta-
neous photometric observations were obtained at those epochs
because of bad weather conditions.

3.3. Chromospheric activity indicators

The spectra presented in this paper allow us to study the be-
haviour of the different optical chromospheric activity indica-
tors such as: Na  D1, D2 doublet, (formed in the upper pho-
tosphere), Ca  H & K lines (lower chromosphere), Hα, Hβ
(middle chromosphere), and He  D3 (upper chromosphere),
as well as a large number of photospheric lines which can
in some instances be affected by chromospheric activity (i.e.
Fe  3906.5 Å, Mn  5341.1 Å, Fe  5430.0 Å ... see Doyle et al.
2001).

In Figs. 5–8 we show the time series of the Ca  H
& K lines, Hα, Hβ, Na  D1, D2 doublet and He  D3 observed
during the MUSICOS 98 campaign. The vertical axis repre-
sents the accumulative orbital phase, the first orbital revolution
beginning at zero orbital phase.

We have measured the equivalent width (EW) for six lines
with respect to a local continuum interpolated by a linear fit to
line-free nearby continuum portions included within the cov-
ered spectral interval. The wavelength intervals are 6557.5–
6566.5 Å for Hα, 5883.0–5903.0 Å for Na  D1, D2 dou-
blet, 5872.0–5877.5 Å for He  D3, 4857.5–4865.5 Å for Hβ,
3964.5–3972.5 Å for Ca  H and 3929.7–3937.7 Å for Ca  K.
In this analysis we consider positive and negative values of the
EW as referring to lines in absorption and emission, respec-
tively. In Fig. 9 we plot the equivalent width measured for the
Hα, Na  D1, D2 doublet, He  D3, Hβ , Ca  H and Ca  K lines,
versus Julian date and the orbital phase.

3.4. Rotational modulation

We have observed an increase in emission in the EW of the
He  D3 line and the Na  D1, D2 doublet, between φ = 0.5
and φ = 1.0 (see the second and third right panel of Fig. 9).
These changes in EW are consistent with rotational modula-
tions in the He  D3 line, that could be attributed to pumping of
the chromospheric emission by coronal X-rays from an overly-
ing active region. A similar behaviour can be seen in the EW
of the Hα line with an increase in emission between φ = 0.7
and φ = 1.0 (see the top right panel of Fig. 9). These enhance-
ments are unlikely to be a temporary, flare-like phenomenon,
since they have been observed for almost nine rotations of the
star. Note that the flares observed during the campaign corre-
spond to significantly larger increases in emission in the EW
(see Fig. 9). The Hβ and the Ca  H & K lines do not show any
obvious rotational modulation. Such rotational modulation be-
haviour in chromospheric lines has been observed previously in
other RS CVn systems (Rodonò et al. 1987; Busà et al. 1999;
Padmakar et al. 2000). It may indicate that the distribution of
chromospheric active regions is ascribed to localised regions
and not uniformly distributed over the stellar surface, which
would not produce any rotational signature. This vertical struc-
ture would resembles that of solar active regions.

The observed behaviour in the Na  D1, D2 doublet, the He 
D3 and Hα lines, seems to show a sort of anti-correlation with
the optical light curve (cf. Figs. 2 and 3). It means that the chro-
mospheric emission maximum is in close coincidence with the
minimum of the light curve (when the largest spotted region is
facing the observer).

4. Flares analysis

During the campaign, two optical flares were observed, one at
JD 2451145.51 (28-11-98) lasting about 0.63 days and a sec-
ond flare at JD 2451151.07 (03-12-98) lasting about 1.1 days
(see Fig. 9).

4.1. The hydrogen Balmer lines

4.1.1. The Hα and Hβ lines

The emission or filling-in of the Hα (6562.8 Å) and Hβ
(4861.3 Å) lines is one of the primary optical indicators of
chromospheric activity in RS CVn systems.
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Fig. 5. Time series of the Hα line, obtained during the entire 3-week
MUSICOS 98 campaign. The vertical scale indicates the accumulative
orbital phase. The vertical lines correspond to the rest wavelength of
the line (solid line) and the corresponding maximum rotational broad-
ening of the K1 IV component of v sin i = ± 41 km s−1 (dotted line),
respectively.

Fig. 6. Same as Fig. 5, but for the He  D3 and Na  D1, D2 doublet.
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Fig. 7. Same as Fig. 5, but for the Hβ 4861 Å line.

Fig. 8. Same as Fig. 5, but for the Ca  H & K lines. Note that the gap
between spectra has been doubled for clarity sake.
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The first optical flare, at JD 2451145.51, shows an increase
in emission in the measured EW by almost a factor of two in
Hα. Broad components are observed at the beginning and at
the maximum of this flare (see left panel of Fig. 10). The Hα
profile at the start of the flare has a full-width half maximum
(FWHM) of 2.87 Å (equivalent to 131 km s−1) and shows a
noticeable blue wing excess in four flare spectra. The largest
FWHM, with a value of 4.52 Å (207 km s−1), was obtained
for the spectrum at φ = 0.7981. The spectrum at φ = 0.8571,
which corresponds to the maximum Hα emission, has a FWHM
of 3.47 Å (159 km s−1). A narrow absorption feature was also
observed in this spectrum (see Fig. 10). Observations of the
Hβ line were not made during most of the flare, however, the
spectrum observed around flare maximum, at φ = 0.8571, did
show a filling-in of the Hβ line (see Fig. 9 and top right panel
in Fig. 10).

The second optical flare, at JD 2451151.07, shows an in-
crease in emission in the measured EW by a factor of four in
Hα. The left panel in Fig. 11 shows very broad components at
the beginning and at the maximum of this event. The Hα pro-
file at the start of the second flare, φ = 0.6203, has a FWHM of
3.13 Å (equivalent to 141 km s−1). The largest FWHM, with
a value of 3.82 Å (175 km s−1), was obtained for the spec-
trum at φ = 0.8141. The spectrum at φ = 0.8354, which
corresponds to the maximum Hα emission, has a FWHM of
3.71 Å (170 km s−1). The spectra before and after flare max-
imum show a symmetrical broadening, with a base width for
the blue and red wings, of 6.25 Å (286 km s−1). Similar values
for the FWHM were found by Foing et al. (1994) for another
flare in the HR 1099 system. During this second optical flare,
the Hβ line turns into emission (see right panel of Fig. 11). We
measured a FWHM of 2.33 Å (144 km s−1) for the spectrum
at φ = 0.8144. It is slightly larger than the FWHM obtained
during the flare maximum at φ = 0.8354, which was 2.14 Å
(132 km s−1). The absorption feature in the Hβ emission spec-
tra around flare maximum may be due to the secondary star.

Apart from the two optical flares, Hα showed flux en-
hancements around JD 2451143.0, 2451156.5 and 2451157.3.
These JDs correspond to phases between 0.8 and 0.9. Also
two enhancements were observed in the Hβ line at around
JD 2451155.0 and 2451157.3. Hereafter, we will refer as flare-
like to those events which show an enhancement in the average
line emission although, they may not be proper flares.

4.1.2. The Balmer decrement

Balmer decrements (flux ratio of higher series members to Hγ)
have been used to derive plasma densities and temperatures
in flare star chromospheres (Kunkel 1970; Gershberg 1974;
Katsova 1990; Garcı́a-Alvarez et al. 2002c). Lacking Hγ data
in our spectra, we have instead calculated the Balmer decre-
ment from the EWHα/EWHβ ratio. During quiescent phases
we obtained values around 1 for the EWHα/EWHβ ratio, while
during the first flare we obtained slightly larger values (2-3).
During the second flare the ratio even reached values of 8.
This behaviour shows (unsurprisingly) a significant change in
the properties of hydrogen emitting regions during the flare.

Kunkel (1970) showed that this behaviour is possible if the
Balmer lines are driven toward local thermodynamic equilib-
rium (LTE) conditions within an emitting region with an elec-
tron density of ne ∼ 1013 cm−3, an electron temperature of
Te ∼ 2×104 K, and a micro-turbulence velocity ξ ∼ 20 km s−1.

4.2. The Na I D1 , D2 doublet

The Na  D1 5895.92 Å and D2 5889.95 Å lines are well
known temperature and luminosity indicators. These resonance
lines are collisionally-controlled in the atmospheres of late-
type stars, providing information about chromospheric activ-
ity (Montes et al. 1997) and for M dwarfs they have been
used to construct model atmospheres (Andretta et al. 1997).
Unfortunately, the observations of the Na D1, D2 doublet were
not made during most of the first optical flare. However, the
spectra observed around flare maximum, at φ = 0.8571, did
show a slight filling-in (see Fig. 9 and the top middle panel of
Fig. 10). During the second optical flare, the Na  D1, D2 dou-
blet showed a strong filling-in, which during the maximum of
this event, turned into emission reversal (see the middle panel
of Fig. 11). Another flare-like event seems to have happened at
around JD 2451155.0.

4.3. The He I D3 line

Perhaps the most significant observation in support of flare-
like events is the detection of emission in the He  D3 line
at 5876 Å. This line has a very high excitation level. It has
been previously detected in absorption in active stars and at-
tributed to plages or coronal radiation (Huenemoerder 1986).
It has also been seen in emission during stellar flares (Montes
et al. 1997, 1999; Oliveira & Foing 1999). In the Sun, it is in
emission in the strongest flares (Tandberg-Hanssen 1967). As
for Na , observations of He  D3 were not made during most
of the first optical flare. However, the only spectrum observed
around flare maximum, at φ = 0.8571, did not show any ap-
parent change (see the top middle panel in Fig. 10). During
the second optical flare, the He  D3 line turns into emission
(see the middle panel of Fig. 11). We measured a maximum
FWHM of 0.88 Å (45 km s−1) for the spectra at φ = 0.7983.
During flare maximum, φ = 0.8354, we measured a FWHM
of 0.83 Å (42 km s−1). Figure 9 shows that, during the second
optical flare, the He  D3 line peaks before the Balmer lines, in
agreement with the emission line behaviour observed in late-
type star flares (Garcia Alvarez 2000; Oliveira & Foing 1999).
Three flare-like events seem to happen at around JD 2451148.0,
2451156.5 and 2451159.6. These JDs correspond to phases be-
tween 0.8 and 0.9.

4.4. The Ca II H & K lines

The Ca  H & K resonance lines have long been the traditional
diagnostic of chromospheric activity in cool stars since they
were studied by Wilson (1978). Observations of the Ca  H
& K lines were not made during most of the first optical flare.
However, the spectra observed around the maximum during
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Fig. 9. The equivalent width as a function of Julian date and as a function of phase for Hα, Na  D1,D2 doublet, He D3, Hβ and Ca  H & K lines
observed at the different sites, namely: OHP152 (open circle), OHP193 (+), KPNO (open diamond), ESO (filled diamond), Mt. Stromlo (open
triangle), Xinglong (*), INT (open square), LNA (filled square) and SAAO (filled triangle).
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Fig. 10. The observed spectra for Hα (left panel), He D3, and Na D1, D2 doublet (middle panel), Hβ (upper right panel) and Ca H & K (lower
right panel) of the first monitored flare starting at JD 2451145.51, arranged in order of the orbital phase. The vertical lines correspond to the rest
wavelength of the lines (solid line) and the corresponding maximum rotational broadening of the K1 IV component of v sin i = ± 41 km s−1

(dotted line), respectively.

both flares, did show a small increase in flux (see the bottom
panels of Figs. 9 and 10). Note that the Ca H & K lines peaked
later than the Balmer lines, at around φ = 0.95. This behaviour
has been observed in flares on late-type stars (Rodonò et al.
1988; Garcia Alvarez 2000).

4.5. Flare location

In Fig. 4, together with the radial velocity calculated using the
photospheric lines, we have plotted the radial velocity for the
two monitored flares. These radial velocities have been calcu-
lated by fitting a single Gaussian to the Hα profile. The velocity
shifts were measured with respect to the rest wavelength of the
Hα line. Despite the broad component developed by the Hα
line during flares, this seems to be a reliable fit. As a result, we
notice that during both flares, the radial velocity is slightly dis-
placed (15–20 km s−1) compared to the center of gravity of the
primary. This could arise if both flares took place off the disk
of the primary star.

Note that both flares took place at around the same phase
(0.85), but ∼6 days apart suggesting a link between them and

the active region complex, which was crossing the central
meridian around that phase. The largest photospheric active
region on the K1 IV component was indeed centered around
φ = 0.85 (see Figs. 2 and 3). This behaviour is consistent with
the proposed link between flares and surface active regions.
During the MUSICOS 89 campaign, Foing et al. (1994) re-
ported on a flare that took place again at a similar phase (0.87),
suggesting that, if this is indeed the same active region, it is a
long-lived feature. Vogt et al. (1999) analysed Doppler Images
of HR 1099 and also proposed similar long-lived active regions.

4.6. Energy released

In order to estimate the energy released in the observed optical
chromospheric lines during both optical flares, we converted
the excess EW (flare EW minus quiet EW of the studied lines)
into absolute surface fluxes and luminosities. Since we have
not observed the entire flare, and several important lines are
missing (e.g., Lyα, Mg  H & K, He  10830 Å), our estimates
are only lower limits to the total flare energy in the chromo-
spheric lines. We have used the calibration of Hall (1996) to
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Fig. 11. The observed spectra for Hα (left panel), He  D3 and Na  D1,D2 doublet (middle panel) and Hβ (right panel) of the second monitored
flare starting at JD 2451151.07 arranged in order of the orbital phase. The vertical lines correspond to the rest wavelength of the lines (solid
line) and the corresponding maximum rotational broadening of the K1 IV component of v sin i = ± 41 km s−1 (dotted line), respectively.

Table 8. The energy released per exposure (in units of 1033 ergs) by
the chromospheric lines during the optical flares observed on HR 1099
in the MUSICOS 98 campaign.

JD phase Hα Na  D1,D2 He  D3 Hβ
2451100.0+

FLARE 1
45.328 0.7923 0.92 – 0.22 2.19
45.345 0.7981 0.50 – – –
45.462 0.8392 1.42 – – –
45.513 0.8571 2.90 0.06 0.17 1.60
45.549 0.8698 1.52 – – –
45.632 0.8992 1.25 – – –

FLARE 2
50.975 0.7821 0.62 0.14 0.03 1.21
51.007 0.7933 3.32 3.50 0.28 3.85
51.066 0.8141 5.29 3.49 0.85 5.59
51.126 0.8354 6.09 2.44 0.56 5.43
51.184 0.8557 5.51 1.46 0.35 4.98

obtain the stellar continuum flux in the Hα region as a function
of (B−V) and then converted the EW into absolute surface flux.

For the other lines, we have used the continuum flux at Hα cor-
rected for the continuum flux ratio Fλ6563/Fλ. This Fλ is given
by a blackbody, with contribution of both the cool and the hot
component of HR 1099 at Teff = 4840 K and Teff = 5460 K,
respectively. The contribution factors for each component has
been obtained following the method by Montes et al. (1995).
We converted these fluxes into luminosities using the radius
R = 3.9 R�, since we have assumed that both optical flares took
place on the K1 IV component. Table 8 shows the energy re-
leased by the chromospheric optical lines for both flares. We
obtained the flare energies by integrating the measured fluxes
in time. Adding the energies for all the observed chromospheric
lines during each flare, we obtained a total flare energy of
1.3×1034 erg for the first flare and 5.5×1034 erg for the second
flare, integrating over a period of ∼7.3 and ∼5.5 hours respec-
tively. These values for the energy released are comparable to
other RS CVn flares (Doyle et al. 1991; Foing et al. 1994).

5. X-ray data

X-ray observations of HR 1099, with ASM on board RXTE,
were carried out at the same time as the MUSICOS 98
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Fig. 12. X-ray light curve observations of HR 1099, from the ASM instrument on RXTE satellite, obtained at the same time as the MUSICOS 98
campaign. The band S (1.5–12 keV) as a function of Julian date is shown. The spectroscopic optical observations during MUSICOS 98
campaign are shown on top of the X-ray data.

campaign took place. In Fig. 12 we show the X-ray light curve
of HR 1099 obtained by RXTE in the S band.

5.1. Long- and short-term variability

The long-term light curve displays evident variability on short
and long time-scales. We can divide the RXTE observations
into three intervals, according to the observed activity lev-
els. The X-ray data show a medium variability level be-
tween JD 2451139 and JD 2451145. In this first interval,
which covered around two rotations, we see three possible
flare-like events. A interval of low variability follows, cov-
ering approximately 1.5 rotations, between JD 2451145 and
JD 2451149. Finally, the third interval, between JD 2451149
and JD 2451160, covering four rotations, exhibits strong vari-
ability. During this third term six possible X-ray flare-like
events were observed. The flare-like events observed in the first
and third intervals were only detected in the S and A bands but
not in the B and the C bands. This suggests that these X-ray
events were soft.

5.2. X-ray and optical flare correlation

We have found that most of the optical flares show a X-ray
counterpart. During the X-ray event at JD 2451143.02, a small

increase in the emission of the Hα was seen (see the top left
panel of Fig. 9), as well as a filling-in in the Na D1, D2 doublet.
The optical flare observed at JD 2451151.07 was also observed
in the X-ray range. The X-ray flare observed at JD 2451155.24
shows an optical counterpart in Hβ line (see Fig. 9) and filling-
in of the Na  D1, D2 doublet, although no clear variation was
seen in either Hα or He  D3.

The flare-like event at JD 2451156.74 shows a small in-
crease in the emission of Hα and a small filling-in of the He D3

line (see Fig. 9). This enhancement was also observed in Ca H
(not in K) suggesting that it reflects variability from Hε. The
possible flare observed at JD 2451157.24 shows a small in-
crease in the Hα and Ca  H & K lines with also a small filling-
in of the Hβ line, but no changes are observed in the other
lines. Conversely, the optical flare at JD 2451145.51 was not
observed in any of the X-ray bands.

5.3. Flare periodicity

We noted that most of the X-ray flares and flare-
like events observed, took place either at φ ∼ 0.31
(2451149.63 d, 2451152.54 d, and 2451155.24 d) or at
φ ∼ 0.91 (2451143.02 d, 2451151.23 d, 2451157.24 d and
2451159.64 d). Based on this fact one could say that there
were two active regions, which flared during the same epoch.
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The flares of each active region show a rotation periodic-
ity which lasted for almost three consecutive orbits, from
JD 2451149 to JD 2451158, during what we have called the
strong variability interval.

The possibility of rather persistent active longitudes in
the photosphere is well known in the solar case. Leto et al.
(1997) found evidence of a frequently flaring and persis-
tent active longitude on EV Lac. This, coupled with rotation,
may give rise to spurious periodicities or abnormally long-
lasting flare events. Note that the X-ray flare-like event which
would have been expected at JD 2451154.2, coupling with the
one at JD 2451152.54, is not covered by X-ray observations.
However, increases in the Hβ and Ca  H & K lines were ob-
served at that epoch.

The observed rotational periodicity could have been caused
by two very large flares, one on each active region, lasting for
three consecutive orbits, which means that we have observed
flares which lasted more than eight days! This kind of long
duration flares on active RS CVn stars has been previously ob-
served by Montes & Ramsey (1998). However, one would ex-
pect an a exponential decay in the X-ray flux, which was not
observed, and a much larger X-ray flux maximum, which was
not observed either. So we discard a possible very long dura-
tion flare as an explanation for the observe X-ray light curve.
Another possibility is suggested by the behaviour of the light
curve at JD 2451150, JD 2451153 and JD 2451156. The X-ray
flux appears to peak at φ ≈ 0.31, after which it diminishes un-
til it reaches a minimum when the G5 V star is in front of the
active K1 IV star (φ = 0.5), in agreement with other authors
(Drake et al. 1994; Audard et al. 2001; Sanz-Forcada et al.
2002). Similarly, Foing et al. (1994), observed a sudden flux
decrease in an optical flare, that they suggest was caused by the
occultation of the flaring active region, due to the rotation of the
system. However, as a consequence of X-rays being optically
thin, the rotational modulation they might produce would mod-
ulate the flare in an on-off fashion, but would not produce spiky
flares as we observe in the X-ray light curve. Another possibil-
ity, is that we are looking at periodic flaring. Several authors
have searched for such periodicity with mixed results (e.g.
(Lukatskaya 1976; Pettersen 1983; Doyle et al. 1990; Mullan
& Johnson 1995; Mavridis et al. 1995). The confirmation of
such a periodicity would support the idea of a “flare reservoir”,
in other words, an active region with a certain amount of stored
energy which is then released either as a single flare or as multi-
ple of smaller events. Mullan & Johnson (1995) reported X-ray
periodicities in late-type flare stars. They found that the ob-
servations were consistent with the hypothesis that resonant
absorption of MHD waves were occurring at certain times in
coronal loops. However, the preferred frequency inferred by
Mullan & Johnson (1995) are much lower than the one we
observed in HR 1099. The larger-scale magnetic structure ob-
tained in the photospheric maps, around phase 0.85, and the
periodicity of the flares might imply that the reheating events
of the same magnetic loop originate in an interaction between
the star and some external trigger, explaining partially the ob-
served X-ray periodicity.

We believe that the two active regions, flaring at the same
epoch, are responsible for the observed behaviour of the X-ray

light curve. Following Doyle et al. (1990), the probability that
the three flares arise out of a chance process is rather small
(≤0.5% and ≤0.6% for the active region at φ = 0.31 and at
φ = 0.91, respectively). We conclude that the flares for each as-
sumed active region show significant periodicity, lasting almost
three consecutive orbits (from JD 2451149 to JD 2451158).
Doyle et al. (1990) suggested that the different flares they ob-
served on the eclipsing binary YY Gem originated in the same
active region close to the stellar surface and were caused by the
same trigger mechanism. In the case of YY Gem, the explana-
tion was given in terms of filament oscillating with a period of
48 mins. It is unlikely that the 2.8 day interval observed here
could be explained by a similar mechanism, and thus it is more
likely that the different groups of flares orginate from the same
active region complex. The radial velocities measured for both
large optical flares discussed in Sect. 4, indicates that they orig-
inate from a region on the K1 IV component, thus providing
some support for this scenario.

6. Conclusions

We have observed the binary system HR 1099 continuously
for more than seven orbits in the optical spectral range (at
high spectral resolution over a wide wavelength domain).
Contemporary photometric and X-ray observations were per-
formed during the campaign.

Photospheric maps of both components obtained by using
Maximum Entropy and Tikhonov regularizing criteria show the
K1 IV primary to be the most active with a large spotted region
in the northern hemisphere, centered around phase 0.85. The
detection of optical flare events around the same phase is in
good agreement with a spatial link between flares and active
regions.

We have determined radial velocity curves making use of
photospheric lines. The orbital parameters were obtained by
fitting the radial velocity curves with a double-lined spectro-
scopic binary (SB2) model. The results of this analysis are in
good agreement with previously published results. The value
we found for φ0 seems to support a slow but significant varia-
tion in the orbital phase at the first conjunction with time, i.e.
a change of the orbital period. It can be explained as a conse-
quence of the cyclic variation of the quadrupole-moment of the
primary along the magnetic activity cycle.

Two large optical flares were monitored during the cam-
paign, one of them lasting more than one day. From the flare
analysis, we observe that, although both flares show an increase
in Hα emission with a broad component, the second flare pro-
duced a bigger increase in intensity and lasted longer. We have
also observed that the first flare showed filling-in of Hβ, which
turned into emission during the second flare. The He  D3 line
was seen in emission during the second flare. The Na  D1, D2

doublet showed a filling-in in both flares, being stronger during
the second one. A similar behaviour was seen in the Ca  H
& K lines. We found a lower limit to the total flare energy
of 1.3 × 1034 erg and 5.5 × 1034 erg for the first and second
flare, respectively, comparable to other RS CVn flares. We no-
ticed that the He  D3 line was only seen in emission in the
second, and larger, flare. This is due to the fact that the helium
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lines are produced under generally higher excitation conditions
than other chromospheric lines and they are usually not de-
tected except in the strongest events. The change of behaviour
in the Hβ line, from weak absorption in the first flare to strong
emission in the second flare was also due that the latter was
strongest. Note that both flares took place at around the same
phase (0.85), but ∼6 days apart suggesting a link between them
and the large photospheric active region on the K1 IV compo-
nent, obtained from the photospheric spot modelling, which is
centered around the same orbital phase.

We have detected rotational modulation in the Hα and He 
D3 lines and in the Na  D1, D2 doublet, that may indicate non
axi-symmetry in the distribution of coronal active regions. In
other words, this rotational modulation may be due to the emis-
sion of an active region (or regions), which goes on and off as
the star rotates. Lines formed at different heights in the atmo-
sphere, would be affected, in a different way, by the active re-
gion. This will produce rotational modulation for certain lines
but not necessarily for all of them. However, one has to bear in
mind that a group of active regions uniformly distributed over
the stellar surface would not produce any rotational signature.

X-ray observations were performed with ASM on board
RXTE. We have observed clear variability on short and long
time-scales. A number of flares and flare-like events were de-
tected, some of which correlated well with the optical observa-
tions. We noted that most of the X-ray events observed, took
place either at φ ∼ 0.31 or at φ ∼ 0.91.

We plan to compare these results with Doppler Imaging
based on the photospheric lines, to study the connection be-
tween spots, chromospheric emission and flares.
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Busà, I., Pagano, I., Rodonò, M., Neff, J. E., & Lanzafame, A. C. 1999,
A&A, 350, 571

Cutispoto, G., Messina, S., & Rodonò, M. 2001, A&A, 367, 910
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1998, A&A, 332, 541
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Rodonò, M., & Cutispoto, G. 1992, A&AS, 95, 55
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