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Abstract.  We study the long-term chromospheric activity of dM stassng in par-
ticular the results of an observational program we staneld®b9, to systematically ob-
tain mid-resolution spectra of late-type stars. First, weeuss which are good activity
indicators for these stars. We investigated the relatidwéen the activity measure-
ments in the calcium and hydrogen lines, and found that thelw®rrelation observed
reflects dfferences between stars, and it is not always preserved foitaimeous ob-
servations of a particular star. Later we investigate thiatians in individual stars, and
we report cyclic activity in four dM stars, including Proe@.

1. Introduction

In the last years, dM stars became high priority targets for exoplanetssa On one
hand, these are the most common stars in the sky, representing 80% oifsailh stee
galaxy. On the other, it is easier to find smaller planets around smaller stérsrdim
radial velocity searches or with transits. Furthermore, lower mass stpesaiamore
likely to host lower mass planets, and therefore these are the optimal tarditd to
terrestrial planets. Since M stars are cooler, planets are also more likelyitavithin
the “liquid water habitable zone”, and it is therefore around these stasvithis easier
to find the next “holy grail” of planetary searches: an inhabitable, ditplanet.

However, a large part of these stars is very active, and activity candreblem
for two reasons. First, it interferes with the search programs, since itng&ic both
radial velocity variations and transits. Second, it cliac habitability, since the energy
released by the host star can vary iffelient timescales (Buccino et al. 2006, 2007).

On the other hand, the study of long-term activity in dM stars is also interesting
in itself, in particular for stellar dynamo studies, since fully convective siargot
supporteQ dynamos.

In 1999 we started a program, the HIgroject, to systematically obtain spectra of
late-type stars, to study in particular chromospheric activity. Our obsengare made
at the 2.15 m telescope of the Complejo Astrotico El Leoncito (CASLEO), which
is located at 2552 m above sea level, in San Juan, Argentina. We obtairelsigiation
echelle spectra with a REOSC spectrograph. The maximum wavelengthohoge
observations is from 3860 to 6690 A, and the spectral resolution rdngms0.141
to 0.249 A per pixel R = 1/61 ~ 26400). Details on the reduction and calibration
procedures can be found in Cincunegui & Mauas (2004).

The stars were chosen to cover the spectral range from F to M, wfigretit
activity levels. Since we were particularly interested in the transition to completely
convective stars, we included a larger number of M stars in our sampleughitmost
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Scan

Figure 1.  Normalized,; versus thes index. The empty squares represent the K
star models from Vieytes et al. (2009) and the full squardicate the G star models
from Vieytes et al. (2005).

of the stars are single dwarfs, we have several binaries and a fgnastd At present,
we have about 5500 spectra of 150 stars. In this review we preseet esults of the
HKa project, focusing mainly in dM stars.

2. Activity indexes

Most activity studies are based on observations of the H and K lines df @aith in
the Sun is known to vary more strongly that continuum emission. It is also tiost
their flux correlates well with magnetic fields (e.g. Morgenthaler et al 20R6¢ently,
we found that it also correlates well with the chromospheric radiative $dsses and
K stars, as it is shown in Fig. 1 (Vieytes et al. 2005, 2009).

To date, the most common indicator of chromospheric activity is the well-known
S index, essentially the ratio of the flux in the core of the Ca Il H and K lines to the
continuum nearby (Vaughan et al. 1978). This index has been defirtbé &ount
Wilson Observatory, were an extensive database of stellar activitydestuilt over
the last four decades. However, the Ca Il lines are not the best sugaipdM stars,
which are intrinsically faint and red. In fact, there is only one star of thatsal type
in the Mt. Wilson program. For this reason, tBendex is poorly characterized for
these stars, and it would be interesting to find another spectral featueestitable for
the cooler end of the HR diagram.

In fact, since we observe simultaneously thiedent spectral features, unlike most
surveys of this kind, our data provides an excellent opportunity to studgdirelation
between dferent spectral features and activity indexes. As a first step, we atéehr
the H and K profiles to obtain th® index for our spectra, and calibrated against the
Mt. Wilson index using several inactive stars in common (Cincunegui e0al/12).
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Figure 2.  Conversion factor between Mount Wilssimdex andFyk. The dashed
line corresponds to Noyes et al. (1984), the dotted line tiedR(1984), and the full
line to our derived factor (from Cincunegui et al. 2007b).

TheS index can be converted to the average surface flux in the Ca Il linesgihrou
the relation:

Frk = Frol.3410%S Gy, 1)

whereC¢; (B—V) is a conversion factor that depends on color. Twifedént expressions
are widely used for this factor (Noyes et al. 1984; Rutten 1984). THaal®ns used
in both works to derivé&C¢s involve complex calibration procedures.

Since we have simultaneous measurements ofStlredex and the core fluxes,
we can calculate directly the correction factor as a function of the indexttemflux,
which is shown in Fig. 2 together with the other two expressions (for detailsaan
whole discussion, see Cincunegui et al. 2007b).

Itis usually accepted that there is a tight relation between the chromosfibeeis
emitted in Hr and in the H and K Ca Il lines, and that these two features can be used
to study chromospheric activity. However, most works where this relatienbeen
observed found it by using averaged fluxes for the calcium and bgdrbnes, which
were not obtained simultaneously, and were even collected frBreint sources.

However, the situation is fierent when the individual stars are studied separately.
In Fig. 3 we plot the individual simultaneous measurements of each fluxef@ral
stars of diferent spectral types andfiirent levels of activity, divided into color bins
as stated. We also show the linear fits for each star. It can be seen thaththgor is
different in each case: in some stars both fluxes are well correlated, dittimugjopes
of the fits are not the same. In other stars the flax seems to be almost independent
of the level of activity measured in the Ca Il lines, and there are evenwtase the
fluxes are anti-correlated.

Walkowicz & Hawley (2009) obtained simultaneous spectra of Ca Il anddt
several M3 dwarfs, and found that the most active stars, withrHemission, show
a strong positive correlation between instantaneous measurements ok @adl Hu.
They also found that the relationship betweenahd Ca Il K “remains ambiguous” for
weak and intermediate activity stars. However, the question still remaing, ‘tirese
lines may not be positively correlated in time-resolved measurements”.
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Figure 3. He vs. Call surface fluxes, for stars offi@irent spectral types, divided
into different color bins, as indicated (from Cincunegui et al. 2007b

In Fig. 4 we show results for two active dM stars, withy ih emission, taken from
our observations. In the left panel we show the individual fluxes forL&o, a dM3
star included in ths sample studied by Walkowicz & Hawley (2009). It careba that
these fluxes are not correlated®38). At right, the fluxes for Prox Cen (dM5.5) show
two branches. The less active one, measured in Ca Il, is not corréiR®db2), while
the most active one shows a correlation with(278. The most active point was taken,
indeed, during a flare, and it fits nicely in the most active branch. On thex bnd,
it can be seen that, excluding this flaring point, the range of thdltk is the same
in both branches, with very fierent Ca Il fluxes. If we consider all the observations
for a set of 8 dM stars, we get the plot shown in Fig. 5. Here, the cdioelés very
good, with R=0.83. However, it can be seen that this is not true when looking at the
individual observations for a given star in detail.

In fact, Gomes da Silva et al. (2011) found a similar result: studying a sarfiple o
23 stars from the HARPS M-dwarf planet search program, they fowsnghificant cor-
relation between bl and Ca Il fluxes for 25% of the sample, and correlatiorfitcients
between -0.8 and 1.

The relation between these fluxes was also studied, for the Sun, by M&unier
Delfosse (2009). They found that the correlation was much largerglsotar maxi-
mum than during minimum, and the same happened to the slope. In Fig. 6 we show
observations from our program for three solar analogs. It candretsat Ha and Cal ll
show a low correlation for the whole series, but the correlation is stroragitipe dur-
ing the active phases (red circles), in agreement with the results by M&ubielfosse
(2009). It should be noted that HR 6060 (about solar-age) and 3B (#hout Hyades-
age, an older Sun) present similar correlations, implying that this is a pyophich
seems to remain over epochs in which other observables change dramatically

In Diaz et al. (2007a) we studied the sodium D lines (D1: 5895.92 A; D2: 5889.9
A) in our stellar sample. We found a good correlation between the equivaldth
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of the D lines and the color indeXB(- V) for all the range of observations. Since
equivalent width is a characteristic of line profiles that do not require féghlution
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Figure 7. SvsFugu . (B—V)3 for our calibration stars. The least square fit (solid
line) has a correlation cdiécient of 0.95. The dotted lines indicat3o from the fit
(from Buccino & Mauas 2008).

spectra to be measured, this fact could become a useful tool for sidrgesjudies.
Finally, we constructed a spectral indé¥,( as the ratio between the flux in the D lines
and the bolometric flux. Once corrected for the photospheric contributicnindex
can be used as a chromospheric activity indicator in stars which slow &mission.

Gomes da Silva et al. (2011), using the HARPS spectra, with much betterapectr
resolution, were able to integrate the D line flux in narrower windows, amadd@ sig-
nificant correlation with the Ca flux in 70% of the M stars. In this case, thestadion
is always positive.

A very large set of observations available for this kind of studies is thegoms
by the IUE observations, spanning from 1978 to 1995. In particulazedime Mg Il h
and k lines have a formation similar to the Ca Il lines, they should provide agaargt
activity indicator. In Buccino & Mauas (2008) we studied the correlatiamben the
Mg Il flux and the S index (see also Buccino & Mauas 2009). To calibrateused
117 quasi simultaneous observations of 21 stars with 0.41 B-V 1.0, and fhat

S:b.FMg||.(B—V)"+a 2)

wherea = 3.0+ 0.2,b = (2.31+ 0.05).10",a = 0.109+ 0.004 and R=0.94. The fit

is shown in Fig. 7. As an application of this calibration, we have measured the M
Il line-core flux on 1623 IUE high resolution spectra of 259 main seqeetars of
spectral types F to K, and then converted to the Mount Wilson index, adibdtayclic
behaviour in several of them (Buccino & Mauas 2008).

3. Activity cyclesin dM stars

One of the main goals of our program was to extend the studies of stellasdgcle
M-stars, at and beyond the limit for full convectivity. The first star wedstd was
Proxima Centaury, a dMe 5.5 star with strong and frequent flaring act®ityc(gnegui
et al. 2007a). Since for this star thexflux is well correlated with Ca I, we used it as
an activity indicator, since it has bettef\Sratio. We used 56 individual spectra, taken
over 20 diferent nights in 15 observation periods spred over more than 6 years
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Figure 8. Lomb-Scargle periodogram of our observation okRen. The False
Alarm Probability levels of 50 and 80% are shown. (from Cimegui et al. 2007a).

For this star we excluded the spectra taken during flares, computed théy nigh
average of the Hl flux, and calculated the Lomb-Scargle periodogram, which is shown
in Fig. 8. In the periodogram we found strong evidence of a cyclic actiitty a period
of ~442 days. Similar values for the period were found using threrdint techniques
in the time domain (see Cincunegui et al. 2007a, for details). We were adisdoab
determine that the activity variations outside of flares amount to 13®/jtiree times
larger than for the Sun.

Since this star should be fully convective, it cannot suppord@rdynamo, and
a different mechanism should be found to explain this result. Recently, Ch&brier
Kiker (2006) showed that these objects can support large-scale tisdigids by a
purea? dynamo process. Moreover, these fields can produce the high lewativofy
observed in M stars (see, for example, Mauas & Falchi 1996). @hidynamo does
not predict a cyclic activity. However, our observations suggesthistool star has a
clear period.

We also studied the spectroscopic binary system Gl 37&z(Bt al. 2007b). We
first obtained precise measurements of the orbital period {87844 days) and sep-
aration (a= 5.665 R)), minimum masses and other orbital parameters. We separated
the composite spectra into those corresponding to each component, whith adido
confirm that both components are of spectral type dMe 3.5.

To study the variability of Gl 375, besides using the spectra obtained at EAS
we also employed photometric observations provided by the All Sky Automateeys
(ASAS Pojmanski 2002). We calculated the Lomb-Scargle periodograthdee data,
and obtained a distinct peak corresponding to a period,efi B 1.876667 days, a
period resembling very closely the measured orbital period. We believeahisomic
variability is produced by spots and active regions in the stellar surfacedalong
with rotation. This would imply that the rotational and orbital periods are syihed,
as is expected for such a close binary.
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Figure 9. ASAS photometry phased to the orbital period far different epochs.
Left: 2002.5-2003.5 Right: 2006. (fromi&e et al. 2007b).

To verify if this is indeed the case, we phased the data to the obtained geriod,
two different seasons (Fig. 9). The sinusoidal shape of the variation is \adthiough
the amplitude of the modulation isftBrent in both cases, probably an indication of
different area covered by starspots or active regions, and theraftesedt activity
levels, in each epoch. Therefore, the amplitude of this modulation can ldeasse
an activity proxy, and indicates that the system exhibits a roughly pericheavor
of 2.2 years (or 800 days). The same period was found in the mean magoitud
the system and in the flux of the Ca Il K line, although the Ca flux variationsrocc
140 days ahead of the photometric ones, a behavior that has beeruphgwdbserved
in other stars (Gray et al. 1996). The agreement between the behévloe three
observables is remarkable because of tliedint nature of the observations and the
different instruments and sites where they were obtained.

Another interesting result of this work is that the activity of Gl 375 A and @ 3
B, as measured in the flux of the Ca Il K lines, are in phase, as can bénséign 10.
There is an excellent correlation between the levels of chromospheridemigdoth
components, implying a magnetic connection between them. Due to its vicinity and
relative brightness, this system presents an interesting opportunity terfsttidy this
type of interaction.

We also studied the long-term activity of two other M dwarf stars: Gl 229 & an
Gl 752 A (Buccino et al. 2011). For these stars, we used the Ca Il Kclime-fluxes,
since they are not correlated with thexrHux (R=0.09 and R-0.11), and the ASAS
photometric data. In Fig. 11 we show the Ca Il K fluxes obtained from csemations,
the ASAS photometry and its season means, and the Lomb-Scargle pesiododor
both data sets, for Gl 229 A (at left) and GI 752 A (at right). In this casepbtained
possible activity cycles of4 and~7 yrs for Gl 229 A and Gl 752 A, respectively.
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Chromospheric activity of Gl 229 A (left) and GIZ7B (right). In

the uppermost panels, the Ca Il K fluxes derived from the CASIdpectra, with
10% errorbars. In the middle panels, V magnitude measurefiSAS. The trian-
gles indicate the mean annual values. In these four pamelssdlid lines are the
least-squares fit to the mean annual values after estatgishiarmonic curve of the
corresponding period. The bottom panels show the Lomb%cpegiodogram of the
mean Ca Il fluxes (blue, dashed) and the mean V magnitudeqodéid). The solid
and dashed vertical lines represent the error interval cf geriod (from Buccino

etal. 2011).




