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ABSTRACT

Aims. We report on our analysis of the high resolution spectra (R ~ 86 000) of a sample of 42 late-type active stars (with measured
log R} spanning from ~—3 to ~—35) acquired with the Italian 3.6 m Telescopio Nazionale Galileo (TNG) using the SARG spectrome-
ter in the 4960—10 110 A range. The high quality of the spectra and the good activity-level coverage allow us to measure two different
chromospheric indicators that can be derived from the Call infrared triplet (Ca 1 IRT) lines: the residual equivalent width (EQW) and
the chromospheric indicator Rigr. The aim of this work is determine and test the best way of deriving activity-level information and
errors from the CaIl IRT lines, in preparation of the GAIA Cornerstone mission by ESA, by which the CaIl IRT spectral range will
be spectroscopically observed for millions of stars.

Methods. The Rirr index is calculated for each observed star as the difference between the calculated NLTE photospheric central
intensity and the observed one. The residual EQW, AWgr, is calculated as the area of the positive profile obtained as the difference
between the calculated NLTE photospheric and the observed profiles. We correlate log Ry, with Rgr and the AWigr.

Results. This analysis indicates that CaIl IRT lines are good chromospheric diagnostics. We find that both AWgr and the Rjgr quan-
tities can be used as chromospheric indicators, although the former exhibits a tighter correlation with the log Ry, index. Furthermore,
we find that the total chromospheric excess EQW in the CaIl IRT is almost linearly correlated with the excess in the CallH & K dou-

blet, as estimated through the log R, index.

Key words. stars: atmospheres — radiative transfer — line: formation — stars: chromospheres — stars: activity

1. Introduction

Magnetically-induced stellar activity is thought to have its roots
in the interaction of stellar rotation and turbulence. This inter-
action is believed to lead to the amplification of the magnetic
field by dynamo processes in the interior of the stars, which,
in the uppermost layers of stellar atmospheres, manifests itself
in the many stellar-activity phenomena such as star spots, chro-
mospheric plages, ultraviolet, and X-ray emission (Hempelmann
et al. 1996). The amounts of radiation originating from differ-
ent temperature intervals in these outer atmospheres (i.e., the
chromosphere, the corona, and the transition region) have been
used to measure magnetic activity; well-known examples are the
chromospheric CallH & K line core emission and the coronal
X-ray emission (Piters et al. 1997). Furthermore, the emission
fluxes of the activity diagnostics formed in the different lay-
ers of a stellar atmosphere correlate with rotational period, age,
and with each other; empirical relations have been obtained for

* Based on observations made with the Italian Telescopio Nazionale
Galileo (TNG) operated on the island of La Palma by the Centro Galileo
Galilei of the Consorzio Nazionale per I’ Astronomia e I’ Astrofisica at
the Spanish Observatorio del Roque de los Muchachos of the Instituto
de Astrofisica de Canarias.

** Table 4 is only available in electronic form at
http://www.aanda.org
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(see, e.g., Rodono 2000, and references therein).

The discovery of the Call H & K emission reversal as a chro-
mospheric activity indicator occurred at the beginning of the last
century when Hale & Ellerman (1920) showed it to be related
to solar plage regions and connected to active stellar chromo-
spheres as argued by Eberhard & Schwarzschild (1913). After
these pioneering works, many observations of the H and K lines
have provided a wealth of information on stellar chromospheres
demonstrating the now firmly established connections of the
Ca1 emission flux to the magnetic dynamo.

The lines of the Call infrared triplet (CaIllIRT) A1 8498,
8542, 8662, which share the upper level of the H and K transi-
tions, are similar to the H & K lines in many respects. In partic-
ular, theoretical investigation based on semi-empirical chromo-
spheric modelling of the quiescent solar atmosphere, show that
the Cal IRT accounts for at least the same amount of net cool-
ing losses as the H & K lines (see, e.g., Vernazza et al. 1981,
Table 29). On the other hand, empirical studies of active stars on
a wide range of activity levels suggest that, in fact, the contribu-
tion of the Call IRT to the total chromospheric radiative losses
can be even twice as the contribution of the H & K lines (see,
e.g., Dempsey et al. 1993). If we consider that, all together, the
calcium lines significantly contribute to the total chromospheric
losses in solar-type stars and that the contribution is usually not
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much smaller than the normally dominating Mgith &k lines
(see, e.g., Linsky 1991, Table 1), we expect that the Cal IRT
could provide useful information on the energy balance of stel-
lar chromospheres.

Furthermore, from an observer’s point of view, the Call IRT
presents some advantages over the Call H & K. Unlike the blue
Call lines, for instance, the IRT lies in a region of the spectrum
with a well-defined continuum, making normalization simpler,
and they are not significally affected by telluric lines. In recent
years, moreover, with advances in the technology of detectors
sensitive to the (near-)IR, the CaIl IRT lines are becoming more
and more extensively observed.

It is not surprising, therefore, that the diagnostic power of the
Cal IRT lines as magnetic activity indicators has been investi-
gated by many authors. Linsky et al. (1979) showed, for exam-
ple, that the radiative loss rates in the 18542 line correlate well
with radiative loss rates in the CallH & K and Mgt h & k lines,
while Chmielewski (2000) find an average relation between the
central depth of the observed 48542 line and the log R, indi-
cator. However, as Chmielewski stresses, the observed central
depressions (CD) cannot be considered pure chromospheric in-
dicators because no correction for the photospheric contribution
has been made. The proper subtraction of the photospheric qui-
escent contribution is in fact essential for correctly defining any
chromospheric activity indicator. In the first paper of this series,
Andretta et al. (2005) suggested that the Rigr index is a better es-
timator of the chromospheric contribution to the CaIlIRT lines
that takes into account the proper subtraction of the photospheric
quiescent contribution.

The Ca1lIRT is useful not only for studies of stellar chro-
mospheric activity (for a short summary see, e.g., Andretta et al.
2005). The versatility of those spectral features has contributed
to the selection of the 8480-8740 A wavelength range for
the medium resolution spectrograph of the GAIA mission (the
GAIA Radial Velocity Spectrometer, RVS). The GAIA mission,
which was reconfirmed within the ESA Cosmic Vision 2020 sci-
ence program for a launch date in mid-2011 and final catalogues
foreseen in 2018, will collect the spectra of about 150 million
stars up to magnitude V = 17 (Katz et al. 2004).

In the context of the study of chromospheric activity, there-
fore, the GAIA galactic survey of the CallIRT could provide
direct and quick information on stellar activity levels, together
with important information about the stars’ mass, age, convec-
tion, and rotation. From this perspective, a preparatory study
aimed to define, calibrate, and test possible candidate activity
indicators using these lines would be very useful.

Measurement of activity level can also help in avoiding er-
rors in applying the GAIA standard classification method to
active stars. This is particularly true for metal-poor stars, for
which determination of the atmospheric parameters will be
based mainly on the Cam IRT lines. Furthermore, stellar activity
must be taken into account to avoid false alarms for some tasks
concerning science alerts, peculiar objects, and planetary transit
determination. This observing program has been developed with
this in mind.

In this paper, we report on our analysis of the high resolution
spectra of a sample of 42 late-type active stars to test, calibrate,
and compare two different candidates for chromospheric activity
indicators that can be derived from the CaIl IRT lines: the Rt
and the residual equivalent width (EQW), which we denote in
this paper by AWgr.

I. Busa et al.: CaIl IRT lines and chromospheric activity. II.

2. Observations and data reduction

We observed 42 stars spanning a wide range of activity lev-
els. The stars (except for HD 26736, HD 28805, and HD 29461)
were selected from the Strassmeier et al. (2000) catalog, which
gives the log R}, measurements, T, projected rotational veloc-
ity (vsin?), and radial velocity for each star.

The observations were collected with the SARG (Gratton
et al. 2001), the high-dispersion spectrograph at the 3.6 m TNG
in La Palma (Spain), on February 22 and 23, 2002. The 42 late-
type stars included spectral types from F5 to K3.

SARG is a single-arm, white-pupil, cross-dispersed echelle
spectrograph, mounted on one of the arms of the TNG fork. The
present observations were made using the RED cross-dispersed
grism mounted on SARG, which provides a spectral coverage
from 5500 to 10110 A, with a gap of about 40 A, due to the
non-sensitive region between the two 4K x 2K thinned, back-
illuminated EEV CCDs located in the focal plane of the spec-
trograph. The CCDs, with a pixel size of 13.5 um, were binned
to 2 X 1. The minimum interorder separation is about 6 arcsec.
These observations were obtained using a slit width of 100 um,
corresponding to 0.53 arcsec projected on the sky, yielding a
spectral resolution (4/AA1) of 86 000.

All of the stellar spectra were bias-subtracted, flat-fielded,
and then cleaned of cosmic ray events. Images were corrected
for scattered light, and 51 orders were defined, traced, and ex-
tracted. One-dimensional spectra were extracted using standard
IRAF' routines for echelle spectra. Several thorium lamp expo-
sures were obtained during each night and then used to provide
a wavelength calibration of the observations. Each spectral or-
der was normalized by a polynomial fit to the local continuum.
The 42 selected stars are listed in Table 1, together with some
characteristics of the observations.

In Fig. 1 we show the reduced spectra in the CaITIRT range
for the most active stars of our sample. The spectra are or-
dered according to increasing values of log R}, . It is worthwhile
to notice (see Fig. 1) that, with increasing activity level, the
lines show intense filled-in absorption, which becomes strong
reversal emission in the cores of very active K stars such as
HD 82443 and HD 175742. This is because the weaker contin-
uum of K stars, compared to hotter stars, makes it easier for
the IRT lines to show emission rather than filled-in absorption
profiles.

Three stars of our sample — HD 68638, HD 79969, and
HD 132756 — show double-lined spectroscopic binary signatures
in our high-resolution spectra. The first was reported as a single-
line spectroscopic binary by Latham et al. (2002), the second
was identified as a double star by Horch et al. (2002), and the last
was reported as a double-lined spectroscopic binary by Goldberg
etal. (2002). HD 65430 is referred to as a spectroscopic binary in
Nidever et al. (2002). Stars HD 47157, HD 98736, HD 108574,
and HD 149806 are flagged as double systems in the SIMBAD
database. Santos et al. (2003) reported HD 128311 as a planet
host star.

We will only consider the first four stars as spectroscopic bi-
naries (i.e., HD 65430, HD 68638, HD 79969, and HD 132756).
Stars HD 25998, HD 43989, HD 129674, HD 171488, and
HD 175742 appear to be fast rotators with very broad lines in
our high-resolution spectra.

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



I. Busa et al.: CaIl IRT lines and chromospheric activity. II.

Table 1. Details of SARG observations.

Target HID Texp \% T log Ry
(+2452 300) (s)

HD 14798 28.351 900 8.0 KOV -5.30
HD 25998 28.366 300 5.5 F7V -4.27
HD 26736 29.356 1200 8.1 G5V —

HD 28495 29.468 1200 7.8 GOV -4.03
HD 28805 29.379 1500 8.7 G5V —

HD 29461 29.397 1200 7.9 G5V —

HD 31000 28.381 1200 7.8 G5V -4.09
HD 43989 29.339 1200 8.0 GOV -3.82
HD 47157 28.410 1800 7.6 G5V -4.82
HD 58781 29.506 1000 7.3 G5V —4.80
HD 59747 29.425 1200 7.7 G5V -4.19
HD 64468 20.448 1500 7.8 K2V -5.00
HD 65430 29.491 1200 7.7 KOV -4.85
HD 68638 28.585 1500 7.5 G8V —4.68
HD 72760 29.522 900 7.3 G5V —4.21
HD 72946 29.538 1000 7.3 G5V —4.89
HD 76752 28.543 1200 7.5 G2V -4.74
HD 76780 28.565 1500 7.6 G5V -4.58
HD 79969 29.553 900 7.2 K3V —4.44
HD 81040 29.569 1200 7.7 GOV —4.47
HD 82443 28.497 1200 7.0 KOV -4.02
HIP 46854 29.598 2400 94 KOV -5.52
HD91148 28.520 1800 7.9 G8V —4.48
HD 94765 29.624 1200 7.7 KOV —4.34
HD 96937 29.642 1200 7.7 G5V —4.58
HD 98736 28.727 1200 8.0 G5V -4.96
HD 105631 29.729 1200 7.5 KOV -4.50
HD 108574 28.703 1200 7.4 F5V -4.25
HD 110833 28.681 1200 7.0 K3V -4.52
HD 112742 28.629 1500 7.6 KOV -5.10
HD 116442 29.658 900 7.1 G5V -4.72
HD 119332 20.748 1200 7.8 KOIV-V -4.55
HD 122676 29.677 900 7.1 G5V -4.70
HD 128311 29.709 1200 7.5 KOV-K3V ~ -4.30
HD 129674 29.763 1000 7.5 FOV -4.30
HD 131023 28.744 900 74 KOV -4.39
HD 132756 29.690 1000 7.3 GOV -4.70
HD 149806 29.804 900 7.1 KOV -4.62
HD 164922 28.785 900 7.0 KOV -4.92
HD 165807 28.801 1000 7.5 KOV -5.44
HD 171488 28.769 1000 7.4 GOV-G2V  -3.74
HD 175742 20.782 1500 8.1 KOV -3.89

Table 2 presents the physical parameters of our sample of
stars collected from the literature. The first column shows the
ID (HD numbers for all stars, except for HIP 46854 for which
no HD number is defined) of the targets. The second and third
columns give iron abundances determined from spectral analy-
sis and metallicities determined from photometry, and the fourth
column provides surface gravity derived from photometry. The
fifth column gives effective temperatures derived from photom-
etry, while the sixth column reports the projected rotational
velocity.

3. Activity indicators from the CallIRT

The infrared triplet lines of ionized calcium (Call IRT) at 8498,
8542, and 8662 A are prominent figures in the spectra of late-
type stars. Their extended wings probe a wide range of photo-
spheric layers and are sensitive to the temperature distribution
in the atmosphere of the star (Andretta et al. 2005). Their cores
are formed in the uppermost atmospheric layers (chromosphere),
hence, their central depressions (CD) are sensitive to the degree
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of activity in their outer layers (see, e.g., the relation between CD
and the Mount-Wilson chromospheric activity indicator Ry, by
Chmielewski 2000).

However, there are some problems in the use of the Ca1l IRT

lines as chromospheric diagnostics. These are the dependence
of CD on vsini and the photospheric contribution. Contrary
to the very broad CallH & K lines, the narrow cores of the
CaIlIRT are broadened by rotation, even for relatively slow ro-
tators. This effect has always been either neglected (as in, e.g.,
Linsky et al. 1979; Dempsey et al. 1993) or even ignored (as
in, e.g., Foing et al. 1989; Chmielewski 2000). For example, a
value of vsini = 10kms™! raises the photospheric CD of the
CanIRT line at 18542, in a star characterized by T = 5200 K,
log g = 4.0, and solar metalicity, of about 0.11, a value compara-
ble to the estimated chromospheric filling-in of a somewhat ac-
tive star. Furthermore, the proper subtraction of the photospheric
contribution is essential for correctly estimating of the chromo-
spheric contribution to any activity diagnostic.
The log R}, diagnostic in Strassmeier et al. (2000), which
will be used to calibrate our indicators, is derived with the
method of Linsky et al. (1979). It includes the correction for
the photospheric contribution by subtracting, from the absolute
CanH &K fluxes, the flux obtained using partial redistribution
radiative transfer (cf. Kelch et al. 1979) in a radiative equilib-
rium atmosphere. Log R}, therefore, represents a purely chro-
mospheric emission indicator.

To derive pure chromospheric diagnostics from the Ca Il IRT
lines, computed line profiles from the radiative equilibrium at-
mosphere are required. The NLTE line synthesis in photospheric
models permits us to address both problems. By comparing the
NLTE-v sin I-convolved synthetic line with the observed profile,
we obtain information on the purely chromospheric contribu-
tion. In particular, this is done by measuring two possible candi-
dates for chromospheric indicators: (i) the Rigr index given by
the difference between the observed CD and computed, v sin i-
convolved CD o,y (NLTE); and (ii) the core-residual EQW given
by the area of the positive profile obtained as the difference be-
tween the calculated NLTE-v sin i-convolved photospheric and
the observed profiles.

3.1. NLTE photospheric line profiles

In order to calculate the Rigr index and the core-residual EQW,
we need to calculate the theoretical photospheric CaIl IRT pro-
files. Therefore, for each star, we considered the NLTE forma-
tion of the CamIRT lines in a photospheric model of a stel-
lar atmosphere selected from the Next-Gen database (Allard &
Hauschildt 1995) according the physical parameters (7.g, log g,
[A/H], and v sin 7). We used the Next-Gen model grid® available
online, which has a 200 K step for T.g, 0.5 step for logg, and
1.0 step for [A/H]. We verified that a tight grid is not necessary
due to the weak dependence of both core EQW and CD depres-
sion on stellar parameters (see Andretta et al. 2005).

Not all the needed parameters are available in the literature
for most of the stars (see Table 2). Therefore, to select the most
appropriate photospheric model for each star, we considered a
grid of four-to-eight Next-Gen atmospheric models spanning
the range around the expected values according the Table Bl
in Gray (1992) and the spectral type of the star. We therefore
selected the atmospheric model in which radiative transfer cal-
culations give CallIRT profiles that best-fit the wings of the

2 http://www.hs.uni-hamburg.de/EN/For/ThA/phoenix/
index.html
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Call A 8662 A
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Fig. 1. SARG spectra, in the region of the Call infrared triplet, of the thirteen most active observed stars. The spectra are ordered (from bottom to

top) according to increasing values of log Ry .

observed CaIl IRT profiles. The choice of the atmospheric model
that describes each star best was mainly based on fitting the
CanIRTA8662 line whose profile shows a higher sensitivity to
stellar parameters than do the other two CaIlIRT lines.

For all of the stars, the metallicity derived from the fitting
procedure is zero. This is due to the grid of models used here
where only [A/H] = 0, —1, -2 are considered. Nevertheless, be-
cause the metallicity contributes to the wing formation of the
Can IRT lines, while its contribution to the core is negligible
(Andretta et al. 2005), a higher precision in the models of [A/H]
is not necessary in this work. Table 3 shows the values of T,
log g, and v sin 7 selected by the fitting procedure for each star.

For one star in our sample, HD 129674, there is no vsin?
measurement in the literature. In this case, even if we know
that the obtained value is only an approximate estimate,
vsin? = 85 kms™! (as reported in Table 3) has been inferred
from the fit of the CaII IRT lines.

Figure 2 shows as an example the 18662 line fitting for the
G5 V star HD 31000 for which both metallicity and logg are
unknown. Table B1 in Gray (1992) predicts Teg = 5678 K and
logg = 4.46 for a G5 main-sequence star. Taking the measured
value of T = 5420 K into account, we considered four pos-
sible models combining the fixed values of T = 5400 K and
vsini="7.5 withlogg =4.5 or 4.0, and [A/H] = 0.0 or —1.0. The
four synthetic lines (obtained from an NLTE radiative transfer
model, with rotational and instrumental convolution) are plot-
ted against the observed profile in the top panel of the figure.

In the bottom panel we plot the residuals for the two best-fitting
synthetic lines; the comparison of the residuals in the wings
closer to the line core lets us select the atmospheric model with
Ter = 5400, logg = 4.5, and [A/H] = 0.0.

For the selected atmospheric models of Table 3, the coupled
equations of radiative transfer and statistical equilibrium were
solved using version 2.2 of the code MULTI (Carlsson 1986) for a
Ca atomic model that incorporates eight levels of CaT, the lowest
five levels of Call, and the ground state of CalIll. Nine b-b and
thirteen b-f transitions are treated in detail. Collisional data are
the same as those used by Drake (1991).

The calculations were done using complete redistribution ap-
proximation for the line source-functions of the CaIll IRT lines,
which is a good assumption for these lines due to their deep
formation compared to the CallH & K lines, for which partial
redistribution is important (Uitenbroek 1989). The continuum
opacity package included in the code takes free-free opacity into
account, Rayleigh scattering, and bound-free transitions for hy-
drogen and metals. We do not take into account the treatment
of line-blanketing (see, e.g., Busa et al. 2001), because we find
that, in the range of stellar parameters of interest, the UV miss-
ing opacity does not appreciably affect the CaIlIRT line for-
mation. The adopted calcium abundance is log €5(Ca) = 6.34
(Chmielewski 2000).

We did not solve the hydrostatic equilibrium equation (HSE)
in the hydrogen computation to recompute the electron density
from the original temperature distribution as is usually done in
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Table 2. Physical parameters collected from the literature.
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ID [Fe/H] [M/H] 1og gphot Terr (K) vsini (kms™!)
HD 14798 4700! 3!
HD 25998 —0.11 £ 0.10%, 4.35 +0.10%, 6147 + 502, 6360 + 80>, 16!
0.12+0.10° 437+0.10° 6184 + 533, 6200'
HD 26736  0.09% 4.4% 4422 572926 57502 5.4%
HD 28495 5390! 5.4
HD 28805  0.08%° 0.21 £0.1010  4.45% 4525 545126, 5500% 3.8%
HD 29461 0.12% 4.42%6 56902, 5150%7
HD 31000 5420! 7.5
HD 43989 5930', 59007 40 + 0.4, 4714,
25-427"
HD 47157 54501 10.7
HD 58781 5480! 5.2!
HD 59747 —0.14% 5140! 5.1%
HD 64468 4950! 2.8!
HD 65430 —0.09!8 0.25 +0.10'! 5210! 4.7!
HD 68638 —0.27'8 5420! 7.5!
HD 72760 0.04 + 0.10"! 5310', 521015 4215 8!
HD 72946  0.09 + 0.07°,0.24 + 0.10*, 0.40 +0.10* 4.4 +02* 5695 + 583, 5530!, 3.5+ 0.83,94!
0.07'8 5911 + 50*
HD 76752 5630! 48!
HD 76780  0.09 + 0.08%,0.21 + 0.10* 0.30 +0.10* 4.3 +0.2% 5700 + 77°, 5590!, 7.6!
5869 + 50*
HD 79969 4870! 5.1 +0813 57!
HD 81040 5630! 3.7
HD 82443 -0.14 = 0.10! 5340', 524015 7.3, 6.2923 654
HIP46854 4510! 7!
HD 91148 55301 6.8!
HD 94765 0.09 + 0.10'! 5010! 116, 6.5!
HD 96937 5340! 5.5
HD 98736 5070! 6.4
HD 105631 0.16 + 0.10'! 5310! 3!
HD 108574 5970! 7.6!
HD 110833 -0.17'8 4970!, 50007 3!
HD 112742 4850! 4.9!
HD 116442 53401 4.41
HD 119332 5210! 5.8!
HD 122676 5450! 5!
HD 128311 0.10 + 0.102% 0.08 £0.10'1 4.8 +0.152%° 4910, 4950 + 502%° 49!
HD 129674 6730!
HD 131023 5390! 48!
HD 132756 -0.5'9, -0.3220, —0.572!+ 47421+ 5590!, 550019, 534521+ 21 419%
HD 149806 5210! 6.2!
HD 164922 5290! 4.6!
HD 165807 4520! 7.5
HD 171488 5820! 338,361, 4512, 4014, 38710 39 + 0.4°
HD 175742 —0.70 + 0.10"! 5030! 14.6!

References: ! Strassmeier et al. (2000), 2 Chen et al. (2000), 3 Taylor (2003), * Feltzing & Gustafsson (1998), 3 Gray et al. (2001), ® Wichmann
et al. (2003), 7 Osten & Saar (1998), ® Henry et al. (1995), ° Fekel (1997), ' Kotoneva et al. (2002), '' Haywood (2001), !> Cutispoto et al.
(2002), '3 Tokovinin & Smekhov (2002), 14 Messina et al. (2001), '3 Gaidos et al. (2000), '® Song et al. (2002), !” Habing et al. (2001), '® Eggen
(1998), '° Goldberg et al. (2002), 2° Beers et al. (1999), 2' Snider et al. (2001), ?*> Santos et al. (2003), ?* Nordstrom et al. (2004),>* Gtebocki &
Stawikowski (2000), 25 Paulson et al. (2003), 2° Thorburn et al. (1993), and 2’ Wright et al. (2003).
* Reference 7 gives two possible solutions for HD 43989: double subgiant (GO IV + GO IV, Ty = 5900 K, vsin? = 25 kms™' each) and a single

subgiant with the same T.q and vsin? = 42 kms

-1

T Reference 4 gives values of surface gravity as derived from spectroscopy for HD 72946 (log gypec = 5.0£0.2) and HD 76780 (10g gspec = 4.8+0.2).
* Reference 19 reports HD 132756 as a double-lined spectroscopic binary with effective temperatures Tez' = 5500 K and T4 = 5250 K, both

components with vsini =4 km s

*¥ Atmospheric parameters derived from spectroscopic data.
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n Tes = 5400 K, logg = 4.5, and [A/H] = -1
model; dot-dashed line to the Tz = 5400 K,
logg = 4.5, and [A/H] = 0 model; and his-
— togram to the T.¢ = 5400 K, logg = 4.0, and
[A/H] = 0 model. Bottom panel: residuals

-0.1 | |

(observed flux minus synthetic flux) of the two
| best-fitting synthetic lines obtained from the
T = 5400 K, log g = 4.5, and [A/H] = 0 (dash-

8658 8661 8664
Wavelength (4)

the treatment of NLTE upper atmosphere line synthesis. This
is because the photospheric electron densities of the Next-Gen
models are calculated in HSE consistently with the total opacity
including LTE line-blanketing. If we would have imposed HSE
in our NLTE computation, the lack of opacity due to the crowd-
ing of lines would give higher dP/dr with respect to the LTE
model (dP/dt o 1/k, where « is the total opacity), and therefore
a higher and not correct gradient dN,/dt since P « N,.

Each of the CanlIRT line profiles thus obtained, was con-
volved with the proper instrumental profile and, for each target
star, with the stellar rotational broadening profile. These NLTE,
v sin i-convolved radiative-equilibrium profiles were then used to
measure the CD, Rigr, and AWrr, as described in the following
section.

3.2. Central depression and equivalent width measurements
and associated errors

The measurements of the three quantities of interest, the central
depression (CD), the Rirt index, and the residual EQW, AWgr,
are all based on the observed profiles, F (1), normalized to the
local continuum, F:

=0 M
Thus, the CD is:
CD =1-{r (L)), 2

where A, is the central core wavelength, determined empirically
from a polynomial fit around the line center, a procedure needed
because many stars show noticeable profile asymmetries. The
line depth (r(4,)) is estimated by a three-point average around A,
(4, plus one point on each side of A,).

dotted line), and T.x = 5400 K, logg = 4.0,
and [A/H] = O (histogram) models.

8667

The Rigt index is then determined as follows (see Andretta
et al. 2005):

Rirr = CDy, — CD = {r(A.)) — rn(4o), 3)

where CDy, is the central depression at A, of the theoretical
NLTE photospheric profile, (1), broadened to account for both
instrumental resolution and stellar rotation.

Finally, the residual EQW is obtained by integrating the dif-
ference of the observed and theoretical photospheric profiles

AWigr = f [F() = r (D] A, @)
AL

over a wavelength band, A4 covering the line core. For our sam-
ple of stars, Ad goes from 0.1 A in slow-rotating, non-active
stars, up to 6 A, in fast rotators and/or very active stars. An ex-
ample of AWt measurement is shown in Fig. 3.

The uncertainty associated to the three quantities CD, Rirr,
and AWirr can be derived from the respective definitions assum-
ing that the main source of error is the statistical noise in the
observed normalized profile. From Eq. (1),

CF)] | o[Fe])
F2() F?
From the knowledge of the S/N ratio of the spectrum (S/N =
F./o[F.]), the above equation becomes
() ! F? o?[F()] .
(S/N)? F2(1) o?[F]
Finally, assuming a Poisson error statistics for flux errors, i.e.,

a2[F()] o F(A), which means o?[F(D)]/F(1) = o?[F.]/F.,
we obtain:

o [r(D)] = m)(

o [r(D)] =

rA) (1 + (1)

2 —
o [r()] = S/N)?

&)
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Table 3. Temperature, gravity, and projected rotational velocity for each
star, selected for the NLTE line synthesis computation.

Target Ter logg vsini
(K) (kms™)

HD 14798 4800 4.0 3.0
HD 25998 6400 4.5 16.0
HD 26736 5800 4.5 5.4
HD 28495 5400 4.5 54
HD 28805 5400 4.5 3.8
HD 29461 5600 4.5 3.0
HD 31000 5400 4.5 7.5
HD 43989 6000 4.5 40.0
HD 47157 5400 4.0 10.7
HD 58781 5400 4.5 5.2
HD 59747 5200 4.5 5.1
HD 64468 5000 4.5 2.8
HD 65430 5200 4.5 4.7
HD 68638 5400 4.5 7.5
HD 72760 5200 4.5 4.2
HD 72946 5800 4.5 3.5
HD 76752 5600 4.5 4.8
HD 76780 5800 4.5 7.6
HD 79969 4800 4.5 5.1
HD 81040 5600 4.5 3.7
HD 82443 5200 4.5 7.3
HIP 46854 4600 4.0 7.0
HD 91148 5600 4.5 6.8
HD 94765 5000 4.5 1.0
HD 96937 5400 4.5 5.5
HD 98736 5000 4.0 6.4
HD 105631 5400 4.5 3.0
HD 108574 6000 4.5 7.6
HD 110833 5000 4.5 3.0
HD 112742 4800 4.5 4.9
HD 116442 5400 4.5 4.4
HD 119332 5200 4.5 5.8
HD 122676 5400 4.5 5.0
HD 128311 5000 5.0 49
HD 129674 6800 4.0 85.0
HD 131023 5400 4.5 4.8
HD 132756 5600 4.5 2.0
HD 149806 5200 4.5 6.2
HD 164922 5200 4.5 4.6
HD 165807 4600 4.5 7.5
HD 171488 5800 4.5 33.0
HD 175742 5000 4.5 14.6

From Eq. (5), together with Egs. (2) and (3), we obtain an ex-
pression for the uncertainty on the measurements of CD and
Rirt:

o[CD] = o[Rgr] = or(1.)]/V3. (©6)

In a numerical integration scheme with prescribed weights, w;,
the residual EQW defined in Eq. (4) is computed as follows:

AWirr = " w; [r(4) = ra(4)] 64,

where 64 is the wavelength spectral sampling, and the index i
runs over the range of line core wavelengths. It follows that

o [AWirr] = 622 ) wio? [r(4)]. @

In a trapezoidal scheme, for instance, w; = 1 for all i, except for
the first and last points, where w = 1/2.
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Fig.3. EQW measurement method, with the example of HD 171488.
The plot shows the synthetic photospheric line profile (thin solid line)
superimposed on the observed profile (thick solid line). The filled-in
profile is obtained as the smoothed difference between the two profiles.
The residual EQW (AWpgr) is measured as the area of the black filled-in
profile.

The error estimates given in Eq. (6) neglect the uncertainty
in the theoretical profile in the core, r(4.). However, Andretta
et al. (2005) have shown that the core of the Call IRT lines ex-
hibit only a weak dependence on stellar parameters, in the range
of values valid for the present sample of stars. Thus, the only
other, possibly significant, uncertainty comes from the broaden-
ing parameter, mainly v sini. We, however, found that the statis-
tical noise dominates this source of errors in our data. Thus, we
adopted Eq. (6) for our error estimates without further ado.

In the case of the residual EQW, AWy, errors in the theo-
retical line profiles may be larger, particularly in the “shoulders”
of the line profile: both the uncertainties in the stellar parame-
ters (Te, logg, [A/H]) and intrinsic uncertainties in the model
photosphere may contribute to the uncertainties in the theoreti-
cal line profiles. Moreover, a possibly systematic source of error
in the AWt in these cool stars could come from the presence of
blends in the Call IRT lines due to the hydrogen Paschen lines:
P16 48502.49 in the wing of CallIRTA8498.02, P15 18545.39
in the wing of the Ca1IRTA8542.09, and P13 18665.02 in the
wing of the Ca1l IRT18662.14 (Chmielewski 2000).

It is difficult to estimate the magnitude of the errors on AWt
due to the uncertainties in the theoretical line profiles. A rough,
yet still reasonable, estimate can be obtained considering, for
each star, the measured AW gy values that we obtain when adopt-
ing theoretical models that differ from the selected one (reported
in Table 3) of 0.5 in logg, 200 K in Teg, or 1.0 in [A/H]. We
obtain AWgr variations with respect to the Table 4 values up
to 15% for logg variations, up to 4% for T variations, and
up to 23% for [A/H] variations. These values can be considered
as an estimation of errors on AWgr due to the uncertainties in
the theoretical line profiles. However, for most of the stars ana-
lyzed here, we find that the statistical noise dominates the AWt
variations. In conclusion, we adopt the statistical errors given by
Eq. (7) with the caveat that they probably represent only lower
limits.

Table 4 shows the values of the CD, Rigt, and residual EQW
measurements of the CallIRT lines, together with their esti-
mated errors.
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Fig. 4. The Ry index and the residual EQW, AWkr, versus log Ry, for the three components of the CaIl IRT. Grey diamonds (red in electronic
version) represent data obtained for the four spectroscopic binaries (see Sect. 2). The grey open circle (blue in electronic version) in the lower right
panel mark the null EQW(18662) measurement for HD 165807. The horizontal dotted lines highlights the separation between relatives emission

and absorption.

4. Results

The residual EQW, Rirr, and log Ry, are all pure chromospheric
diagnostics because they have been obtained after proper sub-
traction of the photospheric contribution. Therefore, we expect
to find a close correlation of our indicators with the log R,
measures. For this reason, the behavior of the Rrr and resid-
ual EQW versus log Ry, was investigated for the three Ca 1 IRT
lines.

Figure 4 shows the Rigr index and AWkt for the three com-
ponents of the CallIRT, versus log Ry;,. Both relations have
been fitted with a linear and with an exponential function. In
the fit procedure, the four spectroscopic binaries, HD 65430,
HD 68638, HD 79969, and HD 132756, have not been consid-
ered. Furthermore, we have excluded the three stars HD 26736,
HD 28805, and HD 29461 from our analysis, for which, to our

knowledge, there are no available log R}, measurements.

The results of the linear fits for the Rry, along with their
reduced /\{2 values, /\{ﬁ, are the following:

Ripr[8498] = 1.23+0.22x logRjyc (x2 = 206)
Ripr[8542] = 1.81+0.35x logRyy (x2 = 120)
Ripr[8662] = 145+ 027 x log Ry (v = 104). (8)

The results of the exponential fit are, on the other hand,

log Rirr[8498] = 0.71+0.29 x log Riye (x2 = 6.4)
log Rirr[8542] = 1.33+0.43 x logRiye (v = 3.8)
log Rirr[8662] = 1.09+0.39 x log Riye (2 = 3.3). )

The log CallIRT versus log Ry, fits above are better than the
linear fits of Egs. (8), but still not very good, as indicated by the
relatively high values of y? that obviously reflect the large scat-
ter of the data points around the mean relation, compared with
the estimated errors. Some of the scattering can be explained, for
instance, by considering that Call IRT and CallH & K observa-
tions are not simultaneous: the known long-term variability of
chromospheric phenomena in active stars could explain the ex-
tra scatter found in the fit relations. However, in addition to this
effect, it is also possible that our adopted errors are somewhat
underestimated, as discussed in Sect. 3.2.
For AWr, the linear fit yields:

AWirr[8498] = 039 +0.07 x log Ry (x2 = 6.5)
AWirr[8542] = 0.23+0.04 x log Ry (x2 = 11.9)
AWirr[8662] = 0.17 + 0.03 x log Ry (Xﬁ = 6.9), (10)
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Fig.5. The sum of residual EQWs in the three components of the
CallIRT, AWgr[total], versus log Ry, . As in Fig. 4, grey diamonds (red
in electronic version) represent data obtained for the four spectroscopic
binaries.

while, for the exponential fit, log AWgr versus log R;_[K, we ob-
tain:

log AWirr[8498] = 3.49 + 1.03 x log Riyc (x7 = 0.085)

log AWir[8542] = 5.19+ 1.42 x log Riye (v = 0.15)

log AWir[8662] = 6.00+ 1.64 x log Riy (x7 = 0.11). (11)

In this case, the exponential fits exhibit substantially better y2
values, consistent with the visual impression given by Fig. 4 of
a better representation of the correlation.

Figure 4 also hints at a tighter correlation between AWirt and
log R}, compared to the correlation between Rirr and log Ry, .
This is in fact reasonable, since we expect the errors on AWiry
to be smaller than the single-point measure represented by the
RIRT index.

We also correlate the two indexes Rigr and AWrr for each
component of the CaIl IRT. The correlation is good, except for
the three fast rotators HD 43989, HD 129674, and HD 171488. It
is obvious that the residual EQW would be the same in those ob-
jects as in slower rotators with the same excess emission, while
the Rigrr would be substantially reduced by rotational broaden-
ing, even if the reference theoretical, photospheric profile al-
ready takes this broadening process into account. This fact sug-
gests that AWirt may be a better indicator than Rirr.

Finally, it is interesting to consider the sum of the residual
EQWs of the three components of the CaIlIRT, AWirr|[total],
since it is a quantity related to the total chromospheric radia-
tive losses in that triplet. The correlation of log AWrr[total] with
log R}, is shown in Fig. 5. The fitted relation between the two
quantities is
log AWigr[total] = 5.09 + 1.29 x log Ri; (,yz =

n

0.23). (12

As was already apparent from Egs. (11), our measurements of
chromospheric excesses in the CaIl IRT correlate almost linearly
with the log R, indicator, which in turn is also a proxy for the
chromospheric losses in the Call H & K resonance doublet.
Both indexes, however, represent an excess emission relative
to the local photospheric continuum. Estimation of the absolute
excess flux, and thus the total chromospheric losses due to CaTr,
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would require an estimate of the stellar spectral photospheric
distribution. Such an analysis is beyond the scope of this paper,
but we plan to continue investigating this aspect in a future work.

5. Conclusions

Our analysis indicates that the CaIl IRT lines are good chromo-
spheric diagnostics and both AWirr and the Rgr quantities can
be used as chromospheric indicators. The following results are
the main outcome of our analysis:

1. Given the errors in the measurements of the residual EQW
and Rirr and taking into account that the reference log R
values we adopted may reflect different activity levels of our
target stars, we find that both the residual EQW (AWt) and
the Rirt can be used as chromospheric indicators in place of

the classical log R} indicator.

2. We, however, find that the log AWt indicator seems more
tightly correlated with log R}, in our data sample. This is
not entirely surprising, since (i) both indicators are related
to the chromospheric radiative losses in the CaIlIRT and
CanH & K lines, respectively, and (ii) AWy is the sum of
more data points and thus has better §/N than Rgr.

3. Finally, we find that the total chromospheric excess EQW
in the CaTIIRT is almost linearly correlated with the excess
in the CallH & K doublet, as estimated through the log R},
index.
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