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Abstract We present chromospheric activity indexSHK measurements for 119 995
F, G and K stars with high signal-to-noise ratio (S/N> 80) spectra, extracted from
LAMOST DR1 in SDSSg band. The indexδS for each of these stars is calculated
by the difference between itsSHK value and the baseline determined from very inac-
tive stars. The effect of metallicity on measurement ofδS varies with stellarTeff . No
evident Vaughan-Preston gap appears in our sample. The relation betweenδS and ver-
tical distance from the Galactic plane is determined for stars withTeff < 5500 K. Stars
with higherδS tend to be closer to the Galactic plane. Two open clusters in the DR1
sample, M45 and M67, exhibit the expected general trend thatδS decays with age.
For stars withTeff > 5500 K, similarδS levels appear in both young and old cluster
stars, which supports Pace’s suggestion that caution should be exercised when deriv-
ing the age of a single star by using its chromospheric activity. Finally, we investigate
the relation betweenδS and the kinematics of our sample.
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1 INTRODUCTION

For Sun-like stars, chromospheric activity (CA) is closelyrelated to the stellar dynamo, magnetism
and rotation (Middelkoop 1982a,b; Rutten 1984). It is generally accepted that magnetic activity in
late-type stars is the product of anα-Ω dynamo, which results from the action of differential rotation
at the tachocline (the interface between the convective envelope and the radiative core).

The most common indicator of CA is the well-knownSHK index, essentially the ratio of the
flux in the core of the Ca II H&K lines to the nearby continuum (Vaughan et al. 1978). Early work
by Wilson (1963, 1968) and Vaughan & Preston (1980) established CaII H&K emission as a useful
marker of CA in lower main sequence (MS) stars. CA is widely used as an age indicator for solar-
type stars. In late F to early M stars, Skumanich (1972) foundthat CaII H&K emission, magnetic
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field strength and rotation all decay as the inverse square root of stellar age. Several efforts have
been undertaken to calibrate the CA vs. age relation (see e.g. Soderblom et al. 1991; Lachaume et al.
1999; Mamajek & Hillenbrand 2008, and references therein).However, Pace et al. (2009) and Pace
(2013) suggested that the viability of this age indicator is, in the best case, limited to stars younger
than about 1.5 Gyr.

Studies of stellar CA in large samples of nearby stars have been undertaken (< 100pc; Duncan
et al. 1984; Henry et al. 1996; Gray et al. 2003, 2006; Wright et al. 2004; Jenkins et al. 2006,
2008, 2011; Arriagada 2011). The Sloan Digital Sky Survey (SDSS; York et al. 2000) has obtained
more than 464 000 stellar spectra. Most SDSS objects are moredistant than 200 pc. West et al.
(2004, 2008) investigated CA among M stars using SDSS spectra. They showed the fraction of
magnetically active stars (as traced by Hα emission) decreases as a function of the vertical distance
from the Galactic plane. Considering that active stars are generally younger than inactive stars, West
et al. interpreted this result in terms of thin-disk dynamical heating and a rapid decrease in magnetic
activity. Zhao et al. (2013) presented CA index measurements for over 13 000 F, G and K disk stars
with high signal-to-noise ratio (>60) spectra in a spectroscopic sample from SDSS Data Release7
(DR7). They also found the fraction of K dwarfs that are active drops with vertical distance from the
Galactic plane.̌Zerjal et al. (2013) measured the CA index of stars in the RAdial Velocity Experiment
(RAVE) catalog (Steinmetz et al. 2006) and found∼44 000 candidates of active dwarfs.

From 2011 to date, the LAMOST survey (Cui et al. 2012; Zhao et al. 2012; Liu et al. 2015) has
been conducted. About one million stellar spectra with stellar parameters have been released in the
DR1 catalog. The data collected so far comprise the largest sample of spectra that is available for
stars within 1 kpc of the Sun. In this paper, we describe a study of the CA distribution among this
large sample of F, G and K stars in the LAMOST catalog.

The existence of the Vaughan-Preston (V-P) gap (Vaughan & Preston 1980) has been investi-
gated or questioned by some authors. However, Gray et al. (2006) found no V-P gap for stars with
metallicity [M/H] < 0.2, suggesting a metallicity dependence on activity levelthat could be analyzed
using our large sample. Our main goal is to investigate the CAdistribution as a function ofTeff , CA,
[Fe/H] and kinematics. Although it is disputed whether CA can be used to derive individual stel-
lar ages, with low-resolution spectroscopy, it is generally accepted that young and old stars can be
distinguished by their CA level, permitting studies of young and old populations.

Section 2 presents a discussion of our data selection criteria. The measurements ofSHK are
discussed in Section 3. Section 4 presents our analysis of the CA distribution. We conclude with a
discussion of our findings in Section 5.

2 DATA

2.1 Overview of the LAMOST Spectroscopic Data

LAMOST, a quasi-meridian reflecting Schmidt telescope withan effective aperture of about 4 m
and a field of view of 5o, is operated by National Astronomical Observatories, Chinese Academy
of Sciences. It is a powerful instrument used to survey the sky with the capability of recording
4000 spectra simultaneously (Cui et al. 2012; Zhao et al. 2012). In its five-year survey plan, several
million stellar spectra are expected to be collected in about 20 000 square degrees of the northern
hemisphere (Deng et al. 2012). The LAMOST survey has internally delivered the first data release
(DR1). It contains 2 204 860 spectra with a resolution of∼1800 in a wavelength range of 3800–
9100Å. The catalog contains 1 085 404 stellar spectra with estimated stellar atmospheric parameters
and line-of-sight velocities.
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2.2 Data Selection

We selected F, G and K stars with S/N> 80 in SDSSg band from the LAMOST DR1 archive.
The sample was initially extracted mainly based on the criterion: 4000< Teff < 7000 K by cross-
matching sources in the LAMOST DR1 catalog, the Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010), the Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006) and PPMXL
(Roeser et al. 2010). Lower metallicity stars and giants were excluded by the constraint: [Fe/H]>

–1.0 and logg > 4.0 since our study focuses on solar-type stars. In stars older than 1 Gyr, the Ca
II emission lines in these low resolution spectra are very weak, so high S/N spectra are needed.
In addition, stars with proper motion accuracy worse than 6 mas yr−1 were excluded. With the
constraints mentioned above, 119 995 stars were selected.

The stars in this sample have WISE photometry (W1, W2, W3, W4)and 2MASS (JHKs) data
which allow us to derive star-by-star extinction values utilizing the Rayleigh-Jeans Color Excess
method (Majewski et al. 2011) based on the 2MASS and WISE (H-W2) color. The distance for each
star is estimated inJ−Ks vs. Ks from several isochrones. Details of the method that was usedare
similar to what is outlined by Tan et al. (2014).

3 SHK MEASUREMENT

Due to CA, emission lines appear in the core of a strong line. However, these features are very
weak in a low resolution spectrum for moderately active and inactive stars. We cannot expect to
measure the equivalent width caused by the CA. Thus, for eachstar, we calculated the flux ratio
SHK according to Zhao et al. (2013) which measures fluxes in 2Å rectangular windows centered on
the line cores of CaII H&K relative to two 20̊A rectangular ‘pseudocontinuum’ windows on either
side. Figure 3 in Zhao et al. (2013) shows the spectrum of an active star compared to that of an
inactive star. Ca II H&K emission lines can be seen in the spectrum of the active star as a filling in
of the absorption line cores.

Figure 1 displays the relations representing CA vs.Teff for our sample. Here,Teff is used instead
of color due to the difficulty of estimating extinction sincemost of our sample is in the disk with
low Galactic latitude. The top panel shows the relation betweenSHK andTeff . The black points are
the stars in our sample. Clearly, theSHK value is related toTeff . Like in Paper I and in Isaacson &
Fischer (2010), we defined a ‘zero’ emission line (magenta solid line by a fourth-order polynomial
fit using the blue filled points, each of which represents the mean value of the 5% least active stars
in each bin.δS is defined as the difference betweenSHK and this baseline. The bottom panel shows
δS vs.Teff . δS, which eliminates the effect ofTeff , is a better CA index thanSHK.

Figure 2 displays the density distribution in theδS vs. Teff panel. Here, color represents the
density of stars in each bin (bin size = 100 K inTeff and 0.01 inδS). The contours represent the
number of stars in each bin. There is an obvious peak in the distribution near 5500 K< Teff <6400 K
and0.1 < δS < 0.2.

4 ANALYSIS

4.1 CA and [Fe/H]

Generally, metal poor stars are older than metal rich stars and they show relatively lower CA levels.
However, the Ca II H&K absorption lines are weak in metal poorstars, which will lead to a higher
SHK flux ratio. Thus, metallicity can strengthen or weaken the CAlevel.

Figure 3 presents the relation betweenδS and [Fe/H] for our sample. We divided the sample
into bins with widthTeff = 100 K andδS = 0.01; colors represent the mean [Fe/H] of stars in
each bin. At first sight, there is no obvious relation betweentheδS and [Fe/H]. For stars withTeff

in [5700, 7000] K, metal-poor stars have a higher CA level than metal-rich stars, which might be
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Fig. 1 Top: SHK vs. Teff . The blue filled circles represent the most inactive 5% of stars in each
bin. The magenta line is the baseline for “inactive stars” byfitting these points with a fourth order
polynomial.Bottom: δS vs.Teff for our sample.

Fig. 2 Density distribution in theδS vs. Teff plane. Solid lines trace contours with constant star
counts. Color represents the density of stars in each bin.
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Fig. 3 Relation amongδS, Teff and [Fe/H]. The color in each block represents the mean valueof
[Fe/H] in each bin in (Teff , δS).

caused by the relatively weak Ca II H&K absorption lines. Most stars withTeff in [4800, 5700] K are
relatively metal-rich in our sample. TheδS vs. [Fe/H] relation for stars withTeff in [4000, 4800] K
is different. Metal-poor stars are found from top to bottom in this region. To sum up,δS and [Fe/H]
have a complex relation in our sample as well. Thus, [Fe/H] needs to be constrained to a relatively
shallow range in the following investigations.

4.2 CA Distribution

Vaughan & Preston (1980) measured H&K lines for 486 F, G, K andM MS stars and found that the
relative numbers of more-active (Hyades-like) and less-active (solar-like) F and G stars are roughly
consistent with a nearly constant rate of star formation in the solar neighborhood. However, an ap-
parent deficiency in the number of F and G stars exhibiting intermediate activity has been dubbed the
V-P gap. Henry et al. (1996) presented CA measurements of 800southern stars within 50 pc. They
also found a bimodal distribution of stellar CA in their sample. Gray et al. (2003, 2006) presented
the CA of 3600 dwarf and giant stars earlier than M0 within 40 pc of the Sun. They demonstrated
that the chromospheric emission parameterlog R′

HK has a bimodal distribution in the whole sample,
another possible manifestation of the V-P gap. However, they suggested that this bimodality is de-
pendent on metallicity. For stars with [Fe/H]> −0.20, the distribution is bimodal, but the distribution
is strictly single-peaked for stars with lower metallicity.

Figure 4 displays our sample’sδS distribution. Panel (a) represents the distribution of ourcom-
plete sample. Since most stars are inactive, we use logarithmic coordinates on the y-axis so that
the distribution of active stars can be easily seen. Only onepeak atδS ∼ 0.1 is apparent in our
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Fig. 4 δS distribution. Panel (a): theδS distribution of our complete sample. Panels (b)–(f): theδS

distribution for stars withTeff in [4000, 4500] K, [4500, 5000] K, [5000, 5500] K, [5500,6000] K
and [6000,7000] K, respectively. The dashed lines in panel brepresent a two-component Gaussian
fit to the bimodal distribution.

sample. From0.1 < δS < 0.6, the distribution declines rapidly, then becomes relatively flat from
0.6 < δS < 1.4. Panel (b) displays theδS distribution for cool stars, i.e. withTeff in [4000, 4500] K.
The two dashed lines are the Gaussian fits of what appear to be distributions. There is a weak peak
centered atδS ∼ 0.65. Panels (c)–(f) displayδS distributions forTeff between [4500, 5000] K,
[5000, 5500] K, [5500, 6000] K and [6000, 7000] K, respectively. We see no sign of a V-P gap in
our sample. Inactive stars dominate our sample in theTeff range [5500, 7000] K.

4.3 Activity and Vertical Distance from the Galactic Plane

Similar to the result of Wielen (1974) for K dwarfs, West et al. (2008) demonstrated that the fraction
of active M stars is a function of vertical distance from the Galactic plane, which they sought to
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Fig. 5 The δS distribution as a function ofTeff and vertical distance (Z) from the Galactic plane.
Six [Fe/H] ranges are plotted. The color of each bin represents the meanδS value.

explain by thin-disk dynamical heating. Paper I also suggested that the fraction of active K stars
decreases with vertical distance from the Galactic plane. We examined the relation betweenδS and
the vertical distance from the Galactic plane (Z). The difference with previous work is that we use
the meanδS value instead of the fraction of active stars.

Figure 5 shows the relation among the distribution ofδS as a function ofTeff andZ. To isolate
the effect of metallicity onδS, we divided our sample into six subsamples based on [Fe/H]. Here
color represents the meanδS value in each 100 K bin inTeff and the 50 pc bin inZ. Green denotes
lower δS while red denotes higherδS. As shown in Figure 5, stars withTeff in [5500, 7000] K do
not exhibit a relation betweenZ andδS. For stars withTeff < 5500 K, however, it is clear that
those with higherδS (active stars) lie closer to the plane. These active stars might be younger and
therefore disk heating affects these stars less.

4.4 δS and Age

Age is one of the most difficult properties of a star to determine. Among solar type stars, Skumanich
(1972) showed that CA depends on age. The common explanationfor this effect is that as the star
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Fig. 6 δS distribution of our sample overplotted byδS measured from two open clusters M45 and
M67. Green diamonds represent the member stars of M45. The solid green line is the least squares
fit with a fourth order polynomial. The red diamonds are the member stars of M67 and the red solid
line is a similar fit for its member stars.

ages, its rotation slows as a result of mass and angular momentum loss. This leads to a weakening
of the internal rotationally driven dynamo, and hence a decrease in magnetic heating and AC. More
detailed CA vs. age relations have been published by Soderblom et al. (1991), Donahue (1993),
Lachaume et al. (1999) and Mamajek & Hillenbrand (2008). However, Pace & Pasquini (2004) found
that, in several clusters older than 1 Gyr, the stars appeared to exhibit a constant level of activity. In
addition, Pace et al. (2009) suggested that stars change from active to inactive, crossing the activity
range corresponding to the so-called V-P gap on a timescale as short as 200 Myr. Moreover, Pace
(2013) presented an “L-shaped” CA versus age diagram, whichmeans that there is no decay in CA
after about 2 Gyr. However, we noticed that most stars in Pace’s work are F and G stars. TheδS
of F and G stars in our sample also shows a very narrow range, which is consistent with Pace’s
suggestion. Considering the weakness of CA in old stars, thevariation of CA due to “spot cycles”
may mask the decay of CA with age. For K stars, there might be a better CA age relation than for F
and G stars (Zhao et al. 2011).

Figure 6 displays theδS of two open clusters: M45 (Pleiades) and M67. The member stars of
M45 were identified from the cross-match between the catalogby Stauffer et al. (2007) and the
LAMOST DR1 archive. We found 79 member stars (green diamondsin Fig. 6) of this open cluster
with temperatures ranging between 4000 K< Teff < 6200 K. The green solid line is the least squares
fit of δS for these stars. Clearly, nearly all the member stars of thiscluster are located near the top
of Figure 6. The age of M45 is∼130 Myr (Barrado y Navascués et al. 2004). Young clusters have
high δS. The member stars of M67 were identified by Xiang et al. (2015). About 106 member stars
of M67 appear in Figure 6 (red diamonds). The red solid line isthe least squares fit ofδS vs. Teff

for these stars. M67 is an older cluster (∼ 4.05 Gyr; Jørgensen & Lindegren 2005). Unfortunately,
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theTeff of its member stars is only in the range [5300, 6300] K becausecooler stars at this distance
are too faint to observe. Thus, the trend for stars in this cluster belowTeff ≃ 5300 K is incomplete.
Although there is scatter, the red solid line is located below the green solid line, a result of the CA
age relation. For stars hotter thanTeff ≃5300 K, theδS separation between these two lines is so
small that it would be difficult to derive individual stellarages using CA in thisTeff range, which is
consistent with Pace’s work that demonstrates F and G stars in both young and old clusters might
have the same level of CA. However, our results suggest CA statistically decays with age. TheδS
range of stars cooler thanTeff ≃5500 K is relatively wide. Here, there is a good potential to calibrate
the CA vs. age relation. For these stars,δS tends to be lower for stars farther from the Galactic plane;
this also hints that CA decays with age.

4.5 Kinematics of the Sample

A recent study of the kinematics of M dwarfs in the solar vicinity by Bochanski et al. (2005) showed
that the most chromospherically active (i.e. youngest) stars have a lower velocity dispersion than
non-active (i.e older) stars. Because of this and their ubiquity, late-type stars are excellent tracers
of the Galactic potential (Bochanski et al. 2007). Distinguishing between young and old stars is
crucial to understanding the kinematics of the Galaxy and the stellar formation history in the solar
neighborhood (López-Santiago et al. 2007). Our sample, composed of F, G, K and M stars, is very
well-suited to studying the kinematics related to CA. To reduce the effect of metallicity on CA,
we selected a “solar metallicity” subsample limited to [Fe/H] in [–0.3, 0.3]. We further limited the
sample to stars with 4000 K< Teff <5500 K since (as previously shown in Fig. 6) there is a wide
range in CA, offering the potential to derive a good CA vs. agecalibration.

The rectangular velocity components relative to the Sun forstars in our subsample were com-
puted and transformed into Galactic velocity componentsU, V andW, and corrected for the peculiar
solar motion (U, V, W) = (–10.0, 5.2, 7.2) km s−1 (Dehnen & Binney 1998). TheUVW-velocity
components are defined as a right-handed system withU positive in the direction radially outward
from the Galactic center,V positive in the direction of Galactic rotation, andW positive perpendicu-
lar to the plane of the Galaxy in the direction of the north Galactic pole. Our typical uncertainties in
U, V andW are no more than∼20 km s−1.

Figure 7 showsδS and space motion componentsU, V andW as a function of vertical distance
from the Galactic planeZ. The left panels display the relation betweenZ and the mean value of
UVW; the right panels show the relation betweenZ and the dispersions ofUVW. The top, middle and
bottom panels show the relation betweenZ and the componentsU, V andW, respectively. The filled
squares are the mean value or dispersions of each bin. Three solid lines in each panel correspond to
differentZ values. The green lines represent the stars with 0< Z < 200 pc; the blue lines represent
stars with200 < Z < 400 pc; the purple lines represent the stars with400 < Z < 600 pc. The
x-axis in each panel isδS. In each panel a diamond represents stars with0.5 < δS < 0.6; there
were so few stars in this range that we did not make separate plots in this range for differentZ.

Figure 7 provides a good summary of space motions and velocity dispersions as functions ofZ

andδS. As expected, stars far away from the Galactic plane have higher velocity dispersion. Also,
the dispersions tend to be larger for inactive stars and smaller for active stars, which is consistent
with the conclusion of Bochanski et al. (2005). We surmise this is because the disk is gradually
heating.

5 DISCUSSION

We selected a sample of∼ 120 000 F, G and K stars from the LAMOST DR1 archive, which is
an unprecedentedly large sample for study of CA. The CA indexδS was measured for these stars,
calculated as the difference betweenSHK and a ‘zero’ emission line fitted using several of the least
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Fig. 7 The mean value and scatter of the space motion componentsU, V andW as a function ofδS
and vertical distanceZ. Left panels: relation between the mean value ofUVW in each bin,δS and
Z; Right panels: relation among the scatter ofUVW in each bin,δS andZ. Squares are the mean
and dispersion values in each bin. The diamonds represent the mean value (or the scatter) of the stars
with 0.5 < δS < 0.6. Green represents stars in [0, 200]pc; blue represents stars in [200, 400]pc;
purple represents stars in [400, 600]pc.

active stars across the whole range ofTeff . We found that metallicity affects CA differently for F, G
and K stars; there is no evident relation between CA and metallicity among G stars, but some F stars
seem to have stronger CA, perhaps because of their lower metallicity. We found no evidence for a
V-P gap in our sample although there is a hint of a bimodal distribution in the coolest K-type stars.
Perhaps this is a result of contamination by active early M-type stars, whose activity stays constant
for a long time before turning off abruptly at an age that depends on mass (Silvestri et al. 2005).
Stars hotter than aboutTeff ≃5500 K exhibit a narrow range ofδS values.

The distribution ofδS as functions ofTeff and vertical distanceZ from the Galactic plane were
investigated. Only stars withTeff < 5500K show a correlation withZ. Active stars lie closer to the
Galactic plane but inactive stars tend to be farther away from the Galactic plane.

Regarding the CA vs. age relation, we generally support Pace’s suggestion that more caution
should be used when deriving stellar age based on their CA. However, for stars withTeff < 5500K,
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there may well be a strong relation between CA and age. In two open clusters, M45 and M67, young
stars and old stars can be statistically discerned by using CA.

We also examined the kinematics of stars in our sample. The relations among the dispersion
of UVW velocity, CA and vertical distance from the Galactic plane were investigated. Our sample
supports the notion that active stars tend to have relatively smallerUVW velocity, which is consistent
with the theory of disk heating.
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