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Abstract

Evolution timescale of pre-main sequence stars and protoplanetary disks are de-
rived with the age determination method based on high-resolution spectroscopy. Es-
timating the evolution timescale of the pre-main sequence stars and protoplanetary
disks play an important role in revealing the formation and the evolution process of
the photosphere, disk, and the protoplanets. The formation of the gaseous planets
and hot Jupiters is dependent on the gas dissipation timescale in the disk.

The evolution timescale estimated in the previous study is based on ages of pre-
main sequence stars estimated from the photometric observations. The ages of the
pre-main sequnece stars are able to be determined by comparing the luminosity and
the effective temperatures to the stellar evolution model. Since the luminosity of
the pre-main sequence stars contains the uncertainty of distance, extinction, and
veiling, the age determination based on the photometric observation is difficult.

To estimate the age of the pre-main sequence stars with no contaminations of the
uncertainties of distance, extinction, and veiling, the new age determination method
based on the high-resolution spectroscopy is presented in this study. The ages of
the PMS stars can be calculated from the surface gravity due to the photospheric
contraction during the evolution. Equivalent widths of the absorption lines from
stellar atmosphere depend on the effective temperature, metallicity and the surface
gravity. It is also free from the distance and extinction uncertainties. To estimate
the surface gravity with no contamination caused by the veiling, the equivalent width
ratios calculated by using the nearby absorption lines were developed as a surface
gravity diagnostic.

The equivalent width ratios (EWRs) of the Fe (8186.7A and 8204.94) and Na
(8183,3A and 8194.84) lines in the optical I-band (Fe/Na) and the Sc (22057.84
and 22071.34) and Na (22062.44 and 22089.7A) lines in the near-infrared K-band
are established as surface gravity diagnostics of the pre-main sequence stars with
mass of 0.8 Mg and 0.6-0.7 My, respectively. The relation between the EWRs and
the surface gravity were estimated by observing the giants and the main sequence
stars. For the Fe/Na, 25 giants and 4 main sequence stars with the effective temper-
ature of ~4200 K were observed with the Okayama Astrophysical Observatory 1.88
m telescope HIDES and the Subaru Telescope HDS. The spectra of 10 giants and
10 dwarfs with the effective temperature of ~3800 K were obtained by the obser-
vation using the United Kingdom Infrared Telescope CGS4 and Subaru Telescope
HIDES, and the archival data for the Sc/Na. From the estimated EWR - surface



gravity relation, the age determination accuracy were within the factor of 1.5 in
both method.

Ages of 9 pre-main sequence stars were determined with the established EWR
method, with no contamination of the uncertainty of distance, extinction, and veil-
ing. From the estimated ages, the relation between the age and the disk evolution
was found, which did not appear from the result of the age estimated by photometric
studies. The dissipation timescale of the protoplanetary disks determined from the
age estimated by the EWR method was 4.0 Myr.
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Part I
Age Determination Method of Pre-Main Sequence Stars
with High-Resolution Spectroscopy



1 Introduction

1.1 Evolution of Young Stars

Study of young stars plays an important role in revealing the universal formation
of stars and planets. Estimating the physical parameters of the photosphere such as
masses, temperatures, luminosities, and ages allow us to understand the environment
of the star itself, and the detailed direct imaging toward these stars unveil the
circumstellar disks (e.g. Itoh et al., 2002; Fukagawa et al., 2004; Hioki et al., 2007)
and protoplanets (e.g. Marois et al., 2008; Kalas et al., 2008).

1.1.1 Formation Process of Stars

Protostars

Stars with a mass comparable to Sun (1 Mg) form in the molecular cloud,
where the number density of the molecular hydrogen is ~ 10%cm™3. When the
number density increases to ~ 10%cm™3 through the gravitational " first collapse”,
the gas clump reaches to a state of dynamic equilibrium, creating a core of the
protostar which is called ”the first core” (Masunaga, Miyama, & Inutsuka, 1998).
The central temperature and the mass of the first core is around 1000K and 0.01 Mg,
respectively. Since the first core stage ends in 10* years, it is yet to be observed. The
temperature increases due to the continuing gas accretion. The hydrogen molecules
dissociate when the central temperature becomes about 2000K. The pressure of the
gas decreases since this dissociation is an endoergic reaction. This leads to a "second
collapse”, and forms a protostar.

The protostar phase is defined as a period of the significant mass increase due to
the accretion (Hanawa et al., 2008). This phase continues for around 10%-108 years.
Protostars are surrounded by envelopes and disks. The gas first accrete from the
envelope to the disk, and fall to the photosphere. The infall rate from the envelope
to the disk is 1075 M, per year (Shu, Adams, & Lizano, 1987).

Another name it is known by is Class I stars, due to the classification of Lada
(1987, figure 1). These stages are distinguished based on the spectral energy distri-
bution (SED) of the star. The SED of a protostar shows a large infrared excess due



to the disk and the envelope. For the classification of the young stars, Lada (1987)
made a definition based on the slopes of the SED at 2 - 20 ym. The index « is:

_dlog()\F)\)
T dlog) (1)

The class I stars are defined as a> 0. The star with a=0 is called a flat spectrum
objects, which is the stellar stage between Class I and Class II.

Pre-Main Sequence Stars

After most of the circumstellar materials accreted to the star, the star initiates
the pre-main sequence stage. The interior of the low mass stars (< 2Mg) in this
phase are fully convective (Hayashi, 1961). In this stage, the star radiates by releas-
ing the gravitational energy. The relation between the luminosity (L), radius (R),
and effective temperature (T") of the star is expressed the following equation

L = 47 R%cT*, (2)

where o is the Stefan-Boltzmann constant. Since most of the gravitational energies
are converted to the radiation, the effective temperature of star in the fully convec-
tive phase remains constant. Therefore, pre-main sequence stars contract as they
evolve, and become dim. The evolution tracks of the pre-main sequence stars in the
Hertzsprung-Russell (H-R) diagram first descend nearly vertically, which is so-called
Hayashi Tracks (figure2). The pre-main sequence stars with a solar mass spend sev-
eral 108 to 107 years in this phase. The timescale of the gravitational contraction is
expressed as the Kelvin-Helmholtz timescale

GM? 3)

RL’

where G is the gravitational constant. The txy will increase as the star contracts,
and therefore the contraction of the star gets slower as the star evolves.

During the contraction of the photosphere, the core temperature keeps increas-
ing. As the inner temperature rises, the convective zone shifts outward, and the
radiative core will be created. In this phase, the effective temperature starts in-
creasing and the luminosity stops decreasing. This is called the Henyey phase.

When the central temperature of the star reaches to 1.5 x 107K, nuclear fusion
reaction of hydrogen will begin in the core. The star will join the main sequence
phase at this point, and the contraction ends due to the pressure of the reaction.
The star with 1 Mg spends ~ 108 years in the pre-main sequence phase.

tky =



The stars in the pre-main sequence stage are divided into two classes, based on
the SED classification (Lada, 1987). Class II stage contains a star with -2 < & < 0,
as defined in equation (1). Pre-main sequence stars in this stage has an optically
thick disk and bipolar outflows. The ages of Class II stars are in the order of 10°
years. Since the envelope dissipates in this stage, it can be -observed in optical and
near-infrared wavelengths. These stars are equal to the stars called classical T Tauri
stars (CTTSs). CTTSs show strong emission lines, especially Ha. CTTS is defined
as a star with equivalent width! of the Ho line larger than 10 A. This emission line
arises by the gas accretion from the protoplanetary disk to the photosphere. Some
forbidden lines also appear due to the jet and outflow, which play an important role
in releasing the angular momentum.

The Class III objects are the evolved pre-main sequence stars, which show a
small infrared excess (-3< o <-2). The ages of these stars are ~ 107 years. An
optically thin, evolved disk surrounds the photoshpere. It is also called weak-lined
T Tauri star (WTTS), where the EW of the He line is smaller than 104. The small
EW indicates that the accretion from the protoplanetary disk has reduced compared
to the CTTS. This also suggests that the disk around the class III objects has an
evolved disk.

'Equivalent width (EW) is an indicator of the strength of the absorption and emission lines.
This is defined as
EW = /(Fc — F)\)d\/ F, 4)

where F, is the flux of the continuum and the F) is the flux of the spectrum{figure3).



1.1.2 The formation and evolution of protoplanets

Protoplanetary disk is the birthplace of planets. The primordial disk is composed
mostly of hydrogen and helium gas. It also contains dusts, a few percentage in mass
compared to the gas. The size of the dusts are thought to be around 0.1 um. The
dust collide each other when the gas and dust settle to the disk plane, and the size
grows to an order of centimeter. The dust collision will create many planetesimals,
the seeds of the planets. The size of the planetesimals are 1 - 10 km. The orbits
of these objects get messed up due to their gravitational attraction, which invoke
the "Runaway growth” (Kokubo & Ida, 1996), and produce protoplanets. When
the mass of the protoplanets reaches to 5 - 10 earth mass, which is mostly created
beyond the snowline due to the rich icy planetesimals, the gas falls and the gas
giant planets are created. Solid, a terrestrial planets form in the inner disk, where
the protoplanets will not gain enough mass to create gaseous planets. The gas and
the dust evolution process play a key role in the planet formation. Therefore, the
gas and dust evolution timescale should be estimated precisely to reveal the planet
formation.



1.2 Importance of the Age Determination of Pre-Main Sequence
Stars

Many of the formation and evolution processes of the stars and planets are still
unrevealed. One of the unveiled processes is the dissipation of the disk. Generally,
the disks become optically thin during the evolution, due to the accretion and the
dissipation of the gas. However, the disk with an inner hole has been discovered in
recent years. These disks are called ” Transition disks”, which is a state in between
the CTTS and WTTS disk (Najita, Strom, & Muzerolle, 2007). The creation process
and the evolution timescale of the transition disks are has been estimated (e.g.
Bertout, Siess, & Cabrit, 2007), but some confusion remains (see part II). The
other process is the rotational spin up of the photosphere. Since the star contracts
during the evolution, the rotation velocity of the photosphere increases as the star
evolves. However, the rotation velocities of the main sequence stars are slower
compared to the WTTSs. Therefore, there should be a mechanism to eject the
angular momentum, which is still unknown. Also, the timescale of the angular
momentum ejection is not studied. Therefore, it is important to estimate the ages
of the pre-main sequence stars to solve these problems.

The age of the pre-main sequence stars are also an excellent tool to study the
star formation history. Palla & Stahler (2002) combined the ages and the stellar
positions of the pre-main sequence stars in the Taurus-Auriga star forming region.
From their study, the young stars in this region first formed at a relatively low level
for about 107 years, and then the star forming rate increased in the last million years.
Consequently, the age of young star is a vital parameter in the star-formation study.
The accurate age determination will reveal the detailed star and planet formation
mechanism.

1.2.1 The General Age Determination Method of Pre-Main Sequence
Stars

As a star evolves, the photosphere contracts and the luminosity and the effective
temperature varies (figure 2). Hence, the age of the pre-main sequence star is able to
be determined by estimating its luminosity and effective temperature. Strom et al.
(1989) observed the optical and near-infrared fluxes of 83 pre-main sequence stars in
the Taurus molecular cloud. From the multi-wavelength study, the luminosity and
the effective temperature was estimated by fitting the SED. The ages of the stars
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were then estimated by comparing this result with the evolution tracks. Kenyon &
Hartmann (1995) also estimated the age of the young stars in the Taurus-Auriga.
To estimate the age of the pre-main sequence stars with a high precision, it
seems that an observation with accurate luminosity and effective temperature de-
termination is needed. However, the luminosity of the pre-main sequence star is
contaminated by several dimming or brightening effects and uncertainties.

(1) Distance
To estimate the luminosity of the star, accurate distance estimation is neces-
sary. The absolute V' magnitude My is derived from the following equation

My = my — 5log(r) + 5, (5)

where m is the observed magnitude of the star and the r is the distance in
parsec(pc). Then, the bolometric magnitude M, is estimated as

M1 = My + BC, (6)

where BC is the bolometric correction. The luminosity (log(L/Lg)) is finally
derived by the equation

4.74 — M,
log(L/Le) = ”“'—igﬂ» (7)

where 4.74 is the absolute bolometric magnitude of the Sun.

The most accurate method to determine the distance is to estimate the par-
allax of the star. Wichmann et al. (1998) estimated the distance of three star-
forming regions, Taurus-Auriga, Lupus, and Chamaeleon by observing the par-
allax of 4-5 pre-main sequence stars in each region. The Hipparcos satellite was
used to obtain the parallaxes of the stars. The estimated distance to these regions
were 142 + 14pc, 190 £+ 27pc, and 160 + 17pc, respectively. However, we have to
note that these results were derived from the most luminous stars in each region,
and some of the stars are multiple (e.g. T Tau).

Since the Hipparcos satellite observation is carried out in V-band and the
measurement limit of the distance is ~ 200 pc, the distance estimation by this
method are available for the bright, uncovered stars in nearby star-forming re-
gions. Therefore, the distance to the star-forming regions are mainly calculated
by an indirect method, such as estimating their distance range by observing how
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far the foreground and the background stars are (e.g. Hearty, 2000; Luhman,
2001). Consequently, the distances of the star-forming regions are affected by a
systematical error, and has a large error.

(2) Extinction

The circumstellar materials shade the light from the photosphere. This is
called the extinction, which makes the star dark, and therefore the pre-main
sequence stars are difficult to observe. The flux of the star in each wavelength
is dimmed under the extinction law (e.g. Cohen et al., 1982). The extinction
magnitude (Ay) of the pre-main sequence star is determined by fitting the SED to
the result of multi-wavelength photometric observations. The fitting is conducted
by changing the amount of effective temperature and the extinction. Ay also
varies from work to work, depending on which wavelength is used as the most
unaffected by the veiling (see next paragraph for more details). Previously, the
near-infrared J-band (1.1pm) was mainly used. However, Cieza et al. (2005)
argued that the more suitable wavelength is the optical I-band. The extinction
estimated in each method are not equal, and therefore it makes the luminosity
determination difficult. For example, the Ay of V827 Tau, a WTTS in the
Taurus-Auriga star-forming region, shows different amounts in the work of Furlan
et al. (2006) and Bertout, Siess, & Cabrit (2007). Furlan et al. (2006) assumed the
J-band as the most unveiled wavelength, and estimated the Ay as 1.00 mag. On
the other hand, Bertout, Siess, & Cabrit (2007) used the I-band, and Ay = 0.28
was their result. The age calculated for the V827 Tau from each Ay, comparing
the luminosity with the evolution model of Baraffe et al. (1998), will be < 1.0Myr
and 2.8Myr, respectively. The extinction uncertainty will make a large difference
in the age determination.

(3) Veiling

Pre-main sequence stars show a continuum excess at the wavelength shorter
than the ultraviolet and longer than the near-infrared. The ultraviolet excess
arises by accreting materials from the disk to the photosphere. Hydrogen sur-
rounding the star radiate by free-bound and free-free emission where the tem-
perature is around 20000K (Rydgren, 1976). The near-infrared excess was first
discovered by Mendoza (1966). Myers et al. (1987) suggested that this emission
arises from the circumstellar disk. Dust in the disk are heated by the photo-

12



sphere, and re-radiate in the wavelength longer than near-infrared, due to the
temperature of the disk materials.

These excesses are called ”veiling”, since these are the continuum emission
with no absorption or emission features and therefore makes the absorption lines
of the stellar atmosphere shallow (Joy, 1945, 1949). The amount of the veiling
r is defined as the proportion veiling to the stellar continuum; r=1 means that
the star has a veiling equal to the stellar continuum. Basri & Batalha (1990)
estimated the optical r of the pre-main sequence stars in the Taurus molecular
cloud. They obtained the high-resolution spectra of the stars, and fit the veiling-
added dwarf spectra. The typical r of the CTTSs are from 0 to 2-3, and it is said
that there is a time variation (Basri & Batalha, 1990). Also, since the standard
spectra, are those of main sequence, the photospheric absorption features are not
equal, due to the surface gravity. Therefore, it is difficult to estimate the value of
r precisely. The ages of the pre-main sequence stars in Taurus-Auriga estimated
by Bertout, Siess, & Cabrit (2007) was based on an assumption that the excess
contribution in I-band is the smallest. However, since the excess in the I-band is
not zero, it is impossible to estimate the luminosity without the contamination
of veiling.

For these reasons, age determination of pre-main sequence stars with a photo-
metric method includes large systematical errors. Hence, it is difficult to obtain the
accurate, correct age from this method. To derive the formation and the evolution of
the pre-main sequence stars and planets, it is necessary to estimate the accurate ages
of these stars with a new method which is free from the uncertainties of distance,
extinction, and veiling.

13



2 New Age Determination Method

To estimate the age of a pre-main sequence star with no contaminations of the
uncertainty of distance, extinction, and veiling, a new age determination method is
necessary. Since the luminosity of the stars are influenced by these effects, the new
technique needs to use an indicator instead of luminosity. In this study, the surface
gravity is used for the age determination.

2.1 The relation between Age and Surface Gravity

The photosphere of a pre-main sequence star contracts during the evolution, due
to the gravitational contraction. Hence, the surface gravity increases during the
evolution, due to the following equation

9= pr (8)
where g is the acceleration of gravity (cm/s?), G is the gravitational constant, and
the M and the R are the mass and the radius of the star, respectively. The relation
between the log g and the evolutional track is shown in figure 4. Figure 5 shows
the relation between the stellar age and the surface gravity. During the pre-main
sequence stage, the surface gravity of a pre-main sequence star becomes 10 times
larger, on average, and reaches the main sequence. From this relation, the ages
of the pre-main sequence stars are able to be estimated by estimating its surface
gravity, instead of luminosity.

2.2 Surface Gravity Estimation with High-Resolution Spectroscopy

To estimate the surface gravity of pre-main sequence stars, high-resolution spec-
troscopy is suitable. The strength of the atomic absorption lines are sensitive to
the metal abundance, effective temperature, and the surface gravity of the star,
therefore the equivalent width is a fine diagnostic of these parameters.

14



2.2.1 Line Absorption Coefficients

The strength of the equivalent width depends on the line profile of the absorption
line. The depth of an absorption line r) at the wavelength A is defined as

F.-F
TA=CT)‘, 9)
c

where F, is the flux level of the continuum, and F is the flux in the absorption line
feature. The strength S of the absorption line is

S = / radA. (10)

The continuum flux F; depends on the continuous absorption coefficient k(cm?2-g71)
and the Fy is given by the line absorption coefficient x)(cm? - g71). Therefore, r

could be written as .
Ty~ ?* (11)

Continuous Absorption Coefficient
In the stars with the mass nearly equal to sun, the H~ plays a role in the
continuous absorption coeflicient x. From the equation of Saha,

N, 5040 5 -2
r+1 cPy=—xy - _0 + =logT — 0.48 + log -uri——, (12)

log T T3 u

the k is able to be expressed as
K= ClT“%Pe exp(0.75/kT) (C; : constant) (13)

where N,. N,yi are the number of atoms which is neutral and one level ex-
cited, P, is the electron pressure, X, is the ionization potential, T is the effective
temperature, u is the weight, and k is the Boltzmann constant (Gray, 1992).

Line Absorption Coefficient
An absorption line is separated into two parts; the core and the wing. The
line absorption coefficient k) is defined in each part. For the core part, the £)core
is 2 2
e”  XNS _(ax/arp)?
— L2 TS 14
K)core Wmcz AN € 3 ( )
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where e and m are the electron charge and mass, c is the light speed, A is the
central wavelength of the absorption line, A\ is the difference from the A9, AAp
is the doppler width, N is the number of the excited element, and f is the weight.
The Kxwing is defined as

B ywing = 7= 5 """ Ao (15)

where v is the damping constant (Unsold, 1968). The line profile of the core and
the wing are able to be approximated by gaussian and lorentzian, respectively.
Hence, the full absorption feature can be approximated by the voigt function,
which is the convolution of gaussian and Lorentzian.

2.2.2 Relation between the Line Strength and the Stellar Parameters

Effective Temperature
The number of the excited atom N is expressed as

Np = Cy - gnexp(—x/kT) (Ca: constant) (16)

where x is the excitation potential. The N increases with the increasing T,
until the element starts ionizing. When the effective temperature reaches to
the temperature where the element starts ionizing, the N, will also depend on
equation (12).

Surface Gravity
The wing of the absorption line reflects the surface gravity. In stars with
low effective temperature (~ T of Sun), the x is dominated by negative hy-
drogen ion. In this situation, the ratio of the line absorption coefficient and the

continuous absorption coefficient will be expressed as

KX
—= ~ (3 - v(Cs : constant). (17)
K

Due to the van der Walls broadening, the v is proportional to g% (Unsold, 1968).
The wing of an absorption line extends as the surface gravity increases, and there-
fore the equivalent width will also increase. However, this variance occurs when

16



the absorption line is reached to the limiting depth (Unsold, 1968). For other
lines, the core part of the absorption line becomes shallow with the increasing
surface gravity. From the equations (11), (13), (14), and (16), the depth of the
core is expressed as

5
kx T2 x +0.75
A - 4 Ty, 1
2 = Fe(-X720) (18)
Since the electron pressure P, is
P, ~Cy- g% (C4 : constant), (19)

the strength of the absorption lines decreases as the surface gravity increases.
This is dependent on the continuous absorption coefficient. When the surface
gravity is large, the density of the stellar atmosphere increases and the opacity
arises. Hence, the amount of the absorber relatively decreases.

17



2.2.3 The Advantage of Equivalent Width and Equvalent Width Ratio

One of the best points of the surface gravity estimation from the high-resolution
spectroscopy is that the equivalent width is independent of distance and extinc-
tion. This is because the equivalent width is derived by dividing the strength of an
absorption line by the continuum flux, which means that it is normalized.

However, the equivalent width still depends on the veiling. As mentioned in
section 1.2.1, the observed absorption lines of the pre-main sequence stars are rel-
atively weak. This is caused by the added excess from the circumstellar disk to
the photosperic radiation (figure 6). The equivalent width of the veiled absorption
line becomes smaller than the original amount. The equivalent width (EW) of the
absorption line with an area of S in a spectrum with continuum level of I and veiled
with r will be expressed as

S
I+r
Since this " filling” effect is difficult to remove, the accurate surface gravity estimation
from a typical spectral analysis is demanding.

Taking the ratio of the equivalent width (EWR) of the absorption lines is a
suitable method to remove the veiling. Meyer et al. (1998) identified the EWR of
OH (1.6892um) and Mg (1.5760um) as a diagnostic of Teg. They also used the
EWR of CO (1.6207um + 1.6617um) and Mg (1.5760um) as a luminosity indicator
(which reflects the surface gravity). Doppmann & Jaffe (2003, 2005) derived the T,g,
radial velocity, and the amount of veiling by fitting observational 2.2pm spectra with
synthesized spectra. They estimated the surface gravity by calculating the EWR of
the Na interval at 2.2um (including the absorption lines of Na, Sc, Si) and the CO
bandhead at 2.3um. However, when the EWR is calculated by taking the ratio of
absorption lines separated, a correction for the amount of veiling is necessary, since

EW = (20)

it is wavelength dependent.

To derive the photometric EWR directly from observed spectra, without any
veiling correction, we calculate EWRs using closely spaced absorption lines. This is
practicable because the effects of veiling are nearly constant over small wavelength
ranges (figure 7). Considering two nearby absorption lines (I, I3) with the area of
S1 and S, in a spectrum with continuum level I and veiled by r, the equivalent
width (EW) of each line is expressed as

S1 S

W= Ve = 1

(21)
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Then, the ratio of these EWs will be

EW, T'S+r 51
EWR = - il (22)

which shows that the EWR is free from veiling. In addition, assuming the abun-
dance ratios of the elements are equal, EWR has no dependence on metal abundance.
Therefore, the EWR only depends on the effective temperature and the surface grav-
ity of the star. To estimate the age of young stars with completely no contamination
of distance, extinction, and veiling, deriving the surface gravity with the EWR cal-
culated with the nearby absorption lines is suitable. To achieve this, it is necessary
to create a surface gravity indicator with EWR, by observing the stars with various
surface gravities, and fixed temperature.

2.2.4 Line Pair Selection

To create a valuable surface gravity diagnostic with the EWR, the line pair
selection is important. The most suitable pair is a combination of a line reached to
the limiting depth, and a line close to that which is not reached to the limiting depth.
The equivalent width of the former line increases with the increasing surface gravity,
since the damping wing broads (equations (12}, (14) in 2.2.2). On the other hand, the
equivalent width of the latter line decreases in the large surface gravity star, because
the continuum opacity increases (equations (15), (16) in 2.2.2). Consequently, the
ratio of these two lines is thought to be a sensitive surface gravity diagnostic.

Absorption lines in the optical I-band and the near-infrared K-band was se-
lected for the surface gravity diagnostic creation. Since the pre-main sequence stars
are usually embedded in the interstellar materials, it is easier to observe in the
long wavelength. The Na lines in both band (I: 8183,34, 8194.84, K: 22062.4A4,
22089.7A) are the strong lines reached to the limiting depth, and therefore these lines
are suitable for the EWR. In the I-band, the close Fe lines (8186.74, 8204.94) are
selected for the EWR calculation. For K-band, the Sc lines (22057.84, 22068.74)
are selected, since they are close to the Na lines, and are sensitive to the surface
gravity (Greene & Lada, 1997). To reveal the EWR - surface gravity relation which
is not dependent to the effective temperature, we observed the giants, subgiants,
and the main-sequence stars with fixed temperature. The temperature was set to
4200K (late K-type star) and 3800K (early-M type), for the I-band and K-band,
respectively.
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3 I-band Fe/Na for the late-K type stars

For the accurate age determination of late K-type pre-main sequence stars (0.8
Mg), the establishment of the surface gravity indicator using the ratios of Na
(8183,34 and 8194.84) lines and Fe (8186.74 and 8204.94) lines (Fe/Na) in I-band

is necessary.

3.1 Observations

3.1.1 Object Properties

30 giants (including subgiants) and 6 main-sequence stars were selected in order
to estimate the relationship between surface gravity (g) and the Fe/Na. The selected
sample objects and their properties are listed in table 1. All targets are single stars.
To avoid the absorption line blending of the primary and secondary spectra, the
binary stars are not included in the targets. 25 giants and 4 main-sequence stars
have Tig of 4200-4300K, since the radiation peak of these stars is in the I-band and
they are bright enough to observe. Five giants and two dwarfs with Tes of 4600-
4700K were also included to provide an estimate of the dependence of EWRs on
Teff-

To derive the surface gravity in advance, giants and main-sequence stars of which
parallax was measured by the Hipparcos satellite (Perryman et al., 1997) were se-
lected for the target stars. The log g of these objects was calculated as follows:

M T L
= log — — —log — +1
logg = log My +4log T og o + log 96, (23)

where M is the mass, T the effective temperature, and L the luminosity. The
luminosity was calculated from the V-band magnitude given in SIMBAD (taken
from previous photometric studies), and the parallax. For the effective temperature,
the T.g-spectral type relationship (Lang, 1992) was used. The error of the effective
temperature is not included in the log g estimation and therefore the error of the
log g may be underestimated. The relationship of M and spectral type in Drilling
& Landolt (2000) was used to derive the masses of the main-sequence stars. The
giant star masses were estimated by comparing luminosities and temperatures with
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the evolutionary tracks given in Lejeune & Schaerer (2001) (figure 8). Since giants
smaller than 2.0 Mg evolve rapidly after the helium flash, we used the pre-flash
evolutionary track, where the giants are in the red giant branch, for these stars. The
derived log g of B Gem (2.73+0.01) is consistent with the result of a spectroscopic
study (Drake, Smith, 1991), in which it was estimated as 2.75+0.15. The large error
in the surface gravity of the giants is attributable to the errors in luminosity (figure
8), which arise from the parallax errors.

Four WTTSs belonging to the Taurus-Auriga star-forming region were also added
to our samples to test the effectiveness of the derived EWR-log g relationship. The
log g of these WTTSs were also estimated from equation (23). Temperatures were
estimated using Lang (1992), following the procedure for the main-sequence stars.
We derived luminosities from photometry, including corrections for extinction (Ay),
since the excess from the circumstellar disk is small. The Ay for HBC 374 and
V827 Tau were taken from Kenyon & Hartmann (1995). For the other objects,
RX J0452.5+1730 and RX J0459.7+1430, we estimated the Ay by fitting the SED
corrected by an arbitrary Ay to the V, J, H, and K-band magnitudes (figure 9).
The V-band magnitude was taken from SIMBAD, and the 2MASS catalog was
used for the J, H, and K-band magnitudes. The estimated Ay was 0.69 mag and
0.67 mag for RX J0452.5+1730 and RX J0459.7+1430, respectively. The mass of
each star was estimated by using the H-R diagram, comparing the temperature and
luminosity with the evolutionary model of Baraffe et al. (1998). The mass of HBC
374 and V827 Tau were 0.8 Mg. On the other hand, the masses of RX J0452.5+41730
and RX J0459.7+1430 were 1.20 My and 1.25 Mg, respectively. The distance to
the Taurus-Auriga molecular cloud was fixed at 142+14pc (Wichmann et al., 1998).

3.1.2 Observation details

High-resolution I-band spectroscopy of 30 giants and 6 main-sequence stars was
carried out on 2007 January 17 to 24 and 2008 March 24 to 27 using the High Dis-
persion Echelle Spectrograph (HIDES) on the Okayama Astrophysical Observatory
1.88 m telescope. The slit width was set to 220um, giving a resolution of ~60000.
The angle of the red cross-disperser was selected to center the 69th order of the
echelle spectrograph (8165~8300A4) on the 2048x4096 CCD. The integration time
range was 90~7200 sec, yielding a S/N of ~100. The maximum integration time
was set to 1800 sec to reduce the risk of cosmic rays. Exposures of faint objects were
divided into several frames. Flat frame were taken using the flat lamp equipped in

21



the instrument, and were obtained at the beginning and end of each night’s obser-
vations. Bias frames and Th-Ar lamp frames for wavelength calibration were taken
with the same frequency.

The spectra of the 4 WTTSs were obtained using the Subaru Telescope with
High Dispersion Spectrograph (HDS) on 2007 September 18. The slit width was set
to 0.6” (R~60000). The instrument was set to the StdNIRb mode, to obtain the Na
and Fe absorption lines in the 73rd order. The integration time for each object was
900 sec. Flat, bias, and Th-Ar frames were also obtained.
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3.2 Data Reduction

3.2.1 Extracting the Spectra

The data were reduced using Image Reduction and Analysis Facility (IRAF)
software package?. The same procedures were applied to both HIDES data and
HDS data.

First, the bias was removed for each frame. The average level of the overscan
area in each frame was first subtracted. Next, the bias frame, which is a combined
bias frame obtained at the beginning and the end of the observation, was subtracted.

Flat fielding was accomplished with the normalized flat frame. Many fringes
appear in the wavelength longer than the I-band. The time variability of the fringes
was first checked by comparing the flat frames obtained in different time. Since
this variance was negligible, the flat frames were combined into a single frame. The
scattered light was removed by fitting the non-spectral area of the object frame with
a polynomial equation.

Finally, the spectrum was extracted from each object frame by tracing the spec-
tral region with the apall task. The extract format was set to ”echelle”. Since the
scattered light is already subtracted, the sky was not subtracted in this procedure.

After the spectra are extracted, the wavelength should be determined. The
comparison data obtained with the Th-Ar lamp were used for wavelength calibration.
By performing the identi fy task to the comparison data, the wavelengths are marked
in each echelle order, by identifying the Th-Ar emission. This result was then
referred to the stellar spectra data by using the task refspectra. Then, by running
the dispcor task, the wavelength calibrated spectra will be produced.

When the object was taken several times, in order to increase the signal-to-
noise ratio (S/N) of the dark stars, the spectra were combined after wavelength
calibration. The spectra were normalized at the continuum level and the doppler
shift was reduced in the last procedure. All of the obtained spectra of giants, main-
sequence stars, and the WTTSs are displayed in figures 10 to 13.

3.2.2 Equivalent Width Mesurement

The SPLOT task was used to measure the equivalent width of each line. The
equivalent widths of the lines were measured by fitting each spectrum. The core part

2IRAF is distributed by the National Optical Astronomy Observatory.
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of an absorption line is able to be approximate by the gaussian. On the other hand,
the wing of an absorption line is approximated by lorentzian. Therefore, all of the
absorption lines was fit with the Voigt function in this work, which is a convolution
of the gaussian and the lorentzian. The fitting of the Na lines and Fe lines were done
including the absorption lines, both stellar and telluric, which appear next to these
lines, since the edge of the absorptions have no small effect from the neighbors. The
telluric lines which appear in this wavelength were de-blended from the photospheric
lines during the fitting. The EWs of some Na and Fe lines were difficult to measure
because of heavy telluric line blending. The example of the spectrum fitting is shown
in figure 14.

The error in the equivalent width was estimated from uncertainty of the contin-
uum level. The wavelength range with no absorption features are selected as the
continuum region, which is from 8190-81924 in most of the spectra. The calculated
root mean square of the continuum level is defined as the error in this study. The
upper limit and the lower limit of the equivalent widths are estimated by fitting the
absorption lines at the upper level and the lower level of the continuum, respectively.
The measured EWSs of each object are listed in table 2.
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3.3 Results and Disscussions

3.3.1 Relationship between Fe/Na and Surface Gravity

The relationship between log g and the EWR of Fe and Na absorption lines
(Fe/Na) are derived from 25 giants and the 4 main-sequence stars of which Teg
are around 4200-4300K. The EWRs of four line pairs are calculated: Fe (8186.74)
/ Na (8183.34), Fe (8186.74) / Na (8194.84), Fe (8204.94) / Na (8183.34), and
Fe (8204.94) / Na (8194.84). Results are shown in figure 15. Filled squares and
triangles mark the EWRs of the giants and main-sequence stars, respectively. The
solid line in each graph is the best-fit line for these objects. In every case, the line
ratios decrease significantly with increasing log g. The averaged slope of the curves
in log g = 3.5-4.0 (a typical surface gravity for pre-main sequence stars) are -0.085,
-0.067, -0.084, -0.064 in Fe (8186.74) / Na (8183.34), Fe (8186.74) / Na (8194.84),
Fe (8204.94) / Na (8183.34), and Fe (8204.94) / Na (8194.8A4), respectively. The
EWRs falls to 20% on average, when the log g increases from 1.5 to 4.5. These
EWRs are considered to be excellent diagnostics for deriving the surface gravity.

Next, we calculated the EWRs of five giants and two main-sequence stars of
which T is 4600-4700K. The EWRs of these objects are shown as open squares
and triangles in figure 15. The best-fit line in each EWR is indicated as a dashed
line. The EWRs increase for higher-T.g objects at constant gravity over the range of
log g = 3.5-4.0. A comparison of fitted curves indicates that the EWRs of high-T.g
objects are 0.007-0.032 larger than the low-T.g EWRs in log g = 3.5. These results
indicate that the EWRs have an effective temperature dependency, and therefore,
to estimate the surface gravity with a high precision, it is necessary to establish the
EWR-log g relationship in each small effective temperature range.

3.3.2 Model Atmospheric Spectra Comparisons

We synthesized spectra using the SPTOOL program (Takeda, 1995), which cal-
culates model spectra based on the ATLAS 9 model (Kurucz, 1993). The model
spectra were calculated for T of 4200K and 4750K, and a range in log g of 1.0-
5.0, and the EWRs were estimated (figure 16). All of the EWRs calculated from
the synthesized spectra decreased with increasing log g. This is consistent with the
EWRs for the observed spectra.

In addition, although the EWRs of the observed spectra and the data from the
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SPTOOL are poorly matched especially in the EWRs from the 4750K model spectra
and the Fe (8204.9A) ratios, the EWRs of the high-T,¢ objects are larger than those
of low-Teg objects with a log g range larger than 3. This occurs because the EW of
the Fe lines increases, and the wing of the Na lines decreases in high-T.g spectra.

This discrepancy in the observed spectra and the model spectra could arise from
improper values of the excitation potential and the damping constant of the Fe and
Na lines. Since the both observed and synthetic EWRs match in the Fe (8186.74)
/ Na (8183.34) and Fe (8186.74) / Na (8194.84) EWRs, the excitation potential
and the damping constant of Fe (8186.74) line and both Na lines are seem to be
estimated correctly. In the Fe (8204.9A4) case, since the observed EWs were weaker
than the modeled EWs and has no strong wings, the excitation potential may be
underestimated. Further improvements on the line data will increase the utility of
this log g diagnostic.

3.3.3 The EWR of WTTSs

We next compared the EWRs of WT'TSs with the EWRs of giants and main-
sequence stars. Since the Na (8183.3A4) and Fe (8186.74) lines of the WT'TSs were
blended with the telluric lines, only the Fe(8204.94) / Na (8194.84) was obtained.

As seen in figure 17, the EWRs of two WTTSs (RX J0452.5+1730 and RX
J0459.7+1430, marked with open circles) with T,g=4590K are larger than the EWR
of the WT'TS (HBC 374, marked with filled circle) of which Teg is 4060K. This is
consistent with results from the fitted curves and the model spectra mentioned in
section 3.2.2. The EWRs of high-T,g WTTSs agree closely with the curve from
the 4600-4700K objects, and the EWRs of HBC 374 and V827 Tau fits the curve
approximated by the 4200-4300K objects. This result indicates that the surface
gravity of pre-main sequence stars is able to be determined from this relationship.

By using this relationship, the log g of these two WTTSs are estimated at 3.95,
which correspond to the age of 2.8 Myr in the evolution model of Baraffe et al.
(1998). This result agrees with the age derived from the photometric observation
using the extinction amount of Kenyon & Hartmann (1995) (table 3). However,
using the amount of extinction of Furlan et al. (2006) results the log g of HBC
374 and V827 Tau to 3.263 and 3.627, respectively. The ages of these two WTTSs
estimated by using this Ay will be less than 1 Myr, which mismatch our result.
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3.3.4 Age Determination Accuracy

The age of a pre-main sequence star is able to be estimated by comparing the
derived surface gravity with an evolution model. In our method, the accuracy of the
calculated ages depends on the precision of the surface gravity value obtained for the
pre-main sequence stars. This is dependent on the error in the EWR. We assumed
the EWR error of the pre-main sequence star as 7.0 x 1073, which nearly corresponds
to the error of HBC 374. The log g error calculated from this uncertainty is 0.1-
0.2 in the 3.5-4.0 range. Consequently, by comparing with an evolution model of a
0.8 Mg, star in Baraffe et al. (1998), the age of the pre-main sequence star can be
determined within a factor of 1.5, in average. This precision will be improved by
deriving the general EWR error in the other three EWRs. To adapt this method
to pre-main sequence stars of different temperatures, accurate estimations of the
relation of EWR-log g relationship for each Tog range are required. In addition,
an independent T, estimation is necessary in order to determine the log g of the
pre-main sequence star using this technique.
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3.4 Summary

A high-resolution optical spectroscopy was carried out to create a new age de-
termination method for late-K type pre-main sequence stars. The equivalent width
ratios were used as the surface gravity indicator, to avoid the problems from veiling
contamination and the uncertainties of distance and extinction.

The EW of the Na (8183.34 and 8194.84) and Fe (8186.74 and 8204.94) absorp-
tion lines in the I-band was used in this work. To derive the relationship between
Fe/Na and surface gravity, 25 giant stars, 4 main sequence stars, and 2 WTTSs
were observed with the Okayama Astrophysical Observatory 1.88 m telescope and
HIDES, and the Subaru Telescope and HDS. T.¢ of the objects were 4200-4300K
and the surface gravity was known from the previous photometric studies. All four
EWRs decreased with increasing surface gravity. Therefore, they are efficient diag-
nostics of surface gravity. Using the Fe (8204.94) / Na (8194.84) EWR, the log
g of pre-main sequence stars with 0.8 M can be estimated with an uncertainty of
0.1-0.2. From comparisons with an evolution model, we concluded that their ages
can be determined within a factor of 1.5.

Five giants, two main sequence stars, and two WTTSs with higher-T,g (4600-
4700K) were also observed to estimate the temperature dependence of the EWR. The
EWRs of the high-Tig objects were larger than those of the low Teg in the typical
pre-main sequence star surface gravity range. Therefore, to accurately determine
the ages of pre-main sequence stars with masses larger or smaller than 0.8 M, new
EWR-log g relationship for each Teg range are required.
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4 K-band Sc/Na for the early-M type stars

The age determination method mentioned in section 3 was optimized to the pre-
main sequence stars with the effective temperature around 4200K. Since the Fe/Na
ratios have an effective temperature dependency, it is unacceptable to adapt the
derived EWR-log g relation to the young stars with other effective temperature.
In order to establish a more universal age determination method using the EWR,
the EWR-log g relation in other effective temperature should be estimated. In this
section, the EWR age determination method for pre-main sequence stars with 3800K
using the Sc (22057.84, 22068.7A4) and Na (22062.44, 22089.7A) absorption lines in
near-infrared K-band will be presented.

4.1 Observations

4.1.1 Target Selection

In order to reveal the relation between the equivalent width ratios of Sc and Na
(Sc/Na) and surface gravity, it is necessary to obtain the spectra of stars with fixed
temperature and with different surface gravity. 10 giants, 10 dwarfs of which paral-
laxes are measured with the Hipparcos satellite (Perryman et al., 1997) are selected
as the targets. The surface gravity of these stars are calculated by the equation
(23) in section 3.1.1. The effective temperature of the targets were estimated by
comparing the spectral type given in SIMBAD and the temperature-spectral type
relationship (Lang, 1992). The V-band magnitudes of the targets were also quoted
from SIMBAD to calculate the luminosity of the targets. The bolometric correc-
tions for the luminosity calculation were also quoted from Lang (1992). The masses
of the main-sequence stars were estimated by comparing the spectral type and the
mass-spectral type relation in Drilling & Landolt (2000). For the masses of the giant
stars, we used the evolutional tracks of giant stars (Lejeune & Schaerer, 2001) as
assuming all the targets are in the red giant branch. The error of the calculated
surface gravity is attributed to the error of the parallax, and since the error of the
effective temperature is not included, it could be underestimated.

2 CTTSs and 2 WTTSs in the Taurus molecular cloud were also selected as the
targets. Since WTTSs have an optical thin disk, its luminosity is less contaminated
by veiling. We calculated the surface gravity of the WTTSs using equation 23. The
mass, effective temperature, and the luminosity are quoted from Bertout, Siess, &
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Cabrit (2007). The 2 CTTSs were selected to determine the ages with the derived
Sc/Na - surface gravity relation. The target properties are listed in table 4.

4.1.2 Opbservations Details

UKIRT/CGS4

8 giants, 6 main-sequence stars, and 4 PMS stars were observed using United
Kingdom Infrared Telescope (UKIRT) with Cooled Grating Spectrometer 4 (CGS4)
echelle mode, on 17 December, 2008. The resolution power was set to 38000 in
order to prevent the blending of the nearby absorption lines. The grating angle
was set to 64.7 degree to obtain the Sc and Na absorption lines in the 25th order
of the echelle (22000-22125A). The integration time was 8 seconds to 16 minutes
to achieve the S/N of 100. The maximum exposure time of the single exposure
was set to 60 seconds, to reduce the risk of cosmic rays and to subtract the
sky background accurately. Each frame was obtained by 2x2 exposure pattern,
in order to avoid the contamination by the bad pixels. From this observation
procedure, a single exposure creates 4 separate frames, and each of the frame is
shifted 0.5 pixels in the wavelength direction (figure 18). Therefore, the spectral
information of the range which is influenced by the bad pixel will be obtained by
other shifted images.

The ABBA exposure pattern was adopted for this observation. This method
exposes the star 4 times, and the second and third frame is integrated by nodding
the telescope 9 arcseconds along the slit, which is called the B position. The
position where the first and the last frame were taken is called the A position.
From this procedure, the sky and the dark is able to be subtracted simultaneously
(figure 19). The faint objects were integrated several ABBA exposures.

Flat frame were taken by using the flat lamp, and were obtained at the be-
ginning and the end of the observation. The Th-Ar lamp frames were taken with
the same frequency, to calibrate the wavelength. We also observed AQ type stars
as standard stars for the telluric absorption line correction. These standard stars
are selected for each target, to obtain the spectra of the telluric atmosphere in
similar airmass of the target stars. The average separation between the targets
and the standard stars was 6.8 arcdegree.
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Subaru/IRCS
The spectra of 1 giant (HIP 20376) and 1 main-sequence star (GJ 15 A) were
observed using the Subaru Telescope with Infrared Camera and Spectrograph
(IRCS) on 16-18 September, 2002, which were obtained by K. Sugitani et al., for
other purpose. The resolution power of 20000 was selected for this observation.
The K filter and the K~ echelle setting was used to obtain the spectra. The
Sc and Na lines were placed in the 25th order (22030-225504). To achieve the
S/N of 100 for each object, HIP 20376 and GL 15 A were integrated 5 and 300
seconds, respectively. The ABBA exposure pattern (figure 19) was also adopted
in this observation. Flat frames were obtained at the beginning and the end of
the observation, for the flat fielding. The A0 type standard stars were obtained
for each target, for the telluric line correction. Since the OH emission lines
were used for wavelength calibration, comparison frame was not obtained in this

observation.

4.2 Archival data

We obtained the spectra of 1 giant and 3 main-sequence stars from the archival
data. The spectra of the giant star and 2 main-sequence stars were obtained from
Wallace & Hinkle (1996), and one spectrum of a main-sequence star was taken
from the Gemini Science Archive. The spectra from Wallace & Hinkle (1996) were
acquired using 4 meter Mayall Telescope with Fourier transform spectrometers, at
Kitt Peak observatory. The resolution power was 45000-90000, and the S/N was
90-230. The data taken from the Gemini Science Archive was the data observed
on 13 January, 2006 with Phoenix, a high-resolution echelle spectrometer equipped
on Gemini South Telescope (P.I. D. Charbonneau). The observed wavelength range
was 2.16-2.21 ym. The integration time was 60 sec, and the resolution power was
40000. We also obtained the calibration frames and the data of A0 type standard
star.
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4.3 Data Reduction

4.3.1 Spectra Extraction

The Image Reduction and Analysis Facility (IRAF) software package was also
used for the near-infrared data reduction. The same procedures were applied for
all of the observational data. First, the dark and the sky emission (OH lines) were
removed by subtracting the B position frame from the A position frame, which are
the output frames of the ABBA integration (figure 19). The A frame was subtracted
from the B frame for the same purpose. The normalized combined flat frame was
used for the flat fielding. The data with several apertures contained in a single frame
were divided into a single aperture image, using the apall task with the extract
format set to ”strip”.

The wavelength calibration and the distortion correction were accomplished con-
currently. First, for the data obtained by the Subaru Telescope and the Gemini
South Telescope, the OH image was created by adding an object frame to a single
frame, in order to gain the count of the OH lines. The location pixels and the wave-
length of the Th-Ar and the OH emissions are marked by using the task identify.
This procedure was done along the spatial direction, once in each 10 pixels. The
distortion of the image were next calculated by the task fitcoords, by changing the
order of the polynomial equation. The average order used for this correction were
zorder = and yorder = 3. Finally, the distortion of the object frames are reduced
by running the task transform, by referring the result of the fitcoords task. The
wavelength information are also attached to the object frames by the transform
task.

The sky was subtracted with the task background. The background region is
the range where the stellar spectrum does not appear. These regions are fit with
a polynomial equation, in each vertically lined (lined along the spatial direction)
pixels. The averaged background counts are subtracted from the spectral region.

After these procedures, the spectrum was extracted from each frame. All of the
A and B frames were combined into a single spectrum. The targets which were
integrated several times were also combined to a single spectrum to increase the
S/N.

The absorption lines due to the earth atmosphere should be removed from the
stellar spectrum. This could be achieved by dividing the stellar spectra with the
spectrum of the AO type star. Because only few hydrogen absorption lines appear in
the AQ star spectra, these stars are fine standard stars for the telluric lines. Finally,
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the object spectra are normalized at the continuum level. All of the spectra are
displayed in figures 20, 21, and 22.

4.3.2 Measuring the Equvalent Width

The SPLOT task was used to measure the equivalent width of the Sc and the Na
lines. Since the Sc and Na lines in the large log g stars are blended due to the strong
wing of the Na line, we used the deblending task in the SPLOT package. The Voigt
function was used for fitting the Na lines. For the Sc lines, the gaussian function was
adopted since the wing of these lines is vanishingly small. Some of the equivalent
widths of Sc lines were impossible to measure because of the low S/N and/or the
line broadening due to the rapid rotation, especially in the WTTS spectra.

The equivalent width of the Na line in 22062.44 was sometime over estimated
when the S/N is low, or the absorption lines are boarded. The matter of this problem
is the nearby absorption lines such as Sc, Si, and the telluric lines which was not
completely reduced by the standard star correction. These lines are able to be fit
correctly when the spectrum is obtained with high S/N, however, when the S/N was
smaller than the expected amount, or when the lines are spreaded due to the rapid
rotation, it becomes difficult to fit. Therefore, the fraction of these lines mix to the
Na line, and the Na line will be fit as if it were a line with a large wing. Moreover,
the equivalent width of the Sc lines decreases due to the mis-fitting of the Na line.

To avoid this problem, the equivalent width ratio of the Na lines was calculated
from the spectra of giant stars and main sequence stars with high S/N (figure 23).
The equivalent width ratio is nearly constant with the surface gravity, and the
average of the ratio is 1.31. This relation was adopted as a condition for the fitting
of the low S/N stars. First, the equivalent width of the Na line in 22089.74 was
measured, and then that of the Na line in 22062.44 was estimated from the Na/Na
relation. The fitting of the Sc, Si, and Na lines in the range of 22050-22075A was
accomplished to agree the estimated equivalent width of Na (22062.44), by changing
the full-width-half-maximum (FWHM) of the absorption lines. The error in EW was
estimated from uncertainty of the continuum level, expressed in section 3.1.3. The
measured EWs of each line are listed in table 5.
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4.4 Results and Discussions

4.4.1 Sc/Na - surface gravity relation

The relation between surface gravity (g) and the Sc/Na in early-M type stars
(effective temperature around 3800K) was derived by using the spectra of 10 giants
and 10 main-sequence stars of which spectral types are around MO. The EWRs
were calculated using four lines: Sc (22057.84) / Na (22062.44), Sc (22057.84) /
Na (22089.74), Sc (22071.34) / Na (22062.44), and Sc (22071.34) / Na (22089.74).
Results are shown in figure 24. The squares and the triangles indicate the EWRs
of the giants and main-sequence stars, respectively. The solid line in each EWR
graph is the best-fit curve. In every line pair, the EWRs decrease significantly with
increasing surface gravity. The EWRs drop to 15% when the log g increases from
1.5 to 4.5. Therefore, these EWRs are considered to be excellent diagnostics for
deriving the surface gravity for early M type stars, and the surface gravity of the
stars are able to be estimated using this relation.

Next, we calculated the EWRs of 2 WTTSs, and compared with the derived
Sc/Na - surface gravity relation (figure 24). Although the EWR of the V827 Tau is
slightly larger than the fit curve, which is due to the difficult de-blending to the Si
line (22068.74), the EWRs of the WT'TSs agree with the Sc/Na - surface gravity
relation. Hence, these relations are suitable for the surface gravity estimations of
PMS stars. As mentioned in section 3.3.1, the EWR - surface gravity relation has
an effective temperature dependency. To estimate the age of PMS stars in different
temperature range, it is necessary to derive the Sc/Na - surface gravity relation in
the particular effective temperature.

4.4.2 Ages of the PMS stars

We estimated the ages of the 2 CTTSs and 2 WT'TSs using the Sc line (22057.84)
and the Na lines (22062.44 and 22089.74). The Sc line at 22071.34 was not used
for the age determination due to the blending with the Si line (22068.7A4). First, the
surface gravities of the PMS stars were derived by comparing the observed Sc/Na
and the Sc/Na - surface gravity relation. The surface gravities of the WTTSs were
also re-estimated by this procedure. The error of the surface gravities are calculated
from the error of the EWR. Next, the ages of the PMS stars were estimated by
comparing the derived surface gravity and the evolution model of the PMS stars
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(Baraffe et al., 1998) on the H-R diagram (figure 25). The derived surface gravities
and ages of the PMS stars are listed in table 6.

EWR Age vs. Photometric Age

The estimated ages of the PMS stars were compared with the ages derived
from photospheric observations. Bertout, Siess, & Cabrit (2007) (hereafter BSC07)
deduced the luminosities from the I-band fluxes and the distances. The veiling
is considered to be smallest in the I-band (Cieza et al., 2005). The distances are
estimated with the kinematic study (Bertout & Genova, 2006). In figure 25, the
loci of the PMS stars from BSC07 are also marked.

Although the PMS star ages estimated in our work agree with the age deduced
in BSCO07, except LkCa 14, all of the ages with the EWR method are older than
the photometric method (Figure 25). The luminosity of these stars are estimated
to be smaller than the photometric results. We consider that this luminosity
discrepancy arises from the inaccurate distance, extinction, or veiling, or the
combination of these effects.

We supposed that this difference in CTTSs arises from veiling. For DN Tau,
the luminosity (log L/Lg) of BSCO7 is 0.10 dex larger, resulting that the veiling
in I-band is r=0.23, where r denotes the proportion of veiling to the stellar
continuum. The veiling of DN Tau is measured in Basri & Batalha (1990), by
fitting the high-resolution spectrum to the spectral standard star. From their
study, the I-band veiling is around 0.2, which is consistent to our result. Also,
the veiling of IQ Tau in the I-band is calculated as 0.18. In the study of Basri
& Batalha (1990), the I-band veiling of 15 PMS stars are measured as r=0.2-
3. Even the veiling of DN Tau and IQ Tau are small compared to the veiling of
other PMS stars, the ages from photometric observation conflict with our veiling-
free method. Hence, there is a possibility that most of the CTTS ages derived
photometrically are younger than the true age. ‘

The ages of the WT'TSs are also estimated older by the EWR method, despite
the small veiling compared to the CTTSs. The log L/Lg of V827 Tau in our
result is 0.17 dex smaller than BSC07. This disagreement can be explained by
assuming the existence of veiling r=0.47, It can also be described by estimating
the distance as 136pc, which is a closer distance compared to result from the
kinematic study (Bertout & Genova, 2006), 160pc. Another way is to diminish
the extinction. The Ay measured in BSC07 is 0.28 mag. By assuming Ay =0
mag, the luminosity of V827 Tau is reduced to log L/Lg=-0.17, which is still
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slightly brighter (0.06 dex) than estimated luminosity from the EWR method.

For LkCa 14, the age in the EWR method is 3.7 Myr younger than BSCO07,
which is the largest difference among the 4 PMS stars. Since the Ay of this
object is estimated as 0 mag in BSCO07, extinction is not the cause. To explain
this contrariety, the veiling of this object in the I band should be r=1.48, or the
distance to this object has to be 91pc. Both of these amounts are considered
unsuitable for a WTTS in Taurus. The Sc line is heavily blended with the Na
line (22062.4A4) in the spectrum of LkCa 14 (figure 22), and therefore the Sc/Na
could be underestimated. A higher resolution observation is necessary to avoid
the blending.

Age Determination Accuracy

The precision of the age determination of this method depends on the accuracy
of the surface gravity estimation, which is due to the EWR error. The error of the
surface gravity estimation in DN Tau is around 0.1, making the age determination
accuracy of DN Tau in a factor of 1.4-1.6. The S/N of the DN Tau spectrum
was around 120. Therefore, by observing the PMS star spectrum with S/N=120,
the age of the PMS stars are able to be estimated within a factor of 1.5 with the
EWR method.

The age of the V827 Tau was also estimated with the optical Fe/Na method
described in section 3. The effective temperature of the V827 Tau is 4060K
(BSCOT). Since the Sc/Na - surface gravity relation is optimized to the effective
temperature of 3800K, and the Fe/Na is for the stars with 4200K, the derived
age in both methods may include an error of effective temperature dependency
of EWR. However, both the Fe/Na and Sc/Na methods conclude that the age of
V827 Tau is around 2.8 Myr, which indicates the accuracy of the age determina-
tion of the EWR methods.
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4.5 Summary

We carried out high-resolution near-infrared spectroscopy to create the age de-
termination method of early-M type pre-main sequence (PMS) stars. Our method is
based on the surface gravity estimation using the equivalent width ratio (EWR) of
nearby absorption lines, enabling us to estimate the age free from the distance, ex-
tinction, and veiling contamination. The Sc (22057.84 and 22071.3A4) and Na lines
(22062.4A and 22089.7A4) were used to establish the surface gravity indicator. The
spectra of 10 giants, 10 dwarfs and 4 PMS stars were obtained by observation with
Subaru Telescope IRCS and UKIRT CGS4, and from the archive data of Kitt Peak
observatory and Gemini South Phoenix. The EWRs of Sc and Na lines decrease
with increasing surface gravity. We concluded that these EWRs are fine diagnostics
of the surface gravity. By obtaining the spectrum of PMS stars with S/N~120, the
ages of the PMS stars are able to be estimated with a factor of 1.5 on average, by
comparing the estimated surface gravity with the evolution model (Baraffe et al.,
1998).

The accurate age determination with no contaminations of distance uncertainty,
extinction, and veiling allows us to reveal the evolutional process of PMS stars, pro-
toplanetary disks, and planets. All of the estimated ages of the PMS stars observed
in our work showed older ages compared to the ages estimated in photometric study
(Bertout, Siess, & Cabrit, 2007). We concluded that this discrepancy arises from
the uncertainty of distance, extinction and veiling.
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Part 11
Evolution Timescale of Protoplanetary Disks
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5 Introduction

The evolution of the protoplanetary disks is important in understanding the
evolution of the planets. The evolution timescale of the disk is one of the most
critical part of the planet formation, particularly in the gas giant planets. In the
early stage of planet formation, collision and merging of planetesimals encourage
the growth of protoplanets. When the mass of a protoplanet reaches to 5 to 10
earth masses, the surrounding gas start to flow in. The mass increase of the planet
accelerates the gas accretion, and finally forms a gas giant planets (Ida, 2003). The
final mass of the gaseous planets depend on the remained amount of gas when
the ”core” is formed. Therefore, the dissipation timescale of the gas disk plays an
important role in understanding Jovian planets formation.

Also, the gas of the disk triggers the migration of the planets. From the differ-
ential rotation of the disk, the disk at the smaller radii than created protoplanet
rotates rapidly, and this accelerates the orbital speed of the planet. On the other
hand, the outer disk reduces the rotation speed of the planet due to the slower ro-
tation compared to the protoplanet. As calculated by Goldreich et al. (1980), the
effect from the outer disk is always stronger than that of the inner disk. Therefore,
the protoplanet moves inward, which is called type-I migration.

There is another mechanism which explains the planet migration. When a pro-
toplanet gains the mass and grows into a gas planet, it absorbs the gas from the
disk and creates a gas-lacking region, as a ”gap” in the disk. This gap shifts inward
as the disk materials accrete to the central star. And the planet involved in this
gap also shift inward with the disk accretion, due to the gravitational interaction
(Lin & Papaloizou, 1993). This is called the type-II migration. This is the most
widely accepted theory to explain the formation of the Hot-Jupiters, which are the
Jovian Planets orbit at point-blank range from the central star (Lin, Bodenheimer,
& Richardson, 1996). For these reasons, estimating the disk dissipation timescale is
one of the top priority issues to figure out the universal planet formation.
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5.1 Previous Studies

Disk Frequency and the Dissipation Timescale

The timescale of the protoplanetary disk evolution can be estimated by com-
paring many star-forming regions with different age. Haisch, Lada, & Lada (2000,
2001a,b) estimated the census of the circumstellar disk fractions in the clusters
NGC 2024, NGC 2264, NGC 2362, NGC 1960, Trapezium, and IC 348. For these
regions, they used the fluxes of the near-infrared JH KL bands, and calculated
the colors to identify the pre-main sequence stars with protoplanetary disks. Af-
ter estimating the fraction of stars with disks in each star-forming regions, Haisch,
Lada, & Lada (2001b) compared the disk fraction with the age of the star-forming
regions, which were determined from photometric studies (Meyer, 1996; Palla &
Stahler, 2000; Balona & Laney, 1996; Barkhatova et al., 1985). As a result, the
disk frequency decreases with increasing cluster age, such that half of the pre-
main sequence star disks dissipate in < 3Myr. This sort of study is updated
by many researchers, and recently Mamajek (2009) estimated the average disk
lifetime as 2.5 Myr, combining the data of 22 star-forming regions.

Transitional Disk Objects

The disk was thought to be evolved from an optically thick CTTS disk to an
optically thin WTTS disk, but in recent years a disk with an inner hole has been
discovered. From the multi-wavelength photometric observation (e.g. Strom et
al. 1989, Wolk & Walter 1996), some pre-main sequence stars showed a SED
with an excess in the wavelength larger the mid-infrared, where there is no near-
infrared excess. These SEDs indicate that these pre-main sequence stars has an
optically thick outer disk, and an optically thin inner disk. These disks are called
Transitional disk, which is considered as an evolution phase between the CTTS
disk and WTTS disk.

Najita et al. (2007) derived the mass and the accretion rate of the Transitional
disk, and found that these disks have an equal mass to the CTTS disks. However,
the accretion rate was 10 times smaller compared to the CTTS disks. This
result indicates that the accretion from the Transitional disk is blocked by the
protoplanets formed in the optically thin inner hole. Therefore, the Transitional
disk object is in an early planet formation phase. A detail study of these objects
enables to understand the planet formation in the disk.

Many photometric studies have been conducted to derive the evolution timescale
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from CTTSs to WT'TSs. For example, Kenyon & Hartmann (1995) obtained the
optical, near-infrared, and far-infrared fluxes of the pre-main sequence stars in the
Taurus-Auriga star-forming region, and estimated their luminosities. The ages
of these stars were estimated by comparing the luminosities with the evolution
model of D’Antona & Mazzitelli (1994). Since there was no significant difference
between the age of CTTSs and WTTSs, the evolution timescale was difficult to
estimate.

Bertout, Siess, & Cabrit (2007) succeeded to estimate this timescale. They
determined the ages of 72 pre-main sequence stars in Taurus-Auriga star forming
region. They used the effective temperatures, the amount of the extinction, and
the fluxes estimated by Kenyon & Hartmann (1995). The difference between these
two studies is the distance. The distance of each individual pre-main sequence
stars were calculated by Bertout & Genova (2006). From the proper motions and
the radial velocities of the pre-main sequence stars, they estimated the distances
with the convergent point method and the Monte-Carlo simulations. Figure 27
is the result of the Bertout, Siess, & Cabrit (2007), the H-R diagram with the
plots of the pre-main sequence stars. The CTTSs are plotted above the plots of
WTTSs, which indicate that CTTSs are relatively younger than WTTSs. They
evaluated this difference by the Kolmogorov-Smirnov (K-S) statistics, and con-
firmed that the parent populations of this two groups are different. This is the
first result that the age of CTTSs and WTTSs were distinctly-divided. They
concluded that the disk lifetime is 4 x 108(M/My)%" years.

All of the results of these studies are derived from the age determination based

on the photometric observation. Hence, as mentioned in section 1.2.1, there is a
possibility that the estimated age of the pre-main sequence stars includes the uncer-
tainties of distance, extinction, and veiling. The result of Bertout, Siess, & Cabrit
(2007) proved that the age of the CTTSs are relatively younger than WTTSs, how-
ever there are still some contaminations included in the estimated age (see section
4.4.2). The distance determined in (Bertout & Genova, 2006) could be incorrect
if the target star is a binary. To determine the correct disk evolution timescale,
with no contamination of these three effects, it is suitable to derive the ages of the
CTTSs, Transitional disk objects, and WTTSs using the age determination method
created in the part I of this study.
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6 Observations and Data Reductions

6.1 Target Selection

To estimate the evolution timescale of Transitional disk objects in the Taurus-
Auriga star-forming region, 2 classical T Tauri stars (CTTSs) and 2 Transitional
disk objects were selected as the targets. The age of the 2 CTTSs (DN Tau and
IQ Tau) and 3 WTTSs (HBC 374, LkCa 14, and V827 Tau) estimated in section 3
and 4 will be combined to the result of this section. The effective temperatures of
the newly selected target stars are around 4200K, in order to apply the Fe/Na age
determination method described in section 3. These stars are selected from Furlan
et al. (2006). The SEDs of the 8 target stars quoted from Furlan et al. (2006) are
displayed in figures 28 and 29. The spectral types and the effective temperatures of
the 4 targets are listed in the second and the third column of table 7.

LkCa 15 is a well studied pre-main sequence star. Espaillat et al. (2007) proposed
that the disk of LkCa 15 is composed of small inner disk (0.12-0.15 AU), a gap, and
a disk outward from 46 AU. This was revealed from the observation carried out by
Spitzer and Sub-millimeter array. Since the inner disk remains in this star, this
star is called pre-Transitional disk object. Thalmann et al. (2010) observed LkCa
15 with the High Contrast Instrument for the Subaru Next Generation Adaptive
Optics (HiCIAO) equipped on the Subaru Telescope, and discovered the inner wall
of the outer disk. This result supports the shape of the SED and the presence of
gap in the disk.

V819 Tau is mostly a WTTS, due to the lacking near-infrared excess, however,
the excess in the wavelength longer than 10 ym was discovered by Furlan et al.
(2006) (figure 29). Therefore, this star is identified as a Transitional disk in this
study. Since the excess is relatively smaller than that of LkCa 15, it could be
considered as an evolved Transitional disk object.

6.2 Observation Details

The high-resolution I-band spectroscopy of the 2 CTTSs and 2 Transitional disk
objects were carried out on 2010 December 7 using the High Dispersion Spectrograph
(HDS) on Subaru Telescope. The slit width of the spectrograph was set to 0.6
arcsecond, in order to achieve the resolution power of 60000. The Cross scan and
the Echelle grating was set to 5.69 degree and 0.60 degree, respectively, in order to
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observe the 73 order of the echelle, which includes the Na (8183.34 and 8194.84)
lines and Fe (8186.7A and 8204.9A) lines, at the central region of the detector. The
integration times of the objects were 1200 sec to 1800 sec, to achieve the S/N of 100.
From the previous study in section 3, it was found that the spectrum between 8180-
82104 contains many telluric absorption features. In order to avoid the blending of
these lines, a spectral standard AQ star was also observed. All of the integrations of
the target stars were separated into two parts, and the standard star was observed
between the divided object exposure. However, since the broad hydrogen absorption
line due to the stellar atmosphere appeared in the spectrum of the standard star, it
was impossible to remove the telluric lines. The bias frames and the flat frames were
obtained at the beginning of the observation. The Th-Ar images for the wavelength
calibration were obtained at the beginning and the end of the observation.

6.3 Data Reductions

The procedure used for the data reduction in section 3.1.3 was adopted for the
data reduction. The spectra of the 2 CTTSs and 2 Transitional disk objects are
shown in figure 30. The measured equivalent width of these objects are listed in
table 7.
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7 Results and Discussions

7.1 Age of the Pre-Main Sequence Stars
7.1.1 Age Determination

First, the surface gravities of the 2 CTTSs and 2 Transitional disk objects were
estimated with the equivalent width ratio (EWR) method calculated by using Na
lines (8183.3A and 8194.8A4) and the Fe line (8204.94). The Fe line in 8186.74 was
not used for the surface gravity determination, since there were a large scattering on
the EWRs using this line (see figure 15). This uncertainty may arise from the effec-
tive temperature dependency of the vanadium line, blended in this Fe absorption.
The determined surface gravities are shown in the second column of table 8. The
average error of the surface gravity in the 4 pre-main sequence stars are around 0.1
in log g, which is slightly smaller than the amount estimated in section 3.3.4. This
higher accuracy was achieved since the EWR calculation using Na line in 8183.34
was available, where it was unable to use in the previous study due to the telluric
line blending.

The ages of these 4 stars were then estimated by comparing the determined
surface gravity and the evolution model of Baraffe et al. (1998) (the fourth column
in table 8). The age of the LkCa 15, the pre-Transitional disk object, was 1.41 Myr.
The age of the V819 Tau, which is considered to be in the later Transitional disk
phase due to the small excess, is 2.40 Myr. Hence, the Transitional disk phase lasts
more than 1 Myr, by assuming that there is no mass dependency on the evolution
timescale of the protoplanetary disk.

7.1.2 EWR Age versus Photometric Age

The ages of the LkCa 15 and the V819 Tau estimated in the photometric study
of Bertout, Siess, & Cabrit (2007) (hereafter BSC07) were 5.01 Myr and 6.17 Myr,
respectively. The age of these 2 stars are estimated younger in this study, which
means that they are more luminous than estimated in BSC07. This difference is
able to be explained by assuming that the extinction is larger, or more distant.

From the estimated surface gravity, the luminosity was also estimated by refer-
ence to the evolution model of Baraffe et al. (1998). The luminosity of the LkCa
15 from the EWR method was 1.38 Lg. This is 1.62 times larger than the result
of BSCO07 (0.85 Lg). The photometrically estimated extinction and the distance of
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this star is 0.62 mag and 168 pc, respectively (Bertout & Genova (2006), BSCO07).
To fill this gap, the Ay of LkCa 15 should be 1.14 mag, or the distance is 213 pc.
Because this distance is too large for the star in the Taurus-Auriga star forming
region (average distance is 142 pc (Wichmann et al., 1998)), the extinction will be
the fine explanation.

The luminosity of V819 Tau is calculated as 0.66 Ly, where the result of BSC07
is 0.43 Lg. BSCO7 also estimated the Ay and the distance as 0.74 mag and 117 pc,
respectively. To make up the luminosity difference between the result of our study
and BSCO07, the extinction magnitude should be 1.82 mag. Since V819 Tau is a
nearly-WTTS Transitional disk object, the extinction is considered to be relatively
small. Most of the WTTSs has Ay around 1 mag or smaller, by fitting the SED to
the result of photometric observation (Kenyon & Hartmann, 1995). Therefore, it is
difficult to explain the luminosity difference with the extinction. On the other hand,
the estimated distance from the EWR method is 145 pc, which is consistent to the
average distance to the Taurus-Auriga star forming region.

7.1.3 The Evolution Model Dependency

Since the ages of the pre-main sequence stars are estimated using the evolution
model in either photometric or spectroscopic method, the model dependency is in-
effaceable. The ages of the 9 pre-main sequence stars were estimated by using the
evolution model of Siess, Dufour, & Forestini (2000), for the purpose of estimating
the model dependency of the EWR method. The difference between the models
of Baraffe et al. (1998) and the Siess, Dufour, & Forestini (2000) is the constitu-
tive physics such as convection and stellar atmosphere, and the assumed component
material such as the metallicity and the deuterium amount. The H-R diagram us-
ing the model of Siess, Dufour, & Forestini (2000) was displayed in figure 32. The
loci of the pre-main sequence stars in figure 32 differ from that of figure 31, since
the luminosity is dependent to the evolution model. The ages estimated from each
evolution models is listed in table 8. Although most of the ages of the stars are
estimated slightly younger when the model of Baraffe et al. (1998) was used, the
age estimated from the surface gravity using two models agree within the margin
of error. Hence, there was no obvious difference between the ages determined from
two different evolution model.
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7.2 Ages of CTTSs, Transitional Disk Objects, and WTTSs

In most of the previous photometric study, there was no significant difference
between the ages of CTTSs and WT'TSs (e.g. Kenyon & Hartmann, 1995). The loci
of the CTTSs and the WTTSs in the H-R diagram were mixed each other (figure
26). BSCO07 succeeded to divide the CTTSs and the WTTSs on the H-R diagram
(figure 27).

The ages estimated by the EWR method also divided the CTTSs + Transitional
disk objects and WTTSs. Figure 31 is the H-R diagram with 4 CTTSs, 2 Transitional
disk objects, and 3 WTTSs, with the age estimated by the EWR method in section
3.3.3, 4.4.2, and 7.1.1. Kolmogorov - Smirnov statistics were used to evaluate the
age difference between these two groups. From this validation, the age of the CTTSs
+ Transitional disk objects and WTTSs are different in 95% of the time. Also, by
comparing the ages of DL Tau, V819 Tau, HBC 374, and V827 Tau, the ages of
the stars increases in the order of the CTTS, the Transitional disk object, and the
WTTS. These results denote that the protoplanetary disk evolves from an optically
thick disk to an optically thin disk with time.

7.3 The Evolution Timescale of the Protoplanetary Disks
7.3.1 Age versus K — L Color

To estimate the disk evolution level of the 9 pre-main sequence stars, the color
of the K — L is used. The K — L colors of the 9 pre-main sequence stars are quoted
from the photometric study of Kenyon & Hartmann (1995), which is listed in the
column 5 of table 9. The large K — L represent the large near-infrared excess, which
indicates the presence of an optically thick, young protoplanetary disk.

First, the relation between the K — L and the age estimated from the luminosity
of Kenyon & Hartmann (1995) was revealed. The luminosities of the 9 pre-main
sequence stars were determined from the photometric observation. Most of the
luminosities of the 9 stars were estimated by defining the J-band flux as the basis
wavelength for the SED fitting. For DL Tau, the luminosity was estimated from the
optical and far-infrared photometry, since the near-infrared fluxes were not observed.
The ages of the stars were then determined by comparing the luminosity and the
evolution models of Baraffe et al. (1998). The age of each star estimated from this
method is shown in the fourth column of table 9. This is the most common way used
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to estimate the age of the pre-main sequence star, however, as mentioned in section
1.2.1, the uncertainties of distance, extinction, and veiling are difficult to remove.

The comparison of K — L and the photometric age is displayed in the bottom
panel of figure 33. If the disk gas accretes and dissipates with the increasing age, the
K — L color should decrease during the evolution. However, there was no relation
between the K — L color and the age estimated from the luminosity of Kenyon &
Hartmann (1995).

Next, the age - K — L color relation was derived using the age estimated by
BSCO07. The age of the BSC07 is thought to be the more accurate than the previous
photometric study (table 9, column 3), since the distance to the each star is estimated
from the kinematic study (Bertout & Genova, 2006). This result is displayed in the
middle panel of the figure 33. There was also no relation between the age and the
color, mostly depending on the large estimated Transitional disk object’s ages.

The result of the age - K — L color relation using the result of this work (section
3.3.3, 4.4.2, and 7.1.1, summarized in the second column of table 9) is displayed on
the top of the figure 33. Since the age estimated with the spectroscopic method is
free from the uncertainties of distance, extinction, and veiling, it is considered to
be the most accurate age determination method. The linear equation was fit to the
plots with the least-square approach. The K — L color decreases with the increasing
age, indicating that there is a relationship between the age and the disk evolution.

7.3.2 Dissipation Timescale of the Disk

To estimate the evolution timescale of the protoplanetary disks, the derived age
- K — L relation was used. Since the average K — L color of the main sequence stars
with the effective temperature of 3800-4350 K is 0.12, it can be considered that the
disk dissipates when the K — L color reaches to this amount. From the linear fit
derived in the previous section, the disk lifetime in the Taurus-Auriga star forming
region is estimated as 4.0 Myr. This is comparable to the result of BSC07, which is
estimated as 3.4 Myr for the stars with the mass of 0.8 M. This is a smaller result
compared to the estimated disk lifetime of Haisch, Lada, & Lada (2001b) which
estimated the relation between the disk fraction and the age of several star-forming
regions with photometric study (see section 5.1), determined as ~ 6 Myr.
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7.3.3 Age versus Equivalent Width of Ha

The estimated ages of the 9 pre-main sequence stars were also compared to the
equivalent width of Ho (6562.84) emission. This emission feature arises from the
active photosphere, due to the gas accretion from the disk. As mentioned in section
1.1.1, a pre-main sequence star with an optically thick disk emits a strong Ha line,
and therefore it could be predicted that the younger star has larger equivalent width
of Ha. The equivalent width (EW) of the Ha line in each star is quoted from Strom
et al. (1989), which is the result of the low to mid-resolution spectroscopy (column
6 of table 9).

The EWs of the Ha were again compared to the ages estimated by Kenyon &
Hartmann (1995), Bertout, Siess, & Cabrit (2007), and the EWR method (figure
34). It was difficult to evaluate if there is a relation between the age and the Ha
or not, in the result of the photometric studies. There was a poor relation between
the Ha and the age determined in this study. To reveal this relationship, the age
determination of other pre-main sequence stars is necessary.
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8 Conclusion

To derive the evolution timescale of the pre-main sequence stars and the pro-
toplanetary disks, a new age determination method based on high-resolution spec-
troscopy was established. This method is based on the surface gravity estimation
using the equivalent width ratio (EWR) of the nearby absorption lines. Surface
gravity is a fine indicator of the age, because the photosphere contracts through
the evolution. EWR is free from the uncertainties of distance, extinction, and the
veiling of the pre-main sequence stars. The equivalent widths of the absorption lines
are independent of distance and extinction. The ”filling up” effect due to the veil-
ing is able to be reduced by calculating the ratio of the nearby absorption features.
This is a great advantage compared to the general age determination based on the
photometric observation, since it is difficult to estimate the correct luminosity due
to the distance, extinction, and veiling contaminations.

The EWR has both surface gravity and effective temperature dependency. The
relation between the EWR and the surface gravity should be derived to establish
the age determination method with EWR. The optical I-band Fe (8186.7A and
8204.94) and Na (8183.34 and 8194.84) lines of the 25 giants, 4 main sequence stars,
and a WT'TS were observed using HIDES mounted on the Okayama Astrophysical
Observatory 1.88 m telescope, and HDS equipped on the Subaru Telescope. The
effective temperature of the targets were fixed to around 4200K, corresponding to
the effective temperature of the pre-main sequence stars with the mass of 0.8 Me.
The surface gravities of these stars were estimated from the previous photometric
studies. 4 EWRs were derived by using the Fe and Na lines, and all of the EWRs
decreased with increasing surface gravity. Therefore, they are efficient diagnostics of
surface gravity. Using the Fe (8204.94) / Na (8194.84) EWR, the log g of pre-main
sequence stars with 0.8 Mg can be estimated with an uncertainty of 0.1-0.2. From
comparisons with an evolution model Baraffe et al. (1998), we concluded that their
ages can be determined within a factor of 1.5.

Also, 5 giants, 2 main sequence stars, and 2 WTTSs with higher-Teg (4600-
4700K) were also observed to estimate the temperature dependence of the EWR.
The EWRs of the high-T.g objects were larger than those of the low Tes in the
surface gravity range of a typical pre-main sequence star. Therefore, to accurately
determine the ages of PMS stars with masses larger or smaller than 0.8 Mg, new
EWR-log g relationship for each Teg range are required.

In order to provide a versatile age determination method using EWR, the EWR
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- log g relation in other effective temperature is needed to be estimated. A high-
resolution near-infrared K-band spectroscopy was carried out to create the age de-
termination method of early-M type pre-main sequence stars. The Sc (22057.8;1
and 22071.3A4) and Na lines (22062.4A and 22089.7A) were used to establish the
surface gravity indicator for the pre-main sequence stars with the mass of 0.6-0.7
Mg. The spectra of 10 giants, 10 dwarfs and 4 PMS stars were obtained by obser-
vation with Subaru Telescope IRCS and UKIRT CGS4, and from the archive data
of Kitt Peak observatory and Gemini South Phoenix. The EWRs of Sc and Na lines
decrease with increasing surface gravity. It was concluded that these EWRs are fine
diagnostics of the surface gravity. By obtaining the K- band spectrum of pre-main
sequence stars with S/N~120, the ages of the PMS stars are able to be estimated
with a factor of 1.5 on average, by comparing the estimated surface gravity with
the evolution model (Baraffe et al., 1998). All of the estimated ages of the 4 pre-
main sequence stars observed in K-band showed older ages compared to the ages
estimated in photometric study (Bertout, Siess, & Cabrit, 2007). This discrepancy
arises from the uncertainty of distance, extinction and veiling.

By using the EWR age determination method, the age of the 2 Transitional disk
objects and 2 CTTSs were estimated. The age of the pre-main sequence stars in
the Taurus-Auriga star-forming region estimated by both Fe/Na and Sc/Na were
combined in order to derive the evolution timescale of the protoplanetary disk. The
color of the K — L was quoted from (Kenyon & Hartmann, 1995) as the indicator of
the disk evolution stage. The K — L color decreased with the increasing age, which
indicate that the disks evolve with time. This relation was not found when the
age estimated by the photometric study was used for the comparison. This result
was able to be obtained since the EWR method is free from the uncertainties of
distance, extinction, and veiling. From the derived relation, the disk lifetime in the
Taurus-Auriga star-forming region is 4.0Myr.
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Figure 1: The SED of the pre-main sequence stars (Lada 1987). The top, middle,
and the bottom panels show the standard SED of Class I, Class II, and Class III,
respectively. The solid lines are the observed flux, and the dashed lines indicate the
black body. The excess is large in the Class I star, due to the optically thick disk

and envelope. It will decrease with the evolution, because of the accretion and the

scattering of the circumstellar material.
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Figure 2: The H-R diagram with the evolution tracks of the pre-main sequence stars
(Baraffe et al., 1998). The solid lines indicate the evolution tracks of the stars with
the mass of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 M from right. The dashed lines
denote the isochrones from 1 Myr to 100Myr, from top.
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Figure 3: The definition of equivalent width. It is defined as a width of the rectangle,
with height and area equal to the continuum level and the area of the spectral feature.
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Figure 4: The Heltzsprung-Russel (H-R) diagram with the evolutional track and
the constant-surface gravity lines. The solid lines and the dashed lines indicate the
evolutional tracks of the stars with the mass of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4
My, from right, and the constant-surface gravity lines with the log g of 3.5, 3.75, 4.0,
4.25, 4.5, and 4.75 from the top, respectively. The surface gravity increases as the
pre-main sequence star evolves. These lines are quoted from Baraffe et al. (1998).
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Figure 5: The relation between the age-and the surface gravity-of pre-main sequence
stars Baraffe et al. (1998). The surface gravity increases with the increasing age.
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Figure 6: The relation between equivalent width and veiling. When the veiling (r)
is added to the stellar continuum (I), the equivalent width (EW) will be underes-
timated since it will be normalized with I + r, where the actual EW is S/I. The
veiling "fills up” the absorption lines.
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Figure 7: The concept of the equivalent width ratio. By calculating the equivalent
width ratio of nearby absorption features, the effect of veiling is able to be eliminated.
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Figure 8: The H-R diagram with the targets. The dashed lines are the evolutionary
tracks from Lejeune & Schaerar (2001); M = 0.90, 1.00, 1.25, 1.50, 1.70, 2.00, 2.50,
3.00, 4.00, and 5.00 Mg from the bottom. The mass of a giant star was estimated
by comparing its locus and the tracks. The solid line indicates the isochrone for

10%r (Baraffe et al. 1998).

65



10716 T T I T T T ] T i T T 1]

flux

10—17 -

L1 JJllJL[ 1 1 1

1
wavelength (um)

Figure 9: The SED fitting of the RX J0452.54+1730. The dashed line shows the
black body with the effective temperature of 4590K. The square plots are the flux of
the RX J0452.5+1730 observed by a photometric study. The solid line was derived
by subtracting the extinction from the black body until it agrees with the square
plots.
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Figure 10: I-band spectra of the giants with effective temperature around 4600-
4700K. Doppler shift in each object is corrected. Most of the lines not identified are
the telluric lines.
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Figure 11: I-band spectra of the giants with the effective temperature around 4200-
4300K. Doppler shift in each object is corrected. Most of the lines not identified are
the telluric lines.

68



relative intensity

|||||I||TIIIIIIIIII T T ¥ 17 T 17 F 17T

Na Fe Na Fe
8183.3 8186.7 8194.8 8204.9

IIIllllJIIIIIllIIilllllllilll

i

1

|

HD 49738 (K3III)
log g=1.33

HD 65759 (K3I1I)
log g=1.66

HD 113637 (K3II)
log g=1.66

HD 132304 (K3III)
log g=1.73

HD 156093 (K3I1I)
log g=1.75

8180 8190 8200 8210

wavelength (&)

Figure 11: Continued.
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Figure 11: Continued.
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Figure 11: Continued.
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Figure 11: Continued.
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Figure 12: I-band spectra of the main-sequence stars. Doppler shift in each object
is corrected. Most of the lines not identified are the telluric lines.
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Figure 13: I-band spectra of the WTTSs. Doppler shift in each object is corrected.

Most of the lines not identified are the telluric lines.
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Figure 14: The spectral fitting of the Fe(8204.94) of the giant HD 101978. The line
in 8204.1A is also a Fe absorption. The solid line shows the observed spectra. The
horizontal dashed line is the continuum level adopted for the fitting. The fitting
result of the 4 absorption features is indicated as a dashed line along the spectra.
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Figure 15: EWR versus log g (g: cm/s?). The squares mark the EWRs for the
giants. The triangles mark the EWRs for main-sequence stars. The filled plots
denote the EWRs of objects with T.g around 4200-4300K, and the open plots are
for 4600-4700K objects. The solid lines are the fitted curve for the 4200-4300K
objects. The lines for the 4600-4700K objects are shown as dashed. Each EWR
decreases with the increasing log g, indicating that they are a fine diagnostic of
surface gravity.
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Figure 16: EWR versus log g (g: cm/s?) with the EWR of the model spectra
created by SPTOOL. The squares indicate the EWR of the giants, and the trian-
gles represent the main-sequence stars. The filled plots denote the EWRs of the
4200-4300K objects, and the open plots are for 4600-4700K objects. The plus and
cross signs are the EWR, from model spectra of T, = 4750K and T.g = 4250K,
respectively. The result from the observation and from the model agree in the EWR
using Fe (8186.74). On the other hand, in the EWR using the Fe (8204.94), the
model EWR is larger then that of the observaion. The excitation potential of the
Fe (8204.94) in the model may be underestimated.
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EWR of WTTSs. The squares, triangles, and the fitted curves are from figure 15.
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estimation of pre-main sequence stars.
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Figure 18: The raw images of the spectra of GJ 14 obtained with a single exposure.
The positive part in every image shows the spectrum of GJ 14 in K-band. The single
integration creates 4 images, slice 1 to 4. The OH sky emission placed near the center
of the images show that each images are shifted toward the shorter wavelength.
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Figure 19: The conceptual diagram of the ABBA integration method. The positive
part in each image is the spectrum of HIP 1809. The spectrum in B position is
shifted upward, due to the telescope nodding. By subtracting each other frame, the
sky and the dark are removed simultaneously. The spectrum of the subtracted frame
appears as a negative part in the produced frame.
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Figure 20: K-band spectra of the giants. Doppler shift in each object is corrected.

81



relative intensity

IIIIIIlllllllIIIIIl|IIIIHIII|III|II(IIIIIIIIII||

VYT
T
WY
VWYY
A atemnans

Si Sc
22068.7 22071.3

I t )

Sc Na Na
R2057.8 22062.4 22089.7

IIIIIIIIllllllllllllllllllllI|IIIIII|IIIIIIIlIlII

wavelength (A)

HIP 1809 (MO)
log g=1.34

HIP 37023 (MOIII)
log g=1.34

HIP 2851 (MO)
log g=1.35

HIP 28232 (MOIII)
log g=1.42

HIP 31771 (MOII)
log g=1.78

22056022060 22070220802209022100

Figure 20: Continued.
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Figure 21: K-band spectra of the main-sequence stars. Doppler shift in each object
is corrected.
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Figure 21: Continued.
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Figure 22: K-band spectra of the pre-main sequence stars. Doppler shift in each
object is corrected.
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Figure 23: The equivalent width ratio of Na (22062.44) and Na (22089.7A) from
the giants and main sequence stars. The blue circles indicate the equivalent width
ratios. The solid line shows the average of the Na/Na value, and the dashed lines
indicate the 1 sigma of the average. The Na/Na is nearly constant with the surface
gravity, where the amount is 1.31.
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Figure 24: EWR versus log g (g: cm/s?). The squares, triangles, and the diamonds
mark the EWRs for the giants, main-sequence stars, and the WTTSs, respectively.
The solid curves are the fit curve created with the plots of giants and main-sequence
stars. The EWRs decreases with the increasing surface gravity, indicating that these
EWRs are an excellent diagnostic of surface gravity. The EWR of the WTTSs agree
the fit curve derived from the giants and main-sequence stars, which denote that the
fit curve are suitable for the surface gravity estimation of pre-main sequence stars.
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Figure 25: The H-R Diagram with the plots of the 4 PMS stars observed in section
4. The results of this study (open plots) are compared with the result of Bertout,
Siess, & Cabrit (2007) (filled plots). The evolutional tracks (solid lines) and the
isochrones (dashed lines) are quoted from Baraffe et al. (1998). All of the ages
are estimated larger in this study. This difference arises since the age estimated in
Bertout, Siess, & Cabrit (2007) is contaminated with the uncertainties of distance,
extinction, and veiling,.
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Figure 26: The H-R diagram with the plots of CTTSs and WTTSs quoted from
Kenyon & Hartmann (1995). The open circles and the filled circles indicate the
plots of WT'TSs and CTTSs, respectively. Solid lines and dotted lines show the
evolution model tracks and the isochrones, respectively (D’Antona & Mazzitelli,
1994). The dot-dashed line indicates the stellar birth line quoted from Fletcher &
Stahler (1994). Since the loci of the CTTSs and the WTTSs are mixed up, it is
difficult to estimate the disk evolution timescale from this result.
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Figure 27: The H-R diagram with the plots of Taurus-Auriga estimated in Bertout,
Siess, & Cabrit (2007). The blue squares, red circles, and the green diamonds
indicate the loci of WTTSs, CTTSs, and Transitional disk objects, respectively.
The evolution tracks and the isochrones are quoted from the evolution model of
Siess, Dufour, & Forestini (2000) with solar metallicity. The plots of the CTTSs lie
above that of WTTSs, indicating that the CTTSs are relatively younger than the

WTTSs. The dark green dash-dotted line shows the disk lifetime estimated in their
study, which is estimated as 4.0x (M/Mg)%" years.
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Figure 28: Spectral energy distributions (SEDs) of the CTTSs used for the evolution
timescale estimation. These SEDs are quoted from Furlan et al. (2006). The name
of the objects, extinctions, and the spectral types are labeled at the top of each
frame. The dotted lines show the blackbody of the photosphere. The results of
optical to mid-IR photometry (filled diamonds, mostly from Kenyon & Hartmann
(1995)), the 2MASS fluxes in J, H, and K s-bands (filled circles), the Spitzer-IRAC
3.6, 4.5, 5.8, and 8.0 um fluxes from Hartmann et al. (2005) (open circles), and the
IRAS 12, 25, and 60 um fluxes (open diamonds) mostly from Weaver et al. (1992)
are indicated. The solid spectra are obtaind with the Spitzer-IRS. These stars show
a significant excess in the wavelenth longer than near-infrared.
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Figure 29: Spectral energy distributions (SEDs) of the Transitional disk object and
WTTSs. The top 2 panels represent the SEDs of the transitional disk objects, and
the 2 on the bottom are those of the WTTSs. These SEDs are also quoted from
Furlan et al. (2006). See the caption of figure 28 legend for a description of the
lines and the plots. In the SEDs of the transitional disks, the excess appears in the
wavelength longer than ~10gm. On the other hand, the SEDs of the WT'TSs show
NO excess.
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lines.
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Figure 31: The H-R diagram with the plots of the observed CTTSs, Transitional
disk objects, and the WTTSs. The red circles, green diamonds, and the blue squares
indicate the CTTSs, Transitional disk objects, and the WTTSs, respectively. The
open red triangle is the plot for DL Tau, which is the lower limit in luminosity. The
solid lines are the evolution tracks, and the dashed lines are the isochrones quoted
from Baraffe et al. (1998).
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Figure 32: The H-R diagram created from the result and the evolution model of
Siess, Dufour, & Forestini (2000).
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Figure 33: K — L versus the age derived in each study. The top, middle, and the
bottom panel show the K — L - age relation with the age estimated by this work,
Bertout, Siess, & Cabrit (2007), and Kenyon & Hartmann (1995), respectively. The
K — L magnitude were quoted from Kenyon & Hartmann (1995). The arrows are
for the plots of which the estimated age is the upper limit. The dashed line and
the dotted line in the top panel show the linear fit of the plots and the K — L color
of the photosphere with an effective temperature of 4200K, respectively. The result
of this work indicates that the near-infrared excess decreases with increasing age,
which explains the disk evolution. The disk lifetime estimated from the two lines is

4 Myr.
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Figure 34: The relation between the equivalent width of Ha (EW(Ha)) and the age
derived in each study. Top two panels show the EW(Ha) - age relation, where the
age are the results from this study. The lower panel is the close up of the upper
panel. The dashed lines indicate the linear fit of the plots, which represent a poor
correlation between the age and the EW(Ha). The two panels in the middle and
the bottom show the EW(Ha) - age relation by using the result of Bertout, Siess,
& Cabrit (2007) and Kenyon & Hartmann (1995), respectively.
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Table 1: The list of the observed stars in I-band and their

properties.

Name Sp. Type T.g (K) logg (g: cms™?) S/N
Giants
B Gem KOIITb 4750 2.73+£0.01 160
HD 19656 KOIII 4750 2.38+0.02 100
HD 76291 K1V 4600 2.7270:02 170
HD 100204 K11V 4600 2.01%%12 140
HD 145148 K151V 4530 3.23+0.03 170
HD 45512 K2III-1V 4420 2.55+0.03 130
HD 101978 K2IV 4420 1.82+927 160
HD 106102 K2HI-1V 4420 2:6110:08 140
HD 108299 K21v 4420 2.46%012 100
HD 110501 K211V 4420 2.91£0.04 110
HD 121146 K21V 4420 2.50+£0.02 190
HD 147142 K21V 4420 2.037008 110
HD 49738 K3III 4200 133132 110
HD 65759 K3III 4200 166709 110
HD 86369 K3III 4200 1.8970:05 160
HD 88231 K3III 4200 1.767030 80
HD 102328 K3III 4200 2.15£0.02 90
HD 109012 K311V 4200 2.28%012 160
HD 113637 K3III 4200 166911 120
HD 115478 K3III 4200 2.0140.03 140
HD 118839 K3III 4200 1.83+0.10 130
HD 129245 K3III 4200 2.0272%8 90
HD 132304 K3III 4200 173935 130
HD 137688 K3III 4200 1797917 120
HD 146388 K3III 4200 2.06100; 140
HD 156093 K3III 4200 1.75%930 170
HD 163547 K3III 4200 1.8373:9 190
HD 10824 KAIII 4000 1521508 150
HD 20644 KAIIl 4000 1271398 100
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Table 1: The list of the observed stars in I-band and their

properties.

Name Sp. Type Tog (K) logg (g: cms %) S/N
HD 23413 K4III 4000 1687005 120
Main-sequence stars
GL 105 K3V 4730 4.46+0.01 270
GL 183 K3V 4730 4.4440.01 110
GL 141 K5V 4350 4.3740.01 120
GL 380 K5V 4350 4.85+0.00 220
GL 397 K5 4350 4.73£0.02 130
GJ 3678 K5V 4350 4.30£0.02 150
WTTS
RX J0452.5+1730 K4 4590 422105 60
RX J0459.7+1430 K4 4590 413139 60
HBC 374 K7 4060 3.9213% 70
V827 Tau K7 4060 3.92709% 10
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Table 2: The list of the measured EW for each object ob-
served in /-band.

Name EW (A)

Na (8183.34) Fe (8186.74) Na (8194.84) Fe (8204.94)
Giants
B Gem 0.280755%%  0.100£0.006  0.3747350%  0.084+0.001
HD 19656 0.26473:313 — 0.337008%  0.104+0.003
HD 76291 0.251£0.006  0.07470997  0.342+0.008  0.091%3303
HD 100204 0.2471000¢  0.114%3307  0.35970007  0.10440.002
HD 145148 0.313¥009%  0.072£0.001  0.431£0.006  0.069+0.002
HD 45512 0.30410%11  0.113%39%¢  0.434+0.008  0.11140.003
HD 101978 0.279%0308  0.16513008  0.34710013  0.149+0.008
HD 106102 0.341%3911  0.13073%%1  0.496%3%17  0.10973502
HD 108299 0.274¥3907  0.138+0.001  0.32973%7  0.130+3:3%4
HD 110501 0.3154+0.006  0.10573:00  0.460%3313  0.08640.002
HD 121146 — 0.126700%8  0.39313%%2  0,103+3:%!
HD 147142 0.29370008  0.109£0.005  0.393+£0.008  0.122%3300
HD 49738 0.309£0.011  0.12073%%7  0.375%33%  0.150+0.001
HD 65759 0.2931030%  0.114+0.001  0.36073%9  0.13673:50°
HD 86369 — 0.1451000¢  0.381%0:907 —
HD 88231 0.2014+0.013  0.126£0.004  0.368%091F  0.131+0.001
HD 102328 0.374708%  0.150£0.003  0.542+0.012  0.13413.902
HD 109012 0.28940.006 — 0.38370919  0.108+0.003
HD 113637 0.28670005  0.115739%  0.358109%7  0.142%33%
HD 115478 0.20410302  0.1247500%  0.4327090%  0.125%3903
HD 118839 — — 0.37775:39%  0.112+0.002
HD 129245 — — 0.398+0.006  0.1270.004
HD 132304 — 0.132+0.002  0.300%3303  0.120+0.003
HD 137688 0.248$§:§§§ 0.1137350%7 035075015 0.124700%
HD 146388 0.27712%%  0.110+£0.007  0.394+0.001  0.1060.001
HD 156093 0.26370312  0.142%3%%3  0.3434+0.001  0.13140.001
HD 163547 0.26475508  0.12270.007 - 0.124+3:902
HD 10824 0.320%5508  0.17473303  0.398+£0.011  0.167%5:008
HD 20644 0.3471031%  0.164£0.004  0.40713305  0.16640.005
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Table 2: The list of the measured EW for each object ob-

served in I-band.

Name EW (A)

Na (8183.34) Fe (8186.7A) Na (8194.84) Fe (8204.94)
HD 23413 0.322+9:010 - — 0.139+35%
Main-sequence stars
GL 105 0.47810013  0.0707000s  0.596+0.004  0.046+0.001
GL 183 0.629%5.5% — — 0.0651 3907
GL 141 0.82610%31 011173997 1.171%3920  0.073%300%
GL 380 — 0.097*3993  1.345%308  0.066%0.9%
GL 397 0.940%5517  0.11740.011 12971003 0.06940.002
GJ 3678 0.50670999  0.058*33%8  0.67173%52  0.036%0.002

WTTS

RX J0452.54+-1730 —
RX J0459.741430 —

0.026
0.77210058

0.033
0.720 3005

0.015
0.08220 015

HBC 374 — — 0.96313:937  0.085+0.007
V827 Tau — — 12237092 0.109739%°
The lines heavily blended with telluric lines were unmeasured (expressed ”—").
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Table 3: The age of the WTTSs estimated from EWR and photometric method.

Name Method
EWR Photometric
KH95! F062
Age (Myr) Ay Age (Myr) Ay Age (Myr)
HBC 374 2.8 0.76 2.5 2.40 <1.0
V827 Tau 2.8 0.28 2.5 1.00 <1.0

TKenyon & Hartmann (1995)
ZFurlan et al. (2006)
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Table 4: The list of the observed stars in K-band and their

properties.

Name Sp. Type Tog (K) log g (g: cm s~2) Telescope / Instrument
Giants
HIP 1809 MO 3800 134599 UKIRT/CGS4
HIP 2851 Mo 3800 1.35%9:05 UKIRT/CGS4
HIP 27639 MOIII 3800 1.16%3:% UKIRT/CGS4
HIP 28232 MOIII 3800 1.42%5:13 UKIRT/CGS4
HIP 31771 K511 3950 1.7840.08 UKIRT/CGS4
HIP 37023 MOIII 3800 1.34750:09 UKIRT/CGS4
HIP 37369 MOIII 3800 1.10%313 UKIRT/CGS4
HIP 38016 MOIII 3800 1.16+397 UKIRT/CGS4
HIP 20376 MOIII 3800 1.2970:05 Subaru/IRCS
HIP 56211 MOIII 3800 1.10+0.05 Kitt Peak (WH 96)
Main-sequence stars
GL 14 K7 4060 4.60%9:03 UKIRT/CGS4
GL 212 M0.5 3785 4.6440.02 UKIRT/CGS4
GL 221 K7 4060 4.59+0.03 UKIRT/CGS4
GL 289 M2V 3580 4.9140.03 UKIRT/CGS4
GL 1114 ML5 3650 4.7770%% UKIRT/CGS4
GL 3438 MO 3850 4.8240.03 UKIRT/CGS4
GL15A M2V 3580 4.6740.00 Subaru/IRCS
GL 382 M1.5V 3650 4.5940.01 Gemini/Phoenix (Archive)
GL 411 M2V 3580 4.7340.00 Kitt Peak (WH 96)
GL 820 B K7V 4060 4.5040.00 Kitt Peak (WH 96)
WTTSs
LkCa 14 MO 3850 3.697097 UKIRT/CGS4
V827 Tau K7 4060 3.78701% UKIRT/CGS4
CTTSs
DN Tau MO 3850 UKIRT/CGS4
1Q Tau M0.5 3785 UKIRT/CGS4
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Table 5: Measured EWs of Sc and Na lines for each object
observed in K-band.

Name EW (4)
Sc (22057.84) Na (22062.44) Sc (22071.34) Na (22089.7A4)
Giants
HIP 1809 0.970+0-952 0.730+3:937 0.6060922 0.55510-001
HIP 2851 0.699$§:§§2 0.634£§:§§§ 0.373£§;§(}E 0‘509$§:§§§
e i B A
HIP 31771 0.417+0.008 05477001 023970008 440010
' —0.002 : —0.001 ' —0.020 ' —0.002
HIP 37023 0.77310:5%8 0.75470012 0.489%0:0% 0.59410:5%8
HIP 37369 0.638+3-9% 0.533%0:9%7 0.38410:9% 0.43170:9%7
HIP 38016 0.715+3:939 0.585+392%  0.43510%% 0.47610.0%8
HIP 20376 0.500%0: 006 0.47010:013 0.32215:011 0.401%5:313
HIP 56211 0.640%0:-307 0.576%0.02 0.39715:01 0.446+3:920
Main-sequence stars
+0.006 +0.041 +0.008 +0.060
oL o2 prt £ e 1 Bt ey
' —0.008 : —0.086 ' —0.015 ' —0.081
GL 221 0.22510:-019 1.836+3:939 0.15710:019 1.29510.970
o s 2! B 1 et
PSP 'y +6.068 0 1;7+0.008 1'363*_’8:(1’21
1A vy R 1 S L o 1
263+0.009 603F028 0 1gt0015 | getO.lTA
oL peporr T Bt et B T
' —0.026 ' —0.249 ' —0.033 ' —0.216
GJ 820B 0.192+3-9%9 1.501%0132 0.113+3:018 110740137
WTTSs
LkCa 14 0.234+0.030  1.47040.050 - 110575153
V827 Tau 0.382+3:% 2.03010:331 0.3453:021 1.530192%0
CTTSs
DN Tau 0.331+3:98 158010132 0.122+0040 1.179+0112
IQ Tau 0.170+3:052 0.88810-132 — 0.66810-122

The lines unmeasured due to the low S/N and/or rapid rotation are expressed as ”—".
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Table 6: The age comparison of the PMS stars estimated from EWR and photomet-
ric method.

Name EWR (This work) Bertout et al. 2007

log g (g: em/s%) log (L/Lo)! Age (Myr)  log (L/Lo) Age (Myr)

CTTSs

DN Tau 3771007 0207032 171758 010750 141703

1Q Tau 3.911919 0351928 2.93+392 -0.287027  1.91712%

WTTSs

V827 Tau 3.94t§;i§ -0.23t§;i§ 2.801%;%3‘/ -0.06t§;§ 2.14t§;§§

LkCa 14 4.087013 0.521012  5.13%380 0.12%03 1457033

! Estimated from the comparison of log g and Baraffe et al. (1998).
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Table 9: The age, K — L color, and the equivalent width of Ha emission feature.
Name Age (Myr) K-L (mag)! EW Ha (A)?
EWR  BSC07® KH95

CTTSs

DL Tau <1.00 — 105  1.21+0.34 105
DN Tau 171338 1417341 <100  0.55+0.22 12
GI Tau 2.4070:32 — 225  0.96+0.18 19
1Q Tau 2.937399 19178 166  0.96+0.13 7.8
TD objects

LkCa 15 1417080 501722 361  0.57£0.06 12.7
V819 Tau 2407085 6.17733  1.76  0.2140.00 1.7
WTTSs

HBC 374  2.80%130 525326 <100  0.01+0.16 3
LkCa 14 5137357 145%022 173 0.1840.00 0.9
V827 Tau  2.80%215 214702 153  0.1040.18 1.8

"Kenyon & Hartmann {1995)
ZStrom et al. (1989)
3Bertout, Siess, & Cabrit (2007)
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