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ABSTRACT

We present a study of calibrated low-resolution spectra of the 18 known primaries
of the = 9 Myr-old n Chamaeleontis pre-main sequence (PMS) star cluster. Using
synthetic broadband colours and narrow-band continuum-, temperature- and gravity-
sensitive indices derived from the spectra, we compare the n Cha stars to standard
dwarfs. We find that the VRI colours of the PMS stars are indistinguishable from
those of main-sequence stars, but that a B-band excess attaining ~ 0.2 magnitudes
for late-M cluster stars is present that might be an indicator of gravity, metallicity
and/or activity differences between the two samples of stars. The narrow-band spectral
indices for the n Cha stars possibly indicate higher metallicity and strongly indicate
lower surface gravity than the dwarf indices, consistent with the elevated location of
the cluster in the Hertzsprung-Russell (H-R) evolutionary diagram. Using the derived
synthetic colours and indices, we adopt spectral types for the late-type n Cha stars,
and then produce a table of absolute optical magnitudes and colours representing the
cluster isochrone for comparison with PMS evolutionary models. From our results we
also conclude that the n Cha stars are unreddened, consistent with the group being
a sample of older PMS stars distant from obscuring molecular clouds, except for the
A1l member HD75505 for which we confirm Ay = 0.4 magnitudes likely due to the
presence of circumstellar material.

Key words: stars: pre-main-sequence — stars: fundamental parameters — open
clusters and associations: individual: 7 Chamaeleontis

1 INTRODUCTION (1996) found the gravity-sensitive K I and Na I lines are
weaker in young Pleiades brown dwarfs than in field objects
of similar spectral type, while Mohanty et al. (2004) demon-
strated the gravity-sensitivity of the TiO molecular bands,
which increase in strength with decreasing effective gravity,
in samples of PMS stars in Upper Scorpius and Taurus star-
forming regions. The differences in these features are rele-
vant to all young PMS populations, with ages several-Gyr
less than old-disk dwarfs and elevated in the H-R diagram

Stellar spectroscopy is an indispensable tool in the study
of stellar structure and evolution. By comparing spectra of
individual stars or the members of cluster/groups with spec-
tra of standard stars with well defined properties, estimates
can be made of temperature, luminosity and composition,
i.e. effective temperature via spectral types, stellar lumi-
nosity via effective gravity sensitive indicators and chemical

composition via metallicity/abundance indicators. Bessell
(1991) has presented some details for M-type stars.

For PMS populations, studies show that the over-
all spectroscopic characteristics of PMS stars and brown
dwarfs are similar to those of main sequence stars and field
brown dwarfs but with detailed differences in key atomic
and molecular lines, e.g. Martin, Rebolo & Zapatero-Osorio
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by several magnitudes above the main-sequence.

Nearby young clusters have distinct advantages for the
study of fundamental properties of PMS stars. They pro-
vide a sample of stars across a wide range of spectral types
at essentially uniform age, distance and metallicity, and are
sufficiently bright for precise spectroscopic characterization.
Our laboratory is the =~ 9 Myr-old n Chamaeleontis clus-
ter (Mamajek, Lawson & Feigelson 1999). The cluster is an
ideal PMS group for the study of ‘intermediate-aged’ PMS
stars owing to its well-defined distance from Hipparcos mea-
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surements (d = 97+3 pc), compactness (extent ~ 1 pc), the
apparent high degree of coevality of the stellar population,
and location distant from obscuring molecular clouds (Ma-
majek, Lawson & Feigelson 2000; Lyo et al. 2004).

In this paper, we investigate in detail the spectroscopic
characteristics of the stellar population of the n Cha cluster
using calibrated low-resolution spectra, and compare these
PMS stars to main-sequence stars across the range of spec-
tral types present in the cluster.

2 OBSERVATIONS AND DATA REDUCTION
2.1 Calibration of the spectra

We obtained low-resolution spectra of most members of the
7 Cha cluster and calibration stars during 2002 March using
the 2.3-m telescope and double beam spectrograph (DBS) at
Mount Stromlo and Siding Spring Observatories (MSSSO).
Using the same equipment, several other calibration stars
were observed during 2003 April, and an additional low-mass
cluster member discovered by Song, Zuckerman & Bessell
(2004) was observed during 2004 January. The observing log
for the cluster members is summarized in Table 1. For com-
parison with the late-type cluster stars, we obtained DBS
spectra for main-sequence K- and M-type dwarfs from the
Gliese catalogue; see Bessell (1990) for a list of Gliese stars
with photoelectric photometry and spectral types. To in-
vestigate the spectral types of the three early-type cluster
members, we also obtained DBS spectra of several B- and
A-type dwarfs from the Bright Star Catalog.

For each star, spectra were obtained simultaneously
in the blue and red arms of the DBS in a pseudo-
spectrophotometric mode, with the slit width set to max-
imise the spectral resolution and oriented to the parallactic
angle to eliminate differential refraction. In the blue arm,
the 300B (300 linemm™") grating yielded spectra with a
resolution of 4 A (2 pixels) with wavelength coverage from
AA3000 — 6000 A. In the red arm, the 158R, (158 linemm*)
grating yielded spectra with a resolution of 8 A (2 pixels)
with wavelength coverage from AA5000 — 11000 A.

The spectra were first reduced using dome flats, bias
frames and Ne-Ar arc frames after removing cosmic rays
(using the automatic IRAF cosmic ray routine, or manu-
ally using imedit) and making use of standard IRAF library
routines such as ccdproc and apall.

Then a ‘smooth-spectrum’ source was used to produce a
division template for all objects (programme stars and spec-
trophotometric flux standards) observed during any given
night at the same grating settings. Prior to the division op-
eration, any strong stellar lines present in the template spec-
trum were manually removed using editing options within
splot, e.g. H and He lines in the blue, and Hey, the Na D lines
and the infrared Ca II triplet in the red. The template spec-
trum was then smoothed to effectively increase the signal-
to-noise ratio, prior to the division process which serves to
remove the first-order telluric absorption and large-scale in-
strumental variations along the spectrum due to detector
sensitivity, grating efficiency, and spectrograph vignetting.
However, the telluric absorption is not constant with time.
Some of the bands, particularly the Os bands, are almost
saturated, but the HoO bands are only partially saturated

Table 1. Observing log for the n Cha cluster stars, listed in order
of observation. Throughout this paper, we identify the late-type
stars by their RECX or ECHA number. (In this table, we also list
their variable star designation, where applicable). The three early
type stars are identified by their common name (with their RECX
number listed where applicable). The UT date refers to the time

of mid-exposure for the red-beam (158R grating) observation.

Exp. (s) Exp. (s)

Star UT date (300B) (158R)
RECX 1 (EG Cha) 2002 Mar 24.4014 300 60

7 Cha (RECX 2) 2002 Mar 24.4077 3 1
HD 75505 2002 Mar 24.4099 15 5
RS Cha (RECX 8) 2002 Mar 24.4122 5 2
RECX 7 (EM Cha) 2002 Mar 24.4146 300 60
RECX 11 (EP Cha) 2002 Mar 24.4203 180 90
RECX 10 (EO Cha) 2002 Mar 24.4247 180 180
RECX 4 (EI Cha) 2002 Mar 24.4289 300 180
RECX 12 (EQ Cha) 2002 Mar 24.4344 300 180
ECHA J0843.3-7905 2002 Mar 24.4427 600 300
RECX 3 (EH Cha) 2002 Mar 24.4552 600 600
RECX 6 (EL Cha) 2002 Mar 24.4643 600 600
RECX 9 (EN Cha) 2002 Mar 24.4734 600 600
RECX 5 (EK Cha) 2002 Mar 24.4827 600 600
ECHA J0841.5-7853 2002 Mar 24.4912 600 600
ECHA J0836.2-7908 2002 Mar 24.5006 600 600
ECHA J0838.9-7916 2002 Mar 24.5193 600 600
ECHA J0844.2-7833 2004 Jan 10.6289 900 900

and vary with humidity and with some power of the air
mass. This was particularly evident for water bands between
9300—9500 A. Thus another correction operation is required
to remove the residual HoO absorption. We produced a wa-
ter ‘map’ by first removing the H»O features from a copy
of the template spectrum, and then subtracting this edited
spectrum from the original spectrum. We then produced a
grid of secondary water maps, with the HoO features scaled
between 0 — 100 per cent of the original line strengths. By
trial and error, the grid spectra were divided through the
template-divided object spectra until few apparent H2O fea-
tures remained in the object spectra. The secondary H>O
correction needed was at the £5 — 20 per cent level.

The telluric-corrected spectra were extinction corrected
using average values for the Siding Spring site, then pseudo-
flux calibrated by comparison with spectrophotometric stan-
dard stars using the standard, sensfunc and calibrate
routines within IRAF. Lastly, the red and blue spectra for
each star were merged using the scombine routine and re-
binned at 4 A pixel™!, producing spectra that had useful
coverage for most stars from AA3500 — 10200 A; see Fig. 1.

Spectra obtained and reduced in the manner described
above permit comparative spectral typing and extraction of
synthetic colours and spectral indices, but not the measure-
ment of fluxes. Other details of the spectroscopic reduction
techniques employed here are discussed by Bessell (1999).

1 A file containing these spectra can be downloaded from
http://www.mso.anu.edu.au/~bessell/FTP/EtaCha_spectra/.
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Figure 1. Calibrated spectra for the 15 low-mass members of the n Cha cluster, ordered by their adopted spectral type.

2.2 Derivation of the synthetic colours

We obtained synthetic colours from the flux-calibrated spec-
tra for the 15 low-mass n Cha cluster stars and the Gliese
dwarfs we observed. First, we obtained instrumental colours
by integrating the spectra with normalized filter response
functions in the Cousins BVRI system. Using published
photoelectric photometry for the Gliese stars from Bessell
(1990), reproduced in Table 2, we then derived transfor-
mation equations to convert the instrumental colours to the
Cousins system. For all the colours, the transformation equa-
tion was a linear function with a regression coefficient R = 1.
This transformation operation is our first evidence that the
flux-calibration operation was reliable.

We can address the reliability of the synthetic colours
derived for the 7 Cha cluster stars and the Gliese dwarfs
in other ways; (i) comparison of the synthetic colours for
the two groups of stars, the description of which occupies
the majority of Section 3.1 of this paper and, (ii) compari-
son with published optical photometry for the n Cha cluster
population, which we will describe here. VRI photometry

© 2004 RAS, MNRAS 000, 1-12

for most of the late-type n Cha stars, obtained with the 1-m
telescope and a 1k x 1k charge-coupled device (CCD) de-
tector at the South African Astronomical Observatory, has
been published by Lawson et al. (2001), Lawson et al. (2002)
and Lyo et al. (2004). Data for the Gliese dwarfs, obtained
with the same telescope and instrumentation, was kindly
obtained and reduced for us by L. Crause. Comparison of
the synthetic and CCD colours showed an excellent corre-
spondence for the Gliese stars. But for many of the  Cha
stars the synthetic (V — I) colours were redder by ~ 0.1
magnitudes compared to (V' — I) colours at maximum light
estimated from the light curves for the K- and early-M type
stars. We ascribe this difference to variability; all low-mass
n Cha stars with spectral types earlier than M5 are known
photometric variables owing to the rotational modulation of
cool or hot spots, and the synthetic colour was measured
from a spectrum obtained at an unknown rotational phase.
However, we found an excellent correspondence between the
synthetic (R — I) colours, and CCD (R — I) colours derived
from single-epoch observations reported by Lawson et al.
(2001), Lawson et al. (2002) and Lyo et al. (2004). For most
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Table 2. V magnitude, colours and spectral types of K- and M-type dwarfs from the Gliese catalogue (Bessell 1990), with stars identified
by both their Gliese and LHS catalogue designations. The spectral types listed in the last column are derived using the spectral type-
colour conversions of Bessell (1991) and Kenyon & Hartmann (1995). Only late-M stars show differences > 0.1 sub-type in the derived
spectral types between the two conversions; the spectral types given in brackets use the conversion of Kenyon & Hartmann (1995).

Gliese# LHS# 1950 1950 v (B-V) (V—R) (R-I) (V-1I) Sp. Type
GL 412.3 LHS 6197 11 0543 27 59.8 9.34 1.26 0.762 0.695 1.457 K5.8
GL 383 LHS 2231 10 09 47 -18 22.2 9.95 1.483 0.904 0.904 1.810 MO0.0
GL 369 LHS 274 09 48 40 —12 04.5 10.06 1.48 0.932 1.020 1.954 M1.0
GL 429.2 LHS 2412 11 2526 -08 53.7 12.37 1.48 0.945 1.054 2.00 M1.2
GL 382 — 10 09 46 —-03 29.7 9.29 1.515 1.006 1.175 2.185 M2.1
GL 581 LHS 394 1516 50 07 32.4 10.57 1.616 1.101 1.409 2.508 M3.1
GL 431 LHS 2423 112923 —4046.3 11.52 1.54 1.16 1.49 2.65 Ma3.5
GL 375 LHS 2213 09 56 34 —46 10.7 11.29 1.533 1.146 1.512 2.657 M3.5
GL 514.1 LHS 353 132729 —08 26.6 14.33 1.68 1.32 1.72 3.04 M4.3
GL 493.1 LHS 2664 12 58 05 05 57.1 13.41 1.77 1.359 1.765 3.131 M4.5
GL 473 LHS 333 12 30 51 09 17.6 12.49 1.84 1.555 1.96 3.52 M5.2(M5.1)
GL 406 LHS 36 10 54 06 07 19.2 13.53 1.99 1.856 2177 4.032 M5.9(M5.7)
GL 283 LHS 234 073802 -1717.4 16.54 — 1.859 2.248 4.108 MG.O(M5.8)

of the late-type n Cha stars, the difference in the colour was
< 0.05 magnitudes. Those stars with colours that were dif-
ferent at the ~ 0.1 magnitude level are dominated by objects
with on-going mass accretion that have strongly-variable op-
tical emission, especially at Ha influencing the R-band pho-
tometry (Lawson, Lyo & Muzerolle 2004). For most of these
T Tauri stars with photometric variations driven by cool
starspots, we find that the (R — I) colour is largely insensi-
tive to rotational variability. Unpublished multi-epoch VRI
photometry of the  Cha stars, and other multi-colour ro-
tational studies of T Tauri stars, e.g. Bouvier et al. (1993),
shows R- and I-band amplitudes that are each roughly half
the observed V-band amplitude. With the individual light
curves appearing in-phase, the resulting (R — I) colour am-
plitudes are low. We therefore adopt the (R — I) colour as
the primary broadband colour for characterizing the late-
type 1 Cha stars since a single-epoch (R — I') measurement
appears to better describe the stars than other broadband
colours affected by variability, and also because the (R —T)
colour has already been used to characterize the late-K and
M-type dwarf spectral sequence (Bessell 1991).

3 SPECTRAL CLASSIFICATION OF THE
LATE-TYPE POPULATION

3.1 Synthetic colours — comparing the n Cha
cluster to main-sequence dwarfs

In Fig. 2 we show colour-colour diagrams for the late-type
members of the 7 Cha cluster and the Gliese dwarfs (mainly
old disk stars) produced using the synthetic colours derived
from our calibrated DBS spectra. We also show the locus of
K5 — M6 dwarfs in each of these colour-colour planes, using
data complied by Kenyon & Hartmann (1995) and Bessell
(1991). In Figs 2(b) and 2(c), we see excellent agreement
between the VRI synthetic colours for both groups of stars
and the locus of main-sequence colours. In Fig. 2(a) we see
a small but significant offset in the (B — V) colours for the n
Cha cluster stars compared to both the sample of the Gliese
stars and the dwarf colour sequence, reaching = 0.2 magni-
tude for the late-M stars. This difference in (B — V') colour

might be due to a combination of several factors, in par-
ticular differences in surface gravity and metallicity, and the
likelihood of enhanced chromospheric activity in young PMS
populations compared to older dwarfs?. The offset is not due
to variability as the late-M type cluster members have low
or undetected levels of photometric variability (Lawson et
al. 2002; Lyo et al. 2004). Nor is it necessarily due to the
presence of an accretion disc. While the only star with a
highly-discrepant (B — V') colour is the CTT star ECHA
J0843.3-7905 with strong optical excess emission owing to
on-going disc accretion, several other cluster members with
lower levels of disc accretion are indistinguishable from the
general cluster population.

Despite the difference between the n Cha stars and
main-sequence dwarfs in the (B — V) colour, the broad-
band colours of the low-mass members of the 1 Cha cluster
are otherwise well-matched to those of older main-sequence
stars. This suggests that the spectral properties of the n Cha
stars might be close to that of main-sequence stars.

3.1.1 The CTT star ECHA J0843.83-7905

ECHA J0843.3-7905 is a CTT star with high IR excess emis-
sion of A(K — L) = 0.9 mag, and a mass accretion rate of log
M = —9.0 Mg yr~ ! (Lyo et al. 2003; Lawson et al. 2004).
The optical spectrum shows heightened levels of optical line
and continuum emission, the star having a unique spectrum
amongst the known late-type population of the cluster; see
Fig. 1. The origin of the (B — V') colour excess for the star
seen in Fig. 2(a) is principally due to strong U- and B-
band continuum excess emission. In Fig. 3 we compare the
spectrum of the star to that of a dwarf of similar spectral
type (Gliese 375; spectral type M3.5) with the responses of
the Cousins BVRI filters overlaid for comparison. ECHA
J0843.3-7905 clearly shows excess emission at wavelengths

2 A similar colour difference was noted by Stauffer (2001) when
comparing the 100 Myr-old Pleiades and 700 Myr-old Praesepe
cluster populations, and ascribed to differences in their metallic-
ities and in their chromospheric activity.

© 2004 RAS, MNRAS 000, 1-12
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Figure 2. (a) Synthetic (B —V)/(R—1I), (b) (V- R)/(R—1I)
and (c) (V —1I)/(R—I) colour-colour diagrams for n Cha cluster
stars (filled circles) and main-sequence dwarfs (open circles). The
reverse filled triangle in (a) is the faint M5 star ECHA J0844.2-
7833 with a poor B-band flux. The highly-discrepant cluster ob-
servation in (a) is the CTT star ECHA J0843.3-7905 with strong
U- and B-band excess emission; see Section 3.1.1 The bold lines
are the locus of main-sequence stars from spectral type K5 — K6
(Kenyon & Hartmann 1995) and K7 — M6 (Bessell 1991). The
dashed lines represent the effects of reddening in these colour-
colour planes of Ay = 0.5 mag using extinction coefficients pro-
vided by Rieke & Lebofsky (1985).

© 2004 RAS, MNRAS 000, 1-12
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Figure 3. Normalized spectra of ECHA J0843.3-7905 and GL
375 (spectral type M3.5), overlaid with BVRI filter response func-
tions in the Cousins system. ECHA J0843.3-7905 clearly shows
continuum veiling, and excess continuum emission at wavelengths
A < 4000 A; a consequence of on-going disc accretion (Lyo et al.
2003; Lawson et al. 2004). The star also shows the rich line emis-
sion spectrum characteristic of CTT stars.

A < 4000 A owing to a strong Balmer continuum emis-
sion jump. Optical line emission also affects the broadband
colours, in particular the contribution made by the strong
Ha emission line to the R-band flux. If the line emission
is uncorrected-for, the star has distorted broadband colours
compared to other stars of similar spectral type. Editing all
obvious optical emission lines from the spectrum and recal-
culating the colours results in a shift of +0.07 and —0.05
magnitudes in the (R—1I) and (V — R) colours, respectively.
This correction leaves the star with colours similar to other
cluster stars and dwarfs of spectral type =~ M3. In Fig. 2
we plot the unmodified synthetic colours of the star, but
in other figures in this paper we plot the modified (R — I)
colour. From the depth of optical absorption features in the
V and R bands, we estimate a veiling parameter r ~ (0.06.
This low level of photospheric veiling does not appear to
alter the broadband colours to a significant extent.

3.1.2 Reddening

The proximity of the n Cha cluster to Earth (d = 97 pc),
and the remoteness of the cluster from obscuring molecular
clouds, makes it likely that interstellar reddening towards
the cluster is low. Comparison of the synthetic colours for
the 1 Cha cluster stars and those for the Gliese dwarfs pro-
vides us with a sensitive test for reddening, both across the
region occupied by the cluster and for individual cluster
members. In each panel of Fig. 2, dashed lines show the
consequence of reddening of Ay = 0.5 magnitudes in these
colour-colour planes, employing the extinction coefficients
of Rieke & Lebofsky (1985). Clearly reddening is absent or
very low; no late-type member shows an offset in the colour-
colour planes that could be assigned to reddening at a level
exceeding a few tenths of a magnitude. We therefore adopt
Ay = 0.0 for the late-type stars. We further consider the
issue of reddening when adopting spectral types for these
stars in Section 3.3.
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3.2 Narrow-band spectral indices

The spectral classification sequence attempts to compare
stars with broadly similar spectroscopic properties across
different stellar evolutionary phases, even if differences in
surface gravity or chemistry are present. In Section 3.1, we
found that the VRI colours of the n Cha stars are indis-
tinguishable from old disk dwarfs. In Fig. 4(a), we compare
spectra for five 7 Cha members, and five Gliese dwarfs with
spectral types similar to the n Cha stars. Consistent with the
agreement in the colour characteristics of these two groups of
objects, the spectroscopic nature of these stars shows a gen-
eral correspondence in appearance with similarly-strong TiO
and VO bands in each pair (n Cha star and Gliese dwarf) of
objects. However, through the application of narrow-band
spectral indices we can define differences between the PMS
7 Cha stars and the main-sequence Gliese stars, which we
discuss in detail in the following sections. The combination
of comparative spectroscopy, and the measurement of broad-
band colours and narrow band indices, will enable us to pro-
duce spectral types for the fifteen low-mass members of the
1 Cha cluster. We discuss the three early-type members in
Section 4.

8.2.1 Temperature-sensitive indices

Molecular bands such TiO, CaOH, CaH and VO, atomic
lines such as Na I and K I, can provide temperature-sensitive
information particularly for M-type stars where the appear-
ance of the spectrum changes rapidly between sub-types; see
Fig. 1. However, the usefulness of spectral indices defined
to measure the change in strength of these features is con-
strained by their parallel sensitivity to differences in surface
gravity and metallicity between the test (the n Cha stars)
and the parent populations (the Gliese stars). In this sec-
tion, we consider several narrow-band spectral indices that
are principally temperature indicators as a means of sup-
porting the comparison of the broadband colours (see Sec-
tion 3.1), and of the individual spectra (Fig. 4a). Indices that
appear to be useful gravity-sensitive indicators are discussed
in Section 3.2.2.

We selected six temperature indices; three ‘pseudo-
continuum’ (PC) spectral ratios that measure the general
shape of the spectrum across restricted wavelength inter-
vals, and indices defined from CaH, CaOH and TiO molecu-
lar band flux ratios. We adopted the PC indices from Martin
et al. (1996), the CaH and CaOH indices from Reid, Haw-
ley & Gizis (1995), and the [TiO]2 index from Kenyon et
al. (1998). Table 3 lists the working definition for each in-
dex. Figs 5 and 6 compare these indices for the n Cha and
Gliese stars against their measured (R — I) colour. In Fig.
5, we see the PC indices are well-matched between the two
groups. In Fig. 6, we see small differences in the distribu-
tions of the TiO, CaH and CaOH indices for the two groups
of stars, with each group showing little scatter about the
trend in index value with increasing (R — I) colour. In Fig.
5 and each panel of Fig. 6, we fit the Gliese star data with
a low-order polynomial to represent the dwarf sequence for
each index. In Figs. 6(a) and (b), we see that the CaH and
CaOH indices are slightly larger — corresponding to weaker
molecular and strengths — in the n Cha cluster compared
to the dwarfs of a given (R — I) colour. Kirkpatrick, Henry

Table 3. Adopted spectral indices, with all wavelengths in
Angstrom units. For the [TiO]2 index, the bandpass is 30 A cen-
tred at each wavelength.

Index Definition

Temperature-sensitive indices

PC3 Fg235-8265/ Fr540— 7580
PC4 F9190- 9225 / Fr540— 7580
PCs Fo300-9880/ Frr540— 7580

CaH2 Feg14—6846 / Fr042— 7046
CaOH  Fs230—6240/F6345-6354
[TiO]z  —2.5log[Fr100/(0-8F7025 + 0.2F7400)]

Gravity-sensitive indices
Nal Fg148-8172/ F8176—8200
FeH2 F9g40- 9880/ F9900— 9940

Temperature index for A-type stars
Call F3917-3925 / F3925— 3942

& McCarthy Jr (1991) and Reid et al. (1995) showed that
the CaH and CaOH molecular bands are also related to
metal content, with an inverse relation between metallic-
ity and molecular bands strength. Gizis (1997) also showed
that the CaH molecular bands strength are useful to dis-
criminate between dwarfs and subdwarfs. These results in-
dicate that the np Cha cluster has slightly higher metallicity
than dwarfs owing to its weaker CaH and CaOH molecular
band strengths; consistent with the young age of the clus-
ter. In Fig. 6(c), the [TiO]2 index is also larger — but this
time indicating a stronger molecular band strength — in the
7 Cha cluster than in the standard dwarfs. TiO molecu-
lar bands are the main source of optical opacity in M-type
stars and their strength is a well-known temperature indi-
cator (O’Connell 1973; Solf 1978). However, the TiO molec-
ular bands also have a small gravity dependence, e.g. Mo-
hanty et al. (2004) showed that the TiO triple-headed bands
(A8432, 8442, 8452) become stronger with decreasing gravity.
Therefore we suggest that the difference in the A7100 TiO
molecular band strength is a function of lower gravity in the
n Cha cluster compared to the main-sequence stars, again
consistent with the PMS nature of the cluster.

8.2.2 Gravity-sensitive indices

In Fig. 4(a) we compared spectra for five  Cha members,
with five Gliese dwarfs with similar spectral types to the
n Cha stars. A visual assessment of these spectra confirms
their similarity, supported by the measurement of the PC
and molecular band indices discussed above. However, in
detail we see slight differences between the two groups of
spectra in gravity sensitive features, e.g. the A7665, 7699 K
I doublet, the A8183,8195 Na I doublet, and the A9896 FeH
bandhead (O’Connell 1973; Kirkpatrick et al. 1991; Martin
et al. 1996). In Fig. 4(b) we illustrate the difference in these
lines by producing ratios of the spectra, where the spectrum
of each n Cha star is divided by the spectrum of the Gliese
star of the nearest spectral type. Small differences of < 1
sub-type in the spectral types, and slightly stronger TiO
bands in the 7 Cha stars, leave low-level residual TiO and
VO features. But the ratioed spectra are dominated by resid-
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Figure 4. (a) Comparison of n Cha cluster members and Gliese dwarfs of similar spectral types, as determined from their broadband

colours: RECX 10 and GL 383 (spectral type ~ M0), RECX 4 and GL 429.2 (~

M1), RECX 3 and GL 581 (~ M3), RECX 9 and GL

514.1 (~ M4) and ECHA J0838.9-7916 and GL 473 (~ M5). (b) Ratioed spectra obtained by dividing the cluster star spectrum by the
dwarf spectrum. Positive residuals indicate the n Cha star has weaker absorption features than the dwarf. Ha also appears as a positive
residual as it is in emission in the 7 Cha stars. While the overall spectroscopic properties of the two groups of stars are very similar,
small differences in band strengths (due to slight mis-matches in spectral type, as well as intrinsic variations between the two groups of
stars) and significant differences in gravity-sensitive features are evident; see Section 3.2 for details.

uals owing to significant differences in the strengths of the
K I, Na I and FeH lines. Positive residuals indicate the fea-
tures are weaker in the  Cha stars compared to the dwarfs.
(Ha appears as a strong positive residual, owing to this fea-
ture being in emission in all of the late-type n Cha stars.) In
Fig. 4(b) we see positive K I doublet residuals from RECX 4
(spectral type M1), clear evidence for positive Na I doublet
residuals from RECX 3 (M3), and FeH residuals for ECHA
J0838.9-7916 (M5). For quantitative comparison of the Na
I doublet and the FeH bandhead in these stars, we used a
line index that compares the line fluxes to nearby pseudo-
continuum points. For the FeH lines, we adopted the FeH2
ratio of Martin et al. (1999) and we followed their technique
to define the Na I ratio. Table 3 lists the working definition
for each index. In Fig. 7 we show these index values for the n
Cha cluster stars, together with the Gliese stars, and values
for M-type giants derived using spectra published by Pick-
les et al. (1998). Both indices clearly differentiate the  Cha
stars from dwarfs and giants, with the T Tauri stars having
intermediate gravity indicators consistent with the elevation
of the cluster a few magnitudes above the main sequence.

© 2004 RAS, MNRAS 000, 1-12

3.3 Adopted spectral types for the late-type stars

Table 4 lists the synthetic colours, and spectral types for
the fifteen low-mass members of the  Cha cluster derived
from their low-resolution spectra by comparison to standard
dwarfs with known spectral types via their broadband VRI
colours — represented in Table 4 by the (R — I) colour (Figs
2b and c), the average of the three PC ratios (Fig 5), and
the CaH and TiO molecular bands strengths (Figs 6a and
6c). The adopted spectral types for these stars (last column
of Table 4) are roughly an average of these values, with
emphasis given to the very-similar (R — I) and PC results.
For the K-type and MO stars, spectral types derived from
the (R — I) colour and PC indices are in agreement only at
the 0.5 — 1 sub-type level because these indices vary slowly
with K sub-type. For the later M-type stars, the agreement
is at the 0.2 sub-type level. However, spectral types derived
from CaH2 index are = 0.3 sub-types earlier compared with
those from the (R — I) colour, while those derived from the
[TiO]; index are = 0.3 sub-types later. The differences seen
in the CaH2 and [TiO]: indices are consistent with the PMS
7 Cha cluster having higher metallicity (derived from the
CaH2 index) and lower surface gravity (derived from the
[TiO]. index) than the Gliese dwarfs; see Section 3.2.1 for
details. The opposite effects of the CaH2 and [TiO]> indices
result in an average spectral type not very different from
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Figure 5. PC3, PC4 and PC5 spectral indices for n Cha clus-
ter stars (filled circles) and main-sequence dwarfs (open circles),
with the solid lines being low-order fits to the dwarf data. For
all three PC indices, the distributions for the 7 Cha cluster are
well-matched to those of the dwarfs.

that derived solely from the broadband colours and the PC
indices. Overall, the adopted spectral types listed in Table
4 are uncertain by 0.25 — 0.5 sub-types for the K-type stars,
reducing to 0.1 — 0.2 sub-types for the M-type stars>.

The similarity of the derived spectral types from the
broadband colours, the PC ratios, and the narrow line in-
dices, further supports a lack of reddening for these stars (see
Section 3.1.2). Also, a number of these stars are confirmed
(RECX 1, 7, 9 and 12) or suspected (ECHA J0836.2-7908
and ECHA J0838.9-7916) binaries. All of these systems have
low mass ratios of < 3 : 1 (Lyo et al. 2004), with the sec-
ondary appearing to cause little or no apparent distortion
of the synthetic colours or spectral indices of the primary.

4 SPECTRAL CLASSIFICATION OF THE
EARLY-TYPE POPULATION

For the early-type stars, Westin (1985) found E(b — y) =
—0.004 for n Cha (spectral type B8), and the light curve of
the binary RS Cha (A7 + A8) has been modelled assuming

3 Our adopted spectral types are similar to those previously de-
rived for the n Cha cluster, e.g. from medium resolution Ha-region
spectroscopy (Mamajek et al. 1999), (V —I) photometry (Lawson
et al. 2001) and uncalibrated low resolution R-band spectroscopy
(Luhman & Steeghs 2004). The principal difference is that our
spectral types for the K-type stars are 1 — 2 sub-types later than
the other studies, but there is agreement at < 0.5 sub-types for
most of the M-type stars.
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Figure 6. (a) CaH2, (b) CaOH, (c) [TiO]2 spectral indices for the
7 Cha cluster (filled circles), and standard main-sequence stars
(open circles). In panels (a) and (b), the most-discrepant cluster
member is ECHA J0843.3-7905, with unusual CaH2 and CaOH
indices owing to low levels of photospheric veiling.

E(B-V) = 0.0, e.g. Clausen & Nordstrom (1985). However,
for HD 75505 there is inconsistency between the spectral
type of Al given by Houk & Cowley (1975) and photometric
colours that suggest a spectral type of A5—A6 (Mamajek et
al. 1999), leading to dispute between Mamajek et al. (2000)
and Luhman (2001) whether the star is misclassified or if it
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Table 4. Synthetic colours for the late-type 7 Cha cluster stars derived from the low-resolution spectra, ordered by their adopted spectral
types. Spectral types are derived from comparison with dwarfs from the broadband VRI colours, represented here by the (R — I) colour,
the average of the three pseudo-continuum spectral ratios and two indices representing the CaH and TiO molecular bands strengths; see
Section 3. For ECHA J0843.3-7905, the values in brackets were obtained following the removal of all obvious emission lines from the
spectrum. The final column of the table lists our adopted spectral types for these stars; see Section 3.3 for details.

Synthetic Colours

Spectral Types

Star (B-V) (V-1 (V—-R) (R—1) (R—I) PC CaH2 [TiO]z Adopted
RECX 11 1.22 1.49 0.77 0.72 K6.3 K73 <K58 <K5.8 K6.5
RECX 7 1.19 1.51 0.76 0.75 K6.8 K73 <K5.8 K7.7 K6.9
RECX 1 1.23 1.56 0.80 0.76 K6.8 K8.5 K5.8 K7.0 K7.0
RECX 10 1.45 1.88 0.93 0.95 MO0.3 K9.9 MoO0.0 MO0.6 MO0.2
RECX 4 1.45 1.99 0.95 1.04 M1.2 M1.4 MO0.8 ML1.5 M1.3
RECX 6 1.50 2.47 1.09 1.37 M3.0 Ma3.1 M2.8 Ma3.3 M3.0
RECX 3 1.51 2.51 1.10 1.40 Ma3.1 Ma3.0 M2.9 M3.4 Ma3.0
RECX 12 1.51 2.56 1.15 1.40 Ma3.1 Ma3.4 M2.7 M3.4 M3.2
ECHA J0843.3-7905  0.94(1.10)  2.45(2.47) 1.08(1.03)  1.36(1.44) (M3.3) M35  M2.7 M35  M3.4
RECX 5 1.51 2.84 1.22 1.61 M3.9 Ma3.7 Ma3.8 M4.3 M3.8
RECX 9 1.52 3.05 1.30 1.73 M4.4 M4.2 M4.4 M4.8 M4.4
ECHA J0841.5-7853 1.62 3.35 1.47 1.86 M4.8 M4.6 M4.6 Mb5.1 M4.7
ECHA J0838.9-7916 1.60 3.41 1.46 1.93 M5.1 M4.9 M4.9 M5.4 M5.0
ECHA J0836.2-7908 1.76 3.71 1.65 2.04 M5.4 M5.3 M5.2 M5.6 M5.3
ECHA J0844.2-7833 2.17: 3.71 1.62 2.06 Ms5.5 M5.5 M5.2 M5.7 Ms5.5

is extinguished by Av = 0.4 magnitudes. To resolve the is-
sue, we obtained DBS spectra of the three early-type cluster
members along with A- and B-type dwarfs from the Bright
Star Catalog. We characterized the spectra by defining a
spectral index comparing the strength of the A3934 Ca II
line with respect to the nearby pseudo-continuum; see Ta-
ble 3. Within an uncertainty of = 0.5 subtypes we confirm
the published spectral types for the three early type cluster
members, indicating that HD 75505 is reddened. The red-
dening towards HD 75505 must be confined to the star as
other nearby cluster members appear to be unextinguished.
The reddening is likely associated with an edge-on disc; Lyo
et al. (2003) found that HD 75505 has a (K — L) excess of
=~ 0.2 magnitudes.

5 NEW COLOUR-MAGNITUDE DIAGRAMS
FOR THE n CHA CLUSTER

PMS evolutionary models are an important tool to deter-
mine the ages and masses of the members of young stellar
populations and thus are critical for star formation studies.
However, there are large variations between different PMS
models because of differences in the treatment of convection,
deuterium burning and opacity in young stars. The result-
ing differences in evolutionary grids result in a wide range of
inferred ages and masses for individual objects, e.g. Lawson
& Feigelson (2001) compared the late-type members of the
7 Cha to several PMS grids and found differences of 1.5 — 4
in the derived age and/or mass for individual stars.

There are two main ways to test the validity of PMS
grids. First, accurate dynamical masses and modelled tem-
peratures and luminosities of components of dual-lined spec-
troscopic/eclipsing binaries can be directly compared to the
grids. In the n Cha cluster, the only known dual-lined eclips-
ing system is the early-type binary RS Cha AB. The major-
ity of contemporary PMS grids infer an age ¢t =~ 8.5 Myr for
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this system, with At = 0.5—1 Myr owing to uncertainties in
the temperature and luminosity of the components (Mama-
jek et al. 2000; Lawson & Feigelson 2001; Young et al. 2001).
Secondly, older PMS systems can be used to check for co-
evality across the extent of the stellar population. For PMS
cluster ages t > 5 — 10 Myr, a spread of ages of a few Myr
within a stellar group corresponds to an almost negligible
range of luminosities for any given stellar mass. The main
contributor to the width of the locus for an older cluster is
unresolved binaries that appear overly luminous compared
to single stars (Lawson et al. 2001; Luhman 2001).

Lyo et al. (2004) showed that the scatter of magnitude
in the V/(V — I) color-magnitude (C-M) diagram for the
7 Cha cluster is due to binaries confirmed for several stars
by speckle imaging (RECX 1 and RECX 9; Kohler & Petr-
Gotzens 2002), radial velocity variability (RECX 7; Lyo et
al. 2003) and light curve analysis (RECX 12; Lawson et al.
2001). Binarity is strongly suspected for other late-type stars
owing to their elevation in the C-M diagram. All of these
systems appear to have low mass ratios of < 3 : 1 appear-
ing up to 0.7 magnitudes, corresponding to a factor of 2 in
brightness, above the locus of apparently single stars. With
binarity in the late-type population accounted for, the scat-
ter in the C-M diagram is considerably reduced, indicating
that the stars form an essentially coeval, natural isochrone.

The analysis of Lawson & Feigelson (2001) did not in-
clude five M-type stars recently discovered in area photo-
metric surveys aimed at defining the low-mass cluster popu-
lation (Lawson et al. 2002; Lyo et al. 2004; Song et al. 2004).
While an extensive comparison between the low mass stel-
lar population of the cluster and the numerous PMS grids
available in the literature is not the aim of this paper, in
Fig. 8 we compare in the I /(R — I) C-M diagram the clus-
ter stars to the grids of (a) Siess, Dufour & Forestini (2000)
and (b) Baraffe et al. (1998). Both grids provide users with
absolute magnitudes in the standard photometric bands for
direct comparison with observable quantities. We adopt the
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Figure 7. Comparison of gravity-sensitive indices measuring the
strength of (a) the A8183,8195 Na I doublet, and (b) the A9896
FeH band for the n Cha cluster (filled circles), old disk dwarfs
(open circles) and giants (open triangles). For both indices the
distribution for n Cha cluster stars occupies the region between
that of the dwarfs and the giants.

I/(R —I) C-M diagram in this paper because we use the
(R — I) colour to define the spectral types of the cluster
population. The (R — I) colours are taken from Table 4.
For the I-band magnitudes, we derive values from Law-
son et al. (2001) and Lyo et al. (2004), and we adopt the
DENIS i-band measurement for the faint M5.5 star ECHA
J0844.2-7833. As we explain in Section 3.1, (R — I) is the
optical broadband colour least-affected by variability, and
for most of these stars the published I-band magnitude is
approximately the brightness at maximum light. This repre-
sents the least-spotted case for stars with cool starspots, but
might give too bright a magnitude for stars with variability
driven by accretion hotspots, such as the CTT star ECHA
J0843.3-7905.

For the K- and early M-type stars with (R — I) < 1.5,
the inferred masses and ages of the 1 Cha cluster stars in
the I/(R — I) C-M diagram is similar to that inferred from
the V/(V — I) C-M diagram with some differences in de-
tail for individual stars, e.g. in Fig. 8(a), the grid of Siess
et al. (2000) infers an age for the stars (we take the lower

locus to represent single stars) of 7—9 Myr. A similar result
is obtained from the V/(V — I) C-M diagram (Lawson &
Feigelson 2001). However, the I/(R — I) C-M plane gives
slightly lower inferred masses than from the V/(V —I) C-M
plane. But these small differences in mass and age for indi-
vidual stars are minor when compared to problems raised
when exposing the grids to the full range of spectral types
present in the cluster, and the extreme differences seen when
comparing different grids.

First, while the grids of Siess et al. (2000) approxi-
mately achieves coevality for spectral types earlier than =~
Ma3.5, later-type stars appear systematically older. The same
problem with these grids was noted by Feigelson, Lawson &
Garmire (2003) for the younger (¢ = 5 Myr) PMS group
of late-type stars associated with ¢ Cha and HD 104237.
Secondly, the grids of Baraffe et al. (1998) fail to achieve co-
evality across any significant range of colour/spectral type
owing to known problems with the optical fluxes for these
models. Third, there is almost no agreement between the
two sets of grids concerning the inferred age and mass for
individual stars. The obvious problems with the Baraffe et
al. (1998) models appear to be somewhat alleviated in the
H-R (luminosity-temperature) diagram (Lawson & Feigel-
son 2001) but these grids still infer a somewhat older age
for the cluster (¢ ~ 15 Myr) than that inferred from the
Siess et al. (2000) grids (t ~ 9 Myr).

This two-model comparison amply demonstrates that
the n Cha cluster is a demanding laboratory for the predic-
tions of PMS evolutionary models. To assist the development
of future PMS grids, in Table 5 we list optical photomet-
ric data for spectral types of K7 — M5.5 that represent the
observed cluster isochrone. The values for My are derived
from C-M diagrams for the cluster such as Fig. 8, with the
isochrone fitted to those stars that appear to be single stars,
or undetected high-mass ratio binaries; also see Lawson &
Feigelson (2001) and Lyo et al. (2004). The observed V-
band magnitudes are converted to absolute magnitudes via
the distance modulus of 4.93, determined from the distance
to the cluster of d = 97 + 3 pc (Mamajek et al. 1999). The
(B — V) colours are derived from the observed sequence of
7 Cha stars in Fig. 2(a), while for the (V — R), (V —I) and
(R—1I) colours we adopt the dwarfs colours of Bessell (1991)
since the VRI colours of the late-type n Cha closely follow
the dwarf sequence (Figs 2b and c). The colour sequences are
well-defined for the cluster stars, and for individual spectral
types the colours are likely to be uncertain by only 0.01—0.02
magnitudes. The values for My are imprecise owing to the
subjective nature of the fit to stars in the C-M plane, issues
of variability and undetected binarity, and uncertainty in
the distance modulus (which alone contributes a zero-point
uncertainty of 0.06 magnitudes). Altogether, the values for
My may be uncertain by 0.1 — 0.2 magnitudes.

6 SUMMARY AND CONCLUSIONS

Comparison of the &~ 9 Myr-old  Cha cluster PMS stars
to Gyr-old main-sequence K- and M-type dwarfs demon-
strates the high degree of similarity of the spectra of these
two groups of objects. Broadband VRI colours and pseudo-
continuum indices derived for the cluster stars and dwarfs
from flux-calibrated low resolution spectra are indistinguish-
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Figure 8. RI colour-magnitude diagram for the low-mass members of the n Cha cluster compared to the pre-main sequence grids of (a)
Siess et al. (2000) and (b) Baraffe et al. (1998). Isomass lines are in units of M; isochrones are in units of Myr. When shown in these
diagrams to their full extent, the isomass lines extend from ages of 1 — 100 Myr and the isochrones run across masses of 0.1 — 1.4 Mg.

Table 5. Optical photometry representing the n Cha cluster
isochrone for single stars, with the V-band magnitudes placed
on the absolute scale.

Sp. Type My (B-V) (V—R) (V-I0 (R-1I)
K7 6.67 1.26 0.83 1.60 0.77
MO 7.47 1.41 0.89 1.80 0.91
M1 7.93 1.46 0.94 1.96 1.02
M2 8.43 1.48 1.00 2.16 1.16
M3 9.24 1.50 1.10 2.47 1.37
M4 1048 151 1.23 2.86 1.63
M5 12.36 166 1.48 3.39 1.91

M55 1361 177 1.69 3.75 2.06

able at visual and red wavelengths (AX = 5000 — 10000
A); see Section 3.1. This outcome suggests the tempera-
ture sequence for the n Cha cluster stars is not very dif-
ferent from that of the dwarf sequence. Aided by compar-
ative spectroscopy between the two groups of stars, we use
these indices as primary diagnostics of spectral type, with
the various colours and indices in agreement at the 0.1 —0.2
subtype level for M-stars, and at the < 0.5 subtype level for
K-stars (Section 3.3).

Only in the B-band and for narrow-band spectral in-
dices sensitive to metallicity and gravity, are we consistently
able to differentiate the cluster stars from the dwarf stars
(Sections 3.1 and 3.2). The PMS stars show a B-band excess
of < 0.1 magnitudes for K- and early M-type stars, with the
excess attaining ~ 0.2 magnitudes for M4-M5 cluster mem-
bers. We ascribe the B-band excess to at least one of three
contributing factors — lower effective gravity, higher metal-
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licity and enhanced optical activity. Indices that measure
the temperature-sensitive CaH and TiO molecular bands
strengths show that the n Cha stars are subtly different from
dwarfs, with small but consistent deviations from the dwarf
sequence that we interpret as evidence that these indices are
secondary metallicity and gravity indicators. The CaH and
TiO indices suggest higher metallicity and lower effective
gravity in the cluster stars, respectively. Gravity-sensitive
indicators, such as the K I and Na I atomic lines and the
FeH molecular line, clearly locate the ) Cha cluster between
the locus of dwarfs and that of giants. While the indices
derived from the low-resolution spectra show consistent be-
havior, in particular their sensitivity to gravity, they do not
permit a precise quantitative measure of the metallicity or
gravity which awaits future high-resolution study.

The outcomes described above are consistent with the
location of the n Cha cluster in the H-R (or C-M) diagram.
The ‘intermediate’ age of the stellar population positions
the cluster isochrone almost equally between that of the
youngest PMS populations (with ages ~ 1 Myr) and the
main-sequence. The general nature of the spectra are very
similar to dwarfs, but the possible indication of higher metal-
licity and the strong indication of lower gravity is consistent
with the comparative youth of the  Cha cluster.

With a known population of 18 primaries spanning
spectral types of B8-M5.5, the n Cha cluster is a demand-
ing laboratory for PMS evolutionary grids. In Section 5 we
compare the cluster to two recent calculations (Baraffe et
al. 1998; Siess et al. 2000) in the I/(R — I) C-M diagram
and we find that both grids fail a test for coevality for spec-
tral types later than M3-M4. Making use of our adopted
spectral types and broadband photometry, we observation-
ally define the cluster isochrone for ~ 9 Myr-old PMS stars
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across spectral types of K7-M5.5. The future discovery of
other low mass cluster members might usefully extend this
isochrone to the lowest stellar masses and into the brown
dwarf regime; IMF calculations by Lyo et al. (2004) suggest
~ 20 undetected low mass stars and brown dwarfs could
accompany the known stellar population.
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