Handbook of Star Forming Regions Vol. 11
Astronomical Society of the Pacific, © 2008
Bo Reipurth, ed.

Chamaeleon

Kevin L. Luhman

Department of Astronomy and Astrophysics
The Pennsylvania State University
University Park, PA 16802, USA

Abstract. The dark clouds in the constellation of Chamaeleon have distances of
160-180 pc from the Sun and a total mass of ~5000 M. The three main clouds, Cha I,
II, and III, have angular sizes of a few square degrees and maximum extinctions of
Ay ~ 5-10. Most of the star formation in these clouds is occurring in Cha I, with
the remainder in Cha II. The current census of Cha I contains 237 known members,
33 of which have spectral types indicative of brown dwarfs (>M6). Approximately
50 members of Cha II have been identified, including a few brown dwarfs. When
interpreted with the evolutionary models of Chabrier and Baraffe, the H-R diagram for
Cha I exhibits a median age of ~2 Myr, making it coeval with IC 348 and slightly older
than Taurus (~1 Myr). The IMF of Cha I reaches a maximum at a mass of 0.1-0.15 M,
and thus closely resembles the IMFs in IC 348 and the Orion Nebula Cluster. The disk
fraction in Cha I is roughly constant at ~ 50% from 0.01 to 0.3 M and increases
to ~ 65% at higher masses. In comparison, IC 348 has a similar disk fraction at low
masses but a much lower disk fraction at M > 1 Mg, indicating that solar-type stars
have longer disk lifetimes in Cha I.

1. Introduction

The southern constellation of Chamaeleon contains one of the nearest groups of dark
clouds to the Sun (d ~ 160-180 pc). An extinction map of these clouds is shown in
Figure 1 (Dobashi et al. 2005). The main clouds in Chamaeleon have angular sizes
of a few square degrees and are referred to as Chamaeleon I, II, and III (Hoffmeister
1962)." Digitized Sky Survey (DSS) images of Cha I and II are shown in Figure 2
and a color optical image of Cha I obtained by G. Rhemann is shown in Figure 3.
These clouds contain signposts of recent star formation in the form of several reflection
nebulae, including Ced 110, 111, and 112 (Cederblad 1946) and the Infrared Nebula
(IRN, Schwartz & Henize 1983). An optical image of the area surrounding Ced 111 is
shown in Figure 4. Newborn stars were first directly discovered in Chamaeleon through
their variability and Ha emission (Hoffmeister 1962; Henize 1963; Mendoza 1972).
The masses of the Chamaeleon clouds and the stellar densities of young stars within
them are low compared to many other star-forming regions. Because Chamaeleon is
nearby and well-isolated from other young stellar populations, it has been a popular
target for studies of low-mass star formation.

'In most publications, including this review, the designations Cha IT and Cha III have been reversed from
the original ones assigned by Hoffmeister (1962).
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Figure 1.  Extinction map of the Chamaeleon dark clouds (Dobashi et al. 2005).
The maximum extinction in this map is Ay ~10.

Figure 2.  DSS images of Cha I (2° x 2°) and Cha II (1°5 x 195). The reflec-
tion nebulae Ced 111 and Ced 112 are associated with the B stars HD 97048 and
HD 97300, respectively.
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Figure 3. A wide-field optical color-composite image of the Cha I cloud (1°4 x
2°). North is up and east is left. Courtesy G. Rhemann.
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Figure 4.  An optical color-composite image of the Ced 111 reflection nebula in
Cha I obtained with VLT (68 x 11/2). Four of the brightest young stars within this
area are labeled. North is up and east is left. Courtesy ESO.
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2. Distance

Published distance estimates for Cha I have ranged from 115 to 215 pc (Schwartz 1991).
The newest measurements by Whittet et al. (1997), Bertout et al. (1999), and Wichmann
et al. (1998) are revisited in this section. Whittet et al. (1987) measured a distance to
Cha I by examining the distribution of extinction as a function of distance for stars pro-
jected against the cloud. That analysis was updated with newer photometry by Whittet
et al. (1997), who derived lower and upper limits of 135 and 165 pc. Whittet et al.
(1997) measured a second distance of 152+18 pc by assuming that HD 97300, which
illuminates Ced 112, was on the zero age main sequence (ZAMS). They also consid-
ered the Hipparcos distances of 19040 and 180420 pc for HD 97300 and HD 97048
(Perryman et al. 1997). By combining these four distance constraints, Whittet et al.
(1997) arrived at a final value of 160415 pc. Although the strengths of the hydrogen
lines in HD 97300 are consistent with those expected of a ZAMS star (Grasdalen et al.
1975), the distance based on the ZAMS assumption is not used in this review. Bertout et
al. (1999) estimated the distance of Cha I using the Hipparcos measurements for young
stars associated with the cloud. Among those stars, only HD 97300, HD 97048, and
CR Cha have both definitive evidence of membership in the cloud and robust Hipparcos
distances (i.e., empty H59 field in the Hipparcos catalog). The weighted average of the
parallaxes for these three stars corresponds to 175ﬁg pc. In comparison, Wichmann
et al. (1998) used the Hipparcos data for CR Cha, HIP 54738, and T Cha to estimate
the distance of Cha I. However, HIP 54738 probably should be omitted because its H59
field in the Hipparcos catalog indicates that it may be an astrometric binary and T Cha
is not a member of Cha I. Therefore, 17 51?8 pc appears to be the most appropriate
measurement from Hipparcos for stars in the cloud. The combination of this distance
and the constraint of 135-165 pc from the extinction analysis of Whittet et al. (1997)
indicates a best estimate of 160-165 pc for Cha I.

The various published distances for Cha II are summarized by Whittet et al. (1997).
As they did for Cha I, Whittet et al. (1997) updated the previous measurements of ex-
tinction as a function of distance for stars toward Cha II (Franco 1991; Hughes & Har-
tigan 1992), arriving at a distance of 178+18 pc for the cloud. Thus, the distance of
Cha Il is equal to or slightly greater than that of Cha I.

3. Cloud Structure

The most obvious signature of a dark cloud is, of course, the darkness it imposes on
the background star population. Extinction maps with resolutions of a few arcmin-
utes have been measured for the Chamaeleon clouds using optical (Toriseva & Mattila
1985; Gregorio-Hetem et al. 1988) and IR (Cambrésy et al. 1997) star counts. The
maximum extinction in these maps is Ay ~10, which occurs in Cha I (Cambrésy et
al. 1997). The levels of extinction in Chamaeleon are modest compared to many other
dark clouds. Chamaeleon also has been mapped in molecules such as C'*O (Toriseva
et al. 1990; Mizuno et al. 1999; Hayakawa et al. 2001; Gahm et al. 2002; Haikala et al.
2005), 2CO (Boulanger et al. 1998; Mizuno et al. 2001), and *CO (Mizuno et al. 1998;
Hayakawa et al. 2001; Gahm et al. 2002). The 2co map from Mizuno et al. (2001)
is shown in Figure 5. Based on these maps, Cha I has a total mass of ~1000 Mg, and
Cha II and IIT each have masses of 1500-2000 M, (e.g., Boulanger et al. 1998; Mizuno
etal. 2001). Various combinations of maps in molecules, far-IR continuum, H I, extinc-
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Figure 5. A large-scale 12CO (J = 1-0) total-intensity map of the area surrounding
the Chamaeleon clouds obtained with the NANTEN telescope (Mizuno et al. 2001).
The x-axis is Galactic longitude and the y-axis is Galactic latitude. The boundaries
of the observed area are indicated (solid lines).

tion, and polarization toward field stars have been used to study the properties of the
interstellar medium and magnetic field in the Chamaeleon clouds (Whittet et al. 1994;
McGregor et al. 1994; Harjunpédd & Mattila 1996; Covino et al. 1997b; Boulanger et al.
1998; Hayakawa et al. 1999; Kainulainen et al. 2006; Naoi et al. 2006). A particularly
notable characteristic of the interstellar medium in Chamaeleon is its unusually high
value of Ry = Ay /E(B — V), which ranges between 5-6 (Grasdalen et al. 1975; Ry-
dgren 1980; Vrba & Rydgren 1984; Steenman & Thi 1989; Whittet et al. 1994, 1987,
1997; Luhman 2004a). Chiar et al. (2007) obtained mid-IR spectroscopy of field gi-
ants behind Cha I and other molecular clouds and compared the optical depth of the
9.7 pm silicate feature in these data to near-IR color excesses. Unlike the diffuse inter-
stellar medium, these clouds did not show monotonically increasing silicate absorption
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with extinction, indicating the presence of grain growth. Many surveys also have tar-
geted the interstellar medium near individual dense cores and young stellar objects in
Chamaeleon, which have included maps in CS and CO (Olmi et al. 1994, 1997; Bel-
loche et al. 2006; Lohr et al. 2007), HCN and HNC (Tennekes et al. 2006), and continua
at far-IR (Lehtinen et al. 2001), millimeter (Henning et al. 1993; Reipurth et al. 1996),
and centimeter (Lehtinen et al. 2003) wavelengths. One of the most popular targets has
been the millimeter source Cha-MMS1 within the Ced 110 reflection nebula, which is
probably in the Class O stage or in an earlier, prestellar phase (Reipurth et al. 1996;
Lehtinen et al. 2001, 2003; Belloche et al. 2006; Tennekes et al. 2006). In addition,
the Herbig AeBe stars associated with Ced 111 and 112, HD 97048 and HD 97300,
have been imaged in mid-IR emission bands (Siebenmorgen et al. 1998, 2000) and the
environment of IRN has been observed through IR photometry, spectroscopy, and po-
larimetry (Cohen & Schwartz 1984; Feldt et al. 1998; Ageorges et al. 1996; Gledhill et
al. 1996). Solid methanol has been detected in the Cha I cloud through mid-IR spec-
troscopy of the Class I object Cha INa 2, also known as ISO 192 (Pontoppidan et al.
2003).

4. Stellar Population

A variety of signatures of youth have been used to search for young stars and brown
dwarfs in the Chamaeleon clouds, including Ha emission, variability, X-ray emission,
and IR excess emission. Many of the candidates identified with these diagnostics also
have been observed spectroscopically to provide spectral types and conclusive evi-
dence of youth and membership. Summaries of these search methods and compilations
of known members of Chamaeleon have appeared periodically in the literature (e.g.,
Whittet et al. 1987; Gauvin & Strom 1992; Carpenter et al. 2002; Luhman 2004a), and
updated ones are provided in this section.

4.1. Ho

Many of the first candidate members of the Chamaeleon clouds were found during
Ha objective prism surveys (Henize 1963; Mendoza 1972; Henize & Mendoza 1973;
Schwartz 1977; Harju et al. 1993). Followup optical photometry and spectroscopy were
then performed on these candidates (Appenzeller 1977, 1979; Rydgren 1980; Appen-
zeller et al. 1983). A deeper Ha survey of the southern part of Cha I detected 13 mem-
bers near and below the hydrogen burning mass limit, which are known as Cha Ha 1
through 13 (Comer6n et al. 1999, 2000; Neuhduser & Comerén 1999). Since their dis-
covery, these objects have been popular targets for studies of young low-mass stars and
brown dwarfs because of their relatively close proximity to the Sun and low extinc-
tion. For instance, Cha Ha 1 was the first brown dwarf detected in X-rays (Neuhéduser
& Comerén 1998) and several of the Cha Ha sources have been used for studying
Li abundances in young low-mass stars (Johnas et al. 2007). Comerdn et al. (2004)
performed a deep Ha survey across all of Cha I and obtained spectra of candidates
appearing therein and other candidates from the literature. In doing so, Comerén et al.
(2004) identified 18 new members, 15 of which were independently found by Luhman
(2004a, 2007).
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4.2. Variability

Along with Ho emission, photometric variability was an early indicator of the presence
of young stars in Chamaeleon (Hoffmeister 1962). The deepest variability survey in
Chamaeleon was performed by Carpenter et al. (2002). They conducted near-IR mon-
itoring of a 072 x 6° strip in Cha I using the southern telescope of the Two-Micron
All-Sky Survey (2MASS, Skrutskie et al. 2006). In these data, Carpenter et al. (2002)
discovered 10 objects that exhibited variability or K-band excess emission that were
suggestive of youth and membership in the star-forming region. Nine of these sources
were observed spectroscopically by Luhman (2004a); seven candidates were confirmed
as members while the others were classified as background sources. One of these con-
firmed members, CHSM 17173, has a spectral type of M8, making it the coolest and
least massive known member of Cha I at that time.

4.3. X-rays

Since the 1980’s, X-ray satellites have been heavily employed in searching for new
members of Chamaeleon. Feigelson & Kriss (1989) obtained X-ray images of most
of Cha I with the Einstein Observatory and Walter (1992) performed spectroscopy on
some of the resulting candidates. Feigelson et al. (1993) detected more candidate mem-
bers of Cha I with the Rontgen Satellite (ROSAT), which were observed spectroscop-
ically by Huenemoerder et al. (1994) and Lawson et al. (1996). Similar observations
have been performed toward Cha II with ASCA (Yamauchi et al. 1998) and ROSAT
(Alcala et al. 2000). Alcala et al. (1995, 1997) and Covino et al. (1997a) used the
ROSAT all-sky survey to identify candidate young stars across the entire Chamaeleon
complex and obtained followup optical spectroscopy for these objects. The deepest
X-ray observations of Chamaeleon have been performed with XMM-Newton and the
Chandra X-ray Observatory. In an exposure with XMM of a 27" x 27’ field in the
southern cluster in Cha I, Stelzer et al. (2004) detected 38 of the 72 known members
that were within the field of view. In the northern cluster in Cha I, Feigelson & Law-
son (2004) observed a 16" x 16’ field with Chandra, detecting 27 previously known
members. Feigelson & Lawson (2004) found no new candidate members, and con-
cluded that the known membership in their survey field is complete to ~0.1 Mg,. The
membership classifications based on the X-ray data from Feigelson & Lawson (2004)
agreed well with the classifications by Luhman (2004a) using other diagnostics. Ro-
brade & Schmitt (2007) obtained a deep XMM image centered on the young star T49 in
Cha I, detecting 17 of the 23 known members within the field of view. The boundaries
of the Chandra and XMM fields and the distributions of spectral types for all known
members of Cha I within them are shown in Figures 6 and 7, respectively. The coolest
known members of Cha I detected in X-rays are Cha Ha 1, Cha Ha 7, CHSM 17173,
and 2MASS J11011926—7732383B (Neuhiuser & Comeron 1998; Stelzer et al. 2004,
Stelzer & Micela 2007; Robrade & Schmitt 2007), which have spectral types of M7.75
to M8.25.

4.4. Optical and Near Infrared

Because of the modest extinction of most of the Chamaeleon clouds (Ay < 5), many
of its members can be identified with optical color-magnitude diagrams. Lépez Marti
et al. (2004, 2005) and Spezzi et al. (2007) obtained images in Ha and broad- and
intermediate-band optical filters for most of the Cha I and II clouds. With these data,
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Figure 6. Boundaries of X-ray images from Chandra (middle box, Feigelson &
Lawson 2004) and XMM (bottom and top boxes, Stelzer et al. 2004; Robrade &
Schmitt 2007) shown with known members of Cha I (points). The contours represent
the extinction map of Cambrésy et al. (1997) at intervals of A; =0.5, 1, and 2.
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Figure 7.  Distributions of spectral types for members of Cha I within the X-ray
images and the ones that are detected (open and shaded histograms).
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they identified candidate low-mass members and estimated their spectral types from the
narrowband photometry. Spectral classifications of the candidates from Lopez Marti et
al. (2004) are summarized by Luhman (2007). Luhman (2007) performed a wide-field
search for members of Cha I using data from 2MASS and the Deep Near-Infrared Sur-
vey of the Southern Sky (DENIS) and conducted deeper searches in smaller fields using
broad-band optical imaging from Magellan Observatory and the Hubble Space Tele-
scope. The candidates from these observations were then observed spectroscopically,
resulting in the confirmation of 50 young stars and brown dwarfs.

Near-IR imaging surveys have been used to search for new members of Chamae-
leon by identifying objects with K-band excess emission indicative of circumstellar
disks. In the earliest study of this kind in Chamaeleon, Hyland et al. (1982) and Jones
etal. (1985) performed K-band scans of a relatively large area in Cha I (1400 arcmin?)
and obtained followup JH K photometry and optical spectroscopy for some of the
detected sources to assess their membership. Using iJ K photometry from DENIS,
Cambrésy et al. (1998) found 54 candidate members in a 195 x 3° field in Cha I. Based
on spectroscopy and color-magnitude diagrams of these candidates, Luhman (2004a)
classified 10 as members and 27 as field stars, while the remaining candidates could
not be classified with available data. Using methods similar to those of Cambrésy et
al. (1998), Vuong et al. (2001) produced a list of 70 candidate low-mass members of
Cha II. Barrado y Navascués et al. (2004) performed spectroscopy on 20 of these candi-
dates and confirmed only one as a member, which they classified as M5.5. This spectral
type corresponds to a mass of ~0.15 M, with the evolutionary models of Chabrier et al.
(2000) and Baraffe et al. (1998), placing it near the peak of the stellar initial mass func-
tion (§ 4.6.). By obtaining JH K images of 1 deg? in Cha I, Gémez & Kenyon (2001)
identified 100 candidate members that exhibited /& -band excess emission. However, in
the near-IR survey by Carpenter et al. (2002), few of these candidates showed excesses.
In an attempt to find members at substellar masses, Tamura et al. (1998) and Oasa,
Tamura, & Sugitani (1999) obtained deeper JH K images of a smaller field (5" x 5)
in the northern cluster of Cha I. One of the resulting candidate brown dwarfs, OTS 44,
has been spectroscopically confirmed as a member and classified as M9.5 (Luhman et
al. 2004; Luhman 2007) while another candidate, OTS 32, is a low-mass star that may
have an edge-on disk (Luhman & Muench 2008). In the deepest near-IR observations
to date in Cha I, Comerén & Claes (2004) used the European Southern Observatory’s
Very Large Telescope to collect JH K images of a 2/5 x 2/5 field. With these near-IR
data, they identified a candidate brown dwarf at H ~ 22, which would correspond to a
mass below that of Jupiter for a bona fide member. Comerén & Claes (2004) obtained
a low-resolution IR spectrum of the candidate, but they could not conclusively classify
the object as either a member or a background source.

4.5. Mid and Far Infrared

Compared to near-IR photometry, data at mid- and far-IR wavelengths are much more
sensitive to excess emission from circumstellar material. Data of this kind are partic-
ularly useful for detecting the youngest, most embedded members of a star-forming
region. Mid- and far-IR searches for new members have been performed with the In-
frared Astronomical Satellite (IRAS) for large fractions of Cha I and II (Baud et al.
1984; Whittet et al. 1991a; Prusti et al. 1992a; Larson et al. 1998) and for smaller fields
around Ced 110, 111, and 112 (Assendorp et al. 1990; Prusti et al. 1991). Similar sur-
veys were later conducted with the Infrared Space Observatory (ISO, Nordh et al. 1996;
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Figure 8.

Near- and mid-IR images of the region surrounding the Ced 110 re-
flection nebula in Cha I (5’ x 5, Luhman et al. 2008).

All known members

of Cha I within this area are labeled. 2MASS J11062942—-7724586, 2MASS
J11070369—7724307, 2MASS 1106—7724 and 2MASS 1107—7724 are highly red-
dened, low-mass disk-bearing sources. A redder and fainter candidate member of
Cha I appears 7" northwest of 2MASS J11062942—7724586. The protostar Cha-
MMSI (Reipurth et al. 1996) is detected at 24 zm. The faint source in the middle of
the 24 pm image (southeast of Ced 110-IRS4) is a latent image from Ced 110-IRS6.
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Figure 9.  Optical and IR images of the region surrounding the Ced 112 reflection
nebula in Cha I (5’ x 5’, Luhman & Muench 2008). All known members of Cha I
within this area are labeled. OTS 32 is a low-mass star that may have an edge-on disk.
2MASS J11095493—7635101 is one of the least massive known Class I sources.

Persi et al. 1999, 2000, 2003; Lehtinen et al. 2001), which provided greater sensitivity
and higher spatial resolution than /RAS. By combining images at 6.7 and 14.3 ym from
1SO with near-IR data from DENIS, Persi et al. (2000) reported the discovery of 34 new
young stars in Cha I. Through spectroscopy, Luhman (2004a) confirmed the member-
ship of eighteen of these stars and found that 10 others were field stars. In Cha II, Alcala
et al. (2000) used data from /SO to identify a candidate low-mass object, which they
spectroscopically confirmed as a member. The newest IR satellite, the Spitzer Space
Telescope, also has been used to map the Chamaeleon clouds. Young et al. (2005) and
Porras et al. (2007) obtained Spitzer images of Cha Il between 3.6 and 160 um. Even
with the unprecedented sensitivity of these data, only a few new young stars were dis-
covered. Using a combination of [JH K photometry from ground-based telescopes
and mid-IR measurements from Spitzer, Allers et al. (2006, 2007) searched for young
brown dwarfs with disks in Cha II and other star-forming regions. Through this work,
they recovered the object found by Alcald et al. (2006) with /SO and discovered two
additional substellar members of Cha II. Similarly, Luhman et al. (2005¢, 2008) and
Luhman & Muench (2008) used deep Spitzer images of Cha I to find new stars and
brown dwarfs with disks, including the least massive known Class II and Class I mem-
bers of the cluster and possible edge-on disks. Some of these new members are within
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the ground-based and Spitzer images of Ced 110 and Ced 112 in Figures 8 and 9. The
survey of Luhman et al. (2008) demonstrated that the current census of disk-bearing
members of Cha I is nearly complete at stellar masses except for close companions and
Class 0 sources, while the completeness at substellar masses is uncertain because of
contamination by faint red galaxies.

4.6. Current Census

Although a large number of surveys for young stars have been performed in Chamae-
leon, many of the objects that have been referred to as members lack either conclusive
evidence of membership or accurate spectral classifications. To refine the census of
known members of Cha I, Luhman (2004a) obtained optical spectra of most of the
objects that were previously identified as possible members of the cluster, that lacked
either accurate spectral classifications or evidence of membership, and that were suffi-
ciently bright (I <18). Luhman (2004a) then used these spectroscopic data and other
available constraints to evaluate the spectral classifications and membership status of
the candidate members of Cha I that appeared in previous studies of the cluster. The
resulting census contained 158 members. A likely member that was overlooked in
that census is ESO Ha 281 from Reipurth & Zinnecker (1993) and Brandner & Zin-
necker (1997). Luhman (2004a) assigned membership to SGR 1 and ISO 13 based
on the spectral type from Saffe et al. (2003) and a detection of mid-IR excess emis-
sion from Persi et al. (2000), respectively. However, they have been classified as a
field star and a galaxy (Luhman 2007; Luhman et al. 2008). The census from Luhman
(2007) did not include protostellar sources that have been detected only at far-IR wave-
lengths and longward, such as Cha-MMS1 (Reipurth et al. 1996). Because this source
has been detected at 24 pum (Belloche et al. 2006; Luhman et al. 2008), it is included
in the list of members in this review. Since the census of Luhman (2004a), 78 addi-
tional members have been identified by Comerdn et al. (2004), Luhman (2004b, 2007),
Luhman et al. (2004, 2005¢, 2006, 2008), and Luhman & Muench (2008). Luhman
(2007) also spectroscopically confirmed the membership of two candidate companions,
T3B and T39B. Three young stars from Covino et al. (1997a) share the same proper
motion as Cha I, and thus are adopted as members of Cha I Luhman et al. (2008).
Meanwhile, four young stars from Luhman (2007), 2MASS J11183572—-7935548,
J11334926—7618399, J11404967—7459394, and J11432669—7804454, are not coun-
ted as members because their proper motions suggest membership in ¢ Cha association
rather than the Cha I cloud (Luhman et al. 2008). The resulting census of Cha I contains
237 sources and is compiled in Tables 1 and 2. Table 1 lists the various identifications
that have been used for each member, which is an updated version of the compilation
of source names from Carpenter et al. (2002). Table 2 provides all available spectral
type measurements and evidence of membership. The latter consists of Ay > 1 and a
position above the main sequence for the distance of Cha I (Ay/), strong emission lines
(e), Na I and K I strengths intermediate between those of dwarfs and giants (NaK),
strong Li absorption (Li), IR excess emission (ex), the shape of the gravity-sensitive
steam bands (H20O), or a proper motion (u), parallax (), or radial velocity (rv) that is
similar to that of the known members of Cha I (Luhman 2004a, 2007). The positions
of the known members of Cha I are plotted with the extinction map from Cambrésy et
al. (1997) in Figure 10.

The most recent estimates of extinctions, luminosities, and effective temperatures
for members of Cha I are provided by Luhman (2007), Luhman et al. (2008), and
Luhman & Muench (2008). The Hertzsprung-Russell (H-R) diagram for the cluster is
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Figure 10.  Spatial distribution of known members of Cha I (points, Luhman 2007;
Luhman et al. 2008). Probable members of the e Cha young association are indicated
(open triangles, Covino et al. 1997a; Feigelson et al. 2003; Luhman 2004c; Luhman
et al. 2008). The contours represent the extinction map of Cambrésy et al. (1997) at
intervals of Ay =0.5, 1, and 2.



Chamaeleon 183

|
N
BN B e

PR
-

14v]
| L BN NN B

Cha I . ce S

—4 KO le K4 K6 lMO M2 M4l M6 M8 M9

P N A W R R—

3.7 3.6 3.5 3.4 3.3
log T,

Figure 11.  H-R diagrams of Cha I (Luhman 2007; Luhman et al. 2008; Luhman
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al. (1998, 0.1< M /M <1) and Chabrier et al. (2000, M /M <O0.1), where the
mass tracks (dotted lines) and isochrones (solid lines) are labeled in units of M, and
Myr, respectively.

shown in Figure 11. For comparison, H-R diagrams for IC 348 and Taurus are also
included (Bricefio et al. 2002; Luhman et al. 2003a,b). According to the evolutionary
models of Baraffe et al. (1998) and Chabrier et al. (2000), Cha I has a median age
of ~2 Myr, which is similar to that for IC 348 and slightly greater than the age of
~1 Myr for Taurus. The distribution of isochronal ages suggests that star formation
began 3-4 and 5-6 Myr ago in the southern and northern subclusters, respectively, and
has continued to the present time at a declining rate (Luhman 2007). The combination
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Table 3.  References for Table 2
Number Reference Number Reference
1 Houk & Cowley (1975) 27 Persi et al. (2000)
2 Perryman et al. (1997) 28 Vrba & Rydgren (1984)
3 Luhman (2007) 29 Feigelson & Kriss (1989)
4 Luhman & Muench (2008) 30 Giirtler et al. (1999)
5 Comero6n et al. (2004) 31 Prusti et al. (1991)
6 Appenzeller (1979) 32 Lehtinen et al. (2001)
7 Rydgren (1980) 33 Walter (1992)
8 Appenzeller et al. (1983) 34 Gomez & Mardones (2003)
9 Henize & Mendoza (1973) 35 Luhman et al. (2006)
10 Schwartz (1977) 36 Comeron et al. (1999)
11 Whittet et al. (1987) 37 Reipurth et al. (1996)
12 Harju et al. (1993) 38 Comerdn et al. (2000)
13 Natta et al. (2000) 39 Gomez & Persi (2002)
14 Baud et al. (1984) 40 Lawson et al. (1996)
15 Prusti et al. (1992b) 41 Neuhiduser & Comeron (1999)
16 Gauvin & Strom (1992) 42 Brandner & Zinnecker (1997)
17 Joergens & Guenther (2001) 43 Whittet et al. (1991b)
18 Appenzeller (1977) 44 Luhman et al. (2005b)
19 Luhman (2004a) 45 Assendorp et al. (1990)
20 Gregorio-Hetem et al. (1992) 46 Saffe et al. (2003)
21 Dubath et al. (1996) 47 Alcala et al. (1995)
22 Whittet et al. (1997) 48 Covino et al. (1997a)
23 Henning et al. (1993) 49 Luhman et al. (2005¢)
24 Luhman et al. (2008) 50 Luhman et al. (2004)
25 Huenemoerder et al. (1994) 51 Luhman et al. (2005a)
26 Luhman (2004b)

of the census of known members and the molecular observations of the cloud imply a
star formation efficiency of ~ 10% for Cha I, which is an upper limit since some of the
cloud has probably dissipated, particularly in the northern half (Luhman 2007). The
initial mass functions (IMFs) measured for two fields in Cha I are shown in Figure 12
(Luhman 2007). The IMF in Cha I reaches a maximum at a mass of 0.1-0.15 Mg,
which is similar to the turnover mass observed in IC 348 and the Orion Nebula Cluster
(Hillenbrand 1997; Hillenbrand & Carpenter 2000; Muench et al. 2002, 2003; Luhman
et al. 2003b). The substellar IMF is roughly flat in logarithmic units and shows no
indication of reaching a minimum down to a completeness limit of 0.01 M.

Spectral types and evidence of membership are less complete for Cha II than for
Cha 1. Spezzi et al. (2007, 2008) and Alcala et al. (2008) claimed that their census of
members of Cha II is complete to 0.03 M, for Ay < 2. However, they only demon-
strated that their photometry is complete to that mass limit, and did not show that their
spectroscopic survey is complete to that limit. Indeed, 11 candidate members identified
by Alcald et al. (2008) and Spezzi et al. (2008) lack the spectroscopy needed to assess
membership. Compilations of ~50 likely members of Cha II have been published by
Alcald et al. (2000), Young et al. (2005), and Spezzi et al. (2007, 2008). Spectroscopic
confirmation of individual late-type members of Cha II has been presented by Barrado
y Navascués et al. (2004), Alcald et al. (2006), and Allers et al. (2007). In Figure 13, the
positions of the known members of Cha II are plotted with the 100 ;zm /RAS map of the
cloud. No young stars have been found in Cha III. Using data from the Hipparcos cata-
log, Sartori et al. (2003) identified 21 B- and A- type stars with distances between 100
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Figure 12.  Left: IMFs from Luhman (2007) for extinction-limited samples in a
field encompassing most of the Cha I cloud (1°5 x 0?35) and in a small area in the
southern cluster of Cha I (0°22 x 0°28) compared to IMFs in Taurus (Luhman 2004d)
and IC 348 (Luhman et al. 2003b). In the units of this diagram, the Salpeter slope is
1.35. Right: Distributions of spectral types in the IMFs. The completeness limits of
these samples are indicated (dashed lines).
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and 200 pc and suggested that these stars comprise an OB association that is associated
with the Chamaeleon clouds.

5.  Multiplicity

Members of Chamaeleon have been targeted in several multiplicity surveys. Reipurth
& Zinnecker (1993) and Brandner et al. (1996) used ground-based direct imaging at
~1 pm to search for wide binaries among nearly 200 stars across the Chamaeleon
cloud complex, including members of the widely distributed X-ray population (Alcalad
et al. 1995). Brandner & Zinnecker (1997) obtained resolved spectroscopy and pho-
tometry for components of a sample of double stars found in those and other studies.
The components of the pairs were roughly coeval when placed on the H-R diagram and
compared to theoretical isochrones. Using photometry from 2MASS, Kraus & Hillen-
brand (2007) performed a deeper search for wide companions in Cha I that reached
substellar masses. They identified several candidate companions, some of which are
discussed by Luhman (2007). To detect binaries at smaller separations among mem-
bers of Chamaeleon, higher resolution imaging has been utilized, including K-band
speckle (Ghez et al. 1997), adaptive optics (AO, Brandeker et al. 2001; Ahmic et al.
2007; Lafreniere et al. 2008), and the Hubble Space Telescope (Neuhduser et al. 2002).
The latter study focused on the Cha Ha low-mass stars and brown dwarfs (Comerén
et al. 1999, 2000; Neuhduser & Comerdn 1999). Because the primaries were intrin-
sically faint, the images from Neuhéauser et al. (2002) were capable of detecting com-
panions at very low masses (My > 5 My, at separations greater than 0”35). One
promising candidate low-mass companion was identified, but it was later classified as
a background star through spectroscopy (Neuh&user et al. 2003). Like Neuhiuser et al.
(2002), Ahmic et al. (2007) selected late-type members of Cha I for their AO survey,
which consisted of 22 low-mass stars (<M6) and 6 brown dwarfs (>M6). Their data
resolved the low-mass stars Cha Ho 2, Hn 13, and CHXR 15 into doubles. Cha Ha 2
was previously identified as a binary by Neuhiuser et al. (2002). Through proper mo-
tion measurements, Schmidt et al. (2008) demonstrated that neither of the components
of Cha Ha 2 is a background star. The most thorough multiplicity survey of Cha I to
date was performed by Lafreniere et al. (2008), who obtained high-resolution images
for 126 members with masses ranging from 0.1 to 3 Mg, (the targets from Ahmic et al.
(2007) represented a subsample of this survey).

During spectroscopy of candidate young brown dwarfs in Cha I, Luhman (2004b)
serendipitously discovered a 1”4 pair of objects, 2MASS J11011926— 7732383 A and
B, that are likely to have substellar masses according to evolutionary models. The pro-
jected angular separation of this system corresponds to 240 AU at the distance of Cha I,
making it the first known binary brown dwarf with a separation greater than 20 AU. In
another survey for free-floating brown dwarfs in Cha I, Luhman et al. (2006) discovered
a 1”3 companion to the low-mass star CHXR 73 using optical images obtained with the
Hubble Space Telescope. Based on its spectral type and luminosity, this companion
appears to have a mass of 10-15 Mj,,. Through K'-band imaging of the area around
Ced 110, Persi et al. (2001) resolved the protostar Ced 110 IRS6 as a 2” pair. Dur-
ing a near- and mid-IR multiplicity survey of protostars in nearby star-forming regions,
Haisch et al. (2004, 2006) found that both components of Ced 110 IRS6 exhibit Class I
spectral energy distributions. That survey also uncovered a 2" companion to ISO 97
that has a steeply rising spectral energy distribution, possibly indicative of a Class 0



202 Luhman

Figure 14.  The IRN as seen in a JH K color-composite image (166”7 x 125",
Zinnecker et al. 1999). North is up and east is left.

source. In their Spitzer survey of Cha I, Luhman et al. (2008) detected mid-IR excess
emission from a faint source that is only 14” from IRN (directly left of IRN in Fig-
ure 14). Through near-IR spectroscopy, they classified it as a highly embedded young
low-mass star (A; = 5.6, M4). Luhman et al. (2008) also detected a very faint, red
source 7 from the low-mass member 2MASS J11062942—7724586 (Figure 8) that is
either a Class I brown dwarf or a galaxy. A compilation of known visual doubles with
projected separations less than 5” in Cha I is provided in Table 4. Pairs with larger
separations are resolved by 2MASS and thus can be found in Tables 1 and 2 if both
components are confirmed members. Ghez et al. (1997) reported that CHXR 47 is a
1”72 binary based on seeing-limited images, but the AO images from Lafreniere et al.
(2008) show that a pair of this kind is not present.

To detect tight binaries that are unresolved by direct imaging, high-resolution spec-
troscopy has been applied to members of Chamaeleon. For instance, surveys of a few
dozen solar-mass young stars in and around the Chamaeleon clouds by Melo (2003) and
Guenther et al. (2007) identified CHX18N, BF Cha, CS Cha, and RX J1220.6—7539
as spectroscopic binaries. Joergens & Guenther (2001) measured radial velocities for
a dozen low-mass stars and brown dwarfs in Cha I at multiple epochs, finding pos-
sible variations due to low-mass unseen companions. Additional evidence of radial
velocity variations has been provided by newer observations (Joergens 2006a), which
comprise the first radial velocity monitoring survey of young low-mass stars and brown
dwarfs. These observations have uncovered a 16-20 Mj,;, companion in a 1590 day
orbit around the low-mass star Cha Ha 8 (Joergens & Miiller 2007).

6. Kinematics and Rotation

A modest amount of work has been done on the kinematics and rotation of members of
Chamaeleon. Radial velocities have been measured through surveys for spectroscopic
binaries (Reipurth et al. 2002; Melo 2003; Guenther et al. 2007) and through followup
spectroscopy of X-ray sources in Cha I (Walter 1992), X-ray sources scattered across
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Table 4.  Visual Binaries in Chamaeleon I (< 5”)

Name Separation (arcsec)  Reference
2M J11011926—7732383 1.44 1
2M J11103481—7722053 0.06 2

B53 0.30 2
Ced 110 IRS6 1.95 34
Cha Ha 2 0.16 5,6,7
CHXRO9C 0.96 8
CHXR15 0.30 6
CHXR26 1.40 9,2
CHXR28 1.87 8
CHXR30A 0.46 2
CHXR37 0.08 2
CHXR40 0.15 2
CHXR47 0.18 2
CHXR49NE 0.27 2
CHXR59 0.15 2
CHXR62 0.12 2
CHXR71 0.57 2
CHXR73 1.30 10
CHXR79 0.89 8,2
Hn4 0.21 2
Hnl3 0.13 6
I1SO97 2.05 11
I1SO126 0.29 2
T3 2.22 12,2
T5 0.16 2
T14a 2.35 13,4
T21 0.14 2
T26 4.6,49 12,14
T27 0.79 12,2
T31 0.72,0.66 8,14
T33 2.43 12,14,4,2
T39 1.1 12
T41 0.79 14,2
T43 0.80 2
T45 0.75 14,2
T46 0.12 2
T51AB 1.98 12,142
T51BC 0.1 15
T54 0.25 14,2

(1) Luhman (2004b); (2) Lafreniere et al. (2008); (3) Persi et al. (2001); (4) Haisch et al. (2004);
(5) Neuhduser et al. (2002); (6) Ahmic et al. (2007); (7) Schmidt et al. (2008); (8) Brandner
et al. (1996); (9) Luhman (2004a); (10) Luhman et al. (2006); (11) Haisch et al. (2006); (12)
Reipurth & Zinnecker (1993); (13) Schwartz (1977); (14) Ghez et al. (1997); (15) Brandeker et
al. (2001).
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the cloud complex (Covino et al. 1997a), and candidate low-mass members of Cha I
(Neuhiuser & Comerén 1999). Dedicated kinematic studies have been performed for
both solar-mass stars (Dubath et al. 1996) and low-mass stars and brown dwarfs (Jo-
ergens & Guenther 2001; Joergens 2006b). As for stellar rotation, measurements of
v sin i have been reported for a few dozen solar-mass stars (Franchini et al. 1988) and
low-mass stars and brown dwarfs (Mohanty et al. 2005), mostly in Cha I. In some of the
first measurements of periods for young low-mass objects through photometric moni-
toring, Joergens et al. (2003) observed rotational periods of a few days for low-mass
stars and brown dwarfs, which agreed with the v sin i data for those objects (Joergens
& Guenther 2001).

7. Herbig-Haro Objects and Outflows

During the objective prism survey of southern star-forming regions by Schwartz (1977),
several Herbig-Haro (HH) nebulae were discovered in Cha I and II, consisting of HH 48-
50 in the former and HH 52-54 in the latter. Schwartz et al. (1984) measured proper mo-
tions for these objects, which are relatively large given the proximity of the Chamael-
eon clouds. They suggested that HH 49 and 50 are probably excited by B35, an embed-
ded star 10’ northeast of HH 50 and just east of Ced 110. During a survey at 1300 pm,
Reipurth et al. (1996) discovered a candidate protostar, Cha-MMSI, that could be the
driving source for HH 49-50. The star exciting these HH objects is probably also re-
sponsible for a compact CO outflow found by Prusti et al. (1991). However, through
CO(3-2) observations, Belloche et al. (2006) and Hiramatsu et al. (2007) found that
the outflow is produced by Ced 110 IRS4 rather than Cha-MMSI1. Near- and mid-IR
images of Ced 110 IRS4 are shown in Figures 8 and 15. The 24 pm image in Figure 8
detects Cha-MMS|1 (Belloche et al. 2006; Luhman et al. 2008). A weaker outflow has
been detected toward Ced 110 IRS6 (Hiramatsu et al. 2007).

A second protostar in Cha I detected at millimeter wavelengths by Reipurth et al.
(1996) is probably the source of another molecular outflow from Mattila et al. (1989).
This millimeter source, Cha-MMS?2, likely corresponds to the young star T44 based
on the agreement of their coordinates. Persi et al. (1999) suggested that a different
protostar, ISO 192, is the exciting source for the CO outflow from Mattila et al. (1989).
Persi et al. (2007) detected elongated nebulosity near ISO 192 in the direction of the
outflow. However, Cha-MMS?2/T44 is closer than ISO 192 to the center of the outflow.

Wang & Henning (2006) performed a deep survey in [S II] across a 1° x 2° field
encompassing the entire Cha I cloud, detecting a total of 18 HH objects. Bally et al.
(2006) discovered additional fainter HH objects in Cha I through imaging of most of
the cloud in Hey, [S I1], 4/, and broad-band mid-IR filters with Spitzer. Figure 16 shows
an Ha image from Bally et al. (2006) for HH objects in Cha I. These surveys have
found no clear evidence for outflows from brown dwarfs in Cha I. Through images
in [S II], Comerén & Reipurth (2006) discovered an HH jet from ESO Ha 574. The
faint photometric measurements of this object suggest that it has a substellar mass, but
Luhman (2007) classified it as K7-MO0, which is indicative of a solar-mass star. Thus,
the faint apparent luminosity of this object is probably due to an edge-on disk (Comerén
et al. 2004).

In Cha II, Graham & Hartigan (1988) obtained optical images and spectra for
HH 52-54 and measured their velocities. Through millimeter CO imaging, Knee (1992)
discovered a pair of outflows associated with HH 52-54. Possible exciting stars for
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Figure 15. The area surrounding Ced 110 IRS4 as seen in a JHK color-
composite image (166" x 125", Zinnecker et al. 1999). North is up and east is left.
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Figure 16. Ha image of HH 49, 50, 906, and 925 in Cha I (Bally et al. 2006).
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HH 52-54 have been discussed by Graham & Hartigan (1988), Hughes et al. (1991),
and Knee (1992). HH 54 has been studied in detail with mid- and far-IR /SO and Spitzer
spectroscopy of emission in CO, H2O, Ho, [O I], [C II], [Ne II], [Fe II], [S I], and [Si
II] (Liseau et al. 1996; Nisini et al. 1996; Neufeld et al. 1998; Giannini et al. 2006;
Neufeld et al. 2006).

8. Circumstellar Disks

As with other aspects of star formation, Chamaeleon has been a valuable laboratory for
studies of circumstellar disks. As discussed in Sections 4.4. and 4.5., IR photometry
has been used to find new members by searching for objects that exhibit excess emis-
sion indicative of disks. Data of this kind also have been obtained for known members
to determine if disks are present (Glass 1979). Kenyon & Gémez (2001) used JHK L
photometry to estimate the fraction of members of Cha I with disks, and Jayawardhana
et al. (2003) extended these measurements to lower masses with the Cha Ha objects.
Photometry at longer wavelengths has been measured for most of the known members
of Cha I and II through wide-field imaging surveys with the Spitzer Space Telescope
(Young et al. 2005; Allers et al. 2006; Porras et al. 2007; Alcal4 et al. 2008; Damjanov
et al. 2007; Luhman et al. 2005a,b,c, 2008; Luhman & Muench 2008). Pointed ob-
servations with Spitzer also have been performed toward young stars scattered across
Chamaeleon that were found by Covino et al. (1997a) with ROSAT (Padgett et al. 2006).
In these Spitzer data, mid-IR excess emission was detected for the faintest known mem-
bers of Cha I, making them the least massive brown dwarfs observed to have circum-
stellar disks (Luhman et al. 2005a,c, 2008; Luhman & Muench 2008). Luhman et al.
(2005b) measured disk fractions for 109 low-mass stars and brown dwarfs in Cha I
and presented 3.6-8 pum photometry for the objects later than M6. Using a subset of
the images from Luhman et al. (2005b), Damjanov et al. (2007) performed a separate
measurement of photometry for 81 known members and repeated the disk fraction mea-
surement from Luhman et al. (2005b). Luhman et al. (2008) and Luhman & Muench
(2008) analyzed all Spitzer images at 3.6-24 pm that have been obtained near Cha I and
presented compilations of the photometry for more than 200 known members appearing
within those data. Luhman et al. (2008) found that their photometric errors were much
smaller than those reported by Damjanov et al. (2007) for the same objects measured
from the same images.

By combining the Spitzer photometry with the extensive census of known mem-
bers that is available for Cha I, Luhman et al. (2008) investigated several aspects of the
disk population in this cluster. They used the Spitzer colors to identify the members
with disks, as illustrated in Figure 17, and measured the fraction of sources with disks
as a function of mass from 0.01 to 3 M. As shown in Figure 17, the disk fraction for
solar-type stars is higher in Cha I than in IC 348, even though the two clusters have the
same age. Luhman et al. (2008) suggested that the lifetimes of disks around solar-mass
stars in Cha I may be longer because of the lower stellar density. In addition, because
many of the members of Cha I were observed at multiple epochs with Spifzer, Luh-
man et al. (2008) and Luhman & Muench (2008) were able to demonstrate that stars
with disks have higher levels of mid-IR variability than diskless stars. Alcala et al.
(2008) performed a similar analysis of the disk population in Cha II by combining the
Spitzer photometry from Young et al. (2005) and Porras et al. (2007) with data at other
wavelengths.
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Figure 17.  Left: Mid-IR color-color diagram for known members of Cha I (Luh-
man et al. 2008; Luhman & Muench 2008). Objects with inner disks and envelopes
exhibit red colors that are distinctive from the neutral, photospheric colors of diskless
members. Right: Disk fractions as a function of mass and spectral type for members
of Cha I (Luhman et al. 2008) and IC 348 (Luhman et al. 2005b; Lada et al. 2006).

Disk-bearing members of Cha I and II identified in photometric surveys have been
examined in detail through optical diagnostics of accretion and mid-IR spectroscopy
and spectral energy distributions. For large samples of low-mass stars and brown
dwarfs in Cha I, Natta et al. (2004), Muzerolle et al. (2005), and Mohanty et al. (2005)
searched for evidence of accretion through high-resolution spectroscopy of emission in
Ha, Ca II, and near-IR hydrogen transitions. Natta & Testi (2001), Apai et al. (2002),
and Sterzik et al. (2004) constructed mid-IR spectral energy distributions for the low-
mass objects Cha Ha 1, 2, and 9 and compared the results to predictions of disk models.
Bary et al. (2008) detected rovibrational Hy emission from six members of Cha I (T11,
T2, T32,T33A, T33B, T43), which they attribute to gas in circumstellar disks. Through
mid-IR spectroscopy with ISO and Spitzer, grain growth and crystallinity have been
studied in disks around solar-mass stars (Giirtler et al. 1999; Natta et al. 2000; Kessler-
Silacci et al. 2006) and low-mass stars and brown dwarfs (Apai et al. 2005) in Cha I
and Cha II. Mid-IR spectroscopy with Spitzer also has been used to characterize a disk
with an inner hole, known as a transitional disk, around the solar-mass star CS Cha (Es-
paillat et al. 2007). The presence of an inner hole in this disk was originally suggested
by observations of jet emission (Takami et al. 2003) and is probably at least partially
caused by a stellar companion (Guenther et al. 2007). Additional candidate transitional
disks in Cha I have been identified through Spitzer photometry (Damjanov et al. 2007;
Luhman et al. 2008; Luhman & Muench 2008).

Because of the close proximity of Cha I, it has been possible to resolve a few disks
in this cluster through direct imaging. For instance, the disk around the B star HD 97048
was imaged through mid-IR emission from polycyclic aromatic hydrocarbons (Lagage
et al. 2006; Doucet et al. 2007) and optical scattered light images obtained with the
Hubble Space Telescope (Doering et al. 2007). Hubble imaging also has resolved an
edge-on disk around a low-mass star in Cha I (Luhman 2007).
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