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Abstract.  The Lupus clouds compose one of the main low-mass star fgroom-
plexes within 200 pc of the Sun. They contain four main stamfag sites, including
the rich T Tauri association in Lupus 3. They are located & Slcorpius-Centaurus
OB association, whose massive stars are likely to have glayggni cant role in the
evolution and perhaps the origin of the complex. The entirgety of objects related to
the various stages of early stellar evolution are represkintLupus, including some of
the best studied T Tauri stars like RU Lup. The determinatfanany properties of the
clouds, as well as their associated stellar populatiorijraited by the uncertainty with
which the distance is known. We argue that a single valueefitstance is probably
inadequate to be representative of the entire complex,tmatdiepth effects are likely
to be signi cant, as expected from its large extent on theglaf the sky. The total
mass of molecular gas in the complex is a few timé6 M . The most distinctive
property of its stellar population is the outstanding atam of mid M-type pre-main
sequence stars. Some likely substellar objects have beati @&l as well, particularly
thanks to mid-infrared observations carried out with th#z8p Space Observatory. A
widely distributed young low-mass population of weak-lin&auri stars, identi ed by
its X-ray emission, is observed in the direction of Lupusibigtprobably related to the
Gould Belt rather than to the star forming complex. A few indiual objects of partic-
ular interest are brie y reviewed: the Herbig Ae/Be stars B#99 and HR 6000 that
dominate the Lupus 3 cloud, the classical T Tauri star RU lthip,EXor class proto-
type EX Lup, the very low luminosity, out ow-driving sourséHH 55 and Par-Lup3-4,
the extreme emission-line star Th 28, and the binary obj€gtLl@Gp composed of an
ordinary T Tauri star with a substellar companion of possfdanetary mass.

1. Introduction

The Lupus cloudss the generic denomination of a loosely connected conagoir of
dark clouds and low-mass pre-main sequence stars lyingiditaction of that constel-
lation, between Galactic longitud@84 <1< 352 and latitudest5 <b < +25 .
In terms of angular extent it is one of the largest low-maas ferming complexes on
the sky, and it also contains one of the richest associatdris Tauri stars. Its dis-
tance places it among the nearest star forming regionsthegeith those in Corona
Australis, Ophiuchus, Taurus-Auriga, and Chamaeleomfalihich are described else-
where in this volume. In size and contents the Lupus cloudsamparable to those
other complexes.

The earliest description of the Lupus dark clouds in thediiere is probably the
one given by E.E. Barnard in hi3atalogue of Dark Objects in the Siyarnard 1927).
One of the most prominent clouds of the Lupus complex, entryglver 228 in Barnard's
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Figure 1. A large-area mosaic of the Lupus 1 cloud composedhafies taken

through theR Iter using the Wide Field Imager on the MPI-ESO 2.2m telgze@n

La Silla. The eld measure$29 129and is centered at(2000) = 15 : 42 : 0Q
(2000) = 34 : 03 North is at the top and East to the left. The eld covered

includes the thickest parts of the dark nebulosity in théoregand may be compared

to Figure 9. From a still unpublished survey by the authonipport of the Spitzer

“Cores to Disks' Legacy program.

catalog, is described aslLarge vacant region about 4 degrees long NW and SE. This
vacant region is about 4 degrees long, extending from RA316t dec= 32 45°to
RA=15h43m, dec=35 30°[1875 equinox] Its average width is about 1/2 degree. Itis
strongest marked at the north end. There are fragments ef alérk markings several
degrees west of thisBarnard's cloud, B228 (Figure 1), is more frequently reddr

to as Lupus 1 in modern literature, following the denomioradi originally proposed

by Thé (1962), and is one of the major dark clouds in the redg&ee Section 4.).
Molecular-line surveys, initiated with th&#CO(J 1 ! 0) observations of Murphy

et al. (1986) and large-scale extinction maps of the regimrefrevealed additional



Lupus 3

Figure 2.  Image of the Lupus 2 cloud in the Digitized Sky Syrv€he eld is
centered on the T Tauri star RU Lup and it meas@@&s 60°. North is at the top
and East to the left. The bright star at the bottom left cormerLup.

concentrations that add up to a total mass of molecular gasaged at 4 10° M
distributed in several major concentrations (Figures 2)3,

The association of young stellar objects with the Lupus d$owas recognized
very early. Lupus 2 contains one of the most active T Taurisskmown, RU Lup
(see Sect. 7.2.), whose peculiar spectrum was rst degstribesome detail by Mer-
rill (1941). Shortly afterwards it was included as one of éheven initially proposed
members de ning the T Tauri class in the milestone paper gf(1945), where the
frequent association of such stars with dark clouds wasdyr@oted. The nature of
the Lupus clouds as a recent star forming site was thus iitiplrecognized later by
the works of Herbig (1952) and Walker (1956) where the préareaquence character
and very young age of T Tauri stars was identi ed.

The rst aggregate of T Tauri stars in Lupus was discoverethénLupus 1 cloud
by Henize (1954), who remarked on its similarity with the RAGissociation. A much
more spatially extended population of 39 T Tauri stars wasdioby Thé (1962), who
pointed out their concentration into three spatially distigroups, named as Lupus 1,
2, and 3 (Figure 9). The distinction into those three growgsi¢h recent molecular-
line surveys have showmot to coincide with the largest concentrations of molecular
gas in the complex) is widely in use today. The census of kndbwWwiauri members in
Lupus was nearly duplicated by Schwartz (1977) in his setocisouthern Herbig-
Haro objects and emission-line stars, who listed 69 suchctdjin the region, some
of them in an additional group labeled as Lupus 4 in that wofke vast majority
of such stars have been con rmed as members with furthertgmeopy. Virtually
the entire content of classical T Tauri stars known nowadaye Lupus clouds is
included in Schwartz's catalog, but the stellar census rafelof the clouds, Lupus 1, 3,
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Figure 3. A large-area mosaic of the Lupus 3 cloud composenhafies taken

through theR Iter using the Wide Field Imager on the MPI-ESO 2.2m telgze@n

La Silla. The eld measure$1?® 126 and is centered at(2000) = 16 : 09 : 2Q
(2000) = 38: 33 North is at the top and East to the left. The bottom part of the
eld covers the thick clouds containing HR 5999 and HR 600@e (bright stars near

the center of the bottom half of the eld), clearly delined&gainst the backdrop of

background stars. The Northeastern half of the eld coroesis to less dense clouds

also part of Lupus 3. A comparison with Figure 9 shows thetlooaof the eld, on

the Eastern side of the area assigned to Lupus 3 in Figuret &still unpublished

survey by the author in support of the Spitzer “Cores to Diskgacy program.

and 4, has been greatly expanded with the identi cation of f®v-mass and even
substellar members by the recent infrared observationsedaout with the Spitzer
Space Observatory (Mer'n et al. 2008). The stellar pojmiadf the Lupus clouds is
composed of low-mass stars, with the only exception of tvierinediate-mass Herbig
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Figure 4. A large-area mosaic of the Lupus 4 cloud composénhafies taken
through theR Iter using the Wide Field Imager on the MPI-ESO 2.2m telgze@n

La Silla. The eld measure82 64°and is centered at(2000) = 16 : 01 : 32

(2000) = 41 : 54 North is at the top and East to the left. The densest dark

cloud in Lupus 4 appears at the center of the image, standibhggainst the rich
background stellar eld at its relatively low Galactic fatile. Its extension to the
Southwest, also visible in Figure 9, can be easily tracedmFa still unpublished
survey by the author in support of the Spitzer “Cores to Diskgacy program.

Ae/Be stars, HR 5999 and HR 6000 in the Lupus 3 cloud (seed®e6t). The overall
star-forming history and distribution in the region hasvam to be more complicated
than previously thought after the discovery by the ROSATa}satellite of an extended
population of weak-line T Tauri stars, rstidenti ed by thieX-ray emission (Krautter
et al. 1997; see also Section 6.), which greatly exceedsnmbeuthe classical T Tauri
star population coincident with the clouds.

Further studies have used different techniques to inctibasgtellar and substellar
census of the Lupus clouds (e.g. Nakajima et al. 2000, Comet al. 2003, Lopez
Mart” et al. 2005). At the same time, new observations thateview in the coming
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Sections have provided detailed views on the distributiwh zhysical properties of the
interstellar gas (e.g. Tachihara et al. 1996, 2001, Hark £989).

Given the extensive review of the work on the Lupus cloudd thm late 1980s
presented by Krautter (1991), we focus here on advanceroéaotg knowledge of the
region that have taken place in the last decade and a halfe 8bthe most outstanding
contributions have been very recently provided by the sgasnfrared observations
carried out by the Spitzer Space Telescope, particulatigariramework of the Spitzer
Legacy Program "From cores to disks” (Evans et al. 2003). MWkide in this review a
selection of early results obtained by this program on theusuregion.

2. Relationship to Larger Structures

The Lupus clouds are projected on the sky against the neardsine of the best stud-
ied OB associations, Scorpius-Centaurus (e.g. Blaauw,1@®LTeus et al. 1989, de
Geus 1992, Preibisch et al. 2002; see also chapter by RieiBisMamajek). The
Scorpius-Centaurus association is a vast complex indudirer 300 astrometrically
con rmed early-type members (de Zeeuw et al. 1999) and speady90 in Galactic
longitude, at an average distance of140 pc from the Sun. Most of the Scorpius-
Centaurus association is well detached from the Galactk dnd its members are
found at Galactic latitudes of up 632 . Scorpius-Centaurus, together with Perseus
OB2 and the Orion complex, is one of the main structures of@bald Belt(Poppel
1997), the extended disk-like arrangement of OB assoaisitimolecular clouds and
other tracers of recent star formation that dominates ther s@ighborhood up to a
distance of 600pc. The tilt of20 degrees of the midplane of the Gould Belt with
respect to the Galactic equator (Comeroén et al. 1994)itiaeis the recognition of its
member structures, especially near the direction of itsapsich lies toward$' 10,
not far from the location of the Lupus clouds. The high Gatalettitude at which the
bulk of the Lupus complex is seen greatly reduces the likelihof chance alignments
with background, unrelated star forming regions.

The estimated distance of 140-200 pc to the Lupus clouds3eee 3.) matches
well the distance to the Scorpius-Centaurus associatgavjirig little doubt as to the
physical relationship between both entities. The existeolc several distinct, spa-
tially separated groups is well established in Scorpiust@eus, as well as differences
among the average ages of the stars of each group. The Lupudsabccupy a gap
between two such groups, namely Upper Scorpius (age 5-6 tiéyGeus et al. 1989,
Preibisch et al. 2002) and Upper Centaurus-Lupus (age 14 didéy6Geus et al. 1989);
see Figure 5 and probably represents a more recent episatardbrmation in the
region. The region of the sky occupied by the Lupus cloudewid of the early-type
stars that are found in both groups, and there is no currdiddtion in the Lupus clouds
of any ongoing high-mass star forming activity (see Segt. lBowever, the abundant
presence of OB members of Scorpius-Centaurus in the wanfithe Lupus complex
implies the existence of an ambient eld of ultraviolet ratibn much more intense
than that in which other isolated star forming regions armérsed, which probably
has noticeable effects on the physical conditions of ite@ated interstellar medium
(see Sect. 4.). Such high-energy radiation adds to the maethanergy injected into
the Lupus clouds by stellar winds of the nearby OB stars anthéexplosion as su-
pernovae of ancient members of the OB association. Theseesoaf energy are likely
to have played an important role in the evolution and pogghot origin of the Lupus
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Figure 5.  Location of the Lupus clouds in the Scorpius-Cemnts association.
The thin contours outline the distribution of molecular gaced by CO in the re-
gion. The dots correspond to OB stars. The dashed lines meawktproximate con-
tours of the Scorpius-Centaurus subgroups de ned by Bla@ae Blaauw 1991).
The Lupus clouds are the structure extending toward higgudees left of the center,
between334 and352 . The clouds also at high latitude near the left edge of the
gure belong to the Ophiuchus complex. From Tachihara e{24101).

complex (Tachihara et al. 2001). It should be noted that thiei@hus complex, which
lies at a similar distance from the Sun and has a similar mas®lecular gas but more
vigorous star forming activity (see review by Wilking et al.this volume) occupies a
position with respect to Lupus that is roughly symmetrichwigéspect to the center of
the Upper Scorpius OB group.

The scenario of a common origin of both the Ophiuchus and kgpmplexes has
been considered by some authors (e.g. Tachihara et al. 2@Dfeterences therein).
The possibility and indirect evidence of a violent origin@phiuchus have been ex-
plored by Preibisch & Zinnecker (1999), who proposed a supex explosion in the
Upper Scorpius group about 1.5 Myr ago. This is the estimatgdof an expanding
shell centered in Upper Scorpius, detected in HI maps, anermily engul ng both
complexes (de Geus 1992), which lends plausibility to swemario. The overall dis-
tribution of 12CO emission in the Lupus complex is roughly arc-like and is teda
near the rim of the HI shell, which suggests that the expéosivent that may have
triggered star formation in the Ophiuchus clouds may alstebponsible for the mor-
phology and star forming activity in Lupus. Both Ophiuchasl &upus are thus located
in an environment disturbed by the existence of nearby laws stnd their large-scale
dynamical effects on their surrounding interstellar medithis makes them interest-
ing targets for comparative studies with respect to otharlneregions having similar
molecular masses and low-mass star formation activityy sasadhe Taurus-Auriga and
the Chamaeleon clouds (see chapters by Kenyon et al. anddryhmspectively, else-
where in this volume), but having evolved in isolation andtireely unperturbed.

The possible relationship of structures seen in maps ohdetkhigh-energy emis-
sion in the direction of Lupus with the molecular clouds isiguing. The so-calledlu-
pus Voidis a soft X-ray-emitting region (=H1538-32; Riegler et #80) some8 4
across, apparently devoid of dust and thus appearing asianrefjlow far-infrared
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Figure 6. A 100 m IRAS map of the Lupus void, which appears as the lighter
area near the center of the image. The darkest shades of glay the void are
caused by dust emission in the Lupus 1 cloud. From Francd({200

emission, as shown in Figure 6. The correspondence of tltewith a region of de-
creased 100 m emission was noted by Gahm et al. (1990), who supporteatis- i
pretation as a young supernova remnant as already propgseatdler et al. (1980).
Recent studies of the stellar population seen in its doadtiave led Franco (2002) to
suggest that the Lupus Void is actually unrelated to the kugauds, and a structure
whose near edge lies in front of Scorpius-Centaurus at ardistof only 60 to 100 pc.
Using linear polarization measurements, Alves & Franc®@O0nd low levels of po-
larization on stars up to 250 pc in directions not interce g Lupus 1, suggesting that
a large region around the cloud is cleared off from dust. Adiog to Franco (2002),
rather than a real entity the Lupus Void seems to be an enheemten soft X-ray emis-
sion due to the lower density of absorbing dust in the intertaetween theupus Loop
which is an old supernova remnant (e.g. Leahy et al. 1998ttt Local Bubble (e.g.
Cox & Reynolds 1987; Franco 1990; Fuchs et al. 2006) in whiehSun is immersed.
CO observations also con rm that the Lupus Void is devoid olecular gas (Tachihara
et al. 2001). The clearing off of dust may be the result of byakignetic instabilities in
the interface between both bubbles (Breitschwerdt et &i0R0

3. Distance

While the Lupus clouds have been always recognized as ohe oiarest star forming
regions (see Gahm et al. 1993 for references to early distdaterminations), their
precise distance is still a matter of debate, with recenvaléons suggesting values that
range from 100 pc to over 300 pc for at least parts of the camphost of the distance
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determinations agree on a smaller range, between 140 pcdénpc2 Such a range is
still uncomfortably large, as it implies an uncertainty byaator near 3 in important
guantities that depend on the square of the distance, suttteasass of clouds and
cores or the luminosity of its member stars. Some of the migsiyhdiscrepant values
refer to speci ¢ clouds, suggesting that some parts of theptex might be unrelated
to the rest (Knude & Nielsen 2001). However, the narrow raofgmean velocities

within which the entire region is contained 3 km s 1 among the mean velocities of
the different clouds; e.g. Tachihara et al. 1996, Vilas$€Bekal. 2000) argues in favor
of the coherence of the whole complex as a single structure.

The averagedistances to the subgroups of the Scorpius-Centaurus iassonc
have been well established thanks to the numerous stare ire¢fion whose trigono-
metric parallaxes have been measured by the Hipparcosretio satellite. Based on
Hipparcos measurements, de Zeeuw et al. (1999) nd a distafizA5 2 pc for Upper
Scorpius, and40 2 pc for Upper Centaurus-Lupus, the two groups adjacent to the
Lupus clouds. However, assuming that both groups are rguggilerical their consid-
erable extent on the sky (25 for Upper Centaurus-Lupus, 14 for Upper Scorpius)
implies a signi cant depth, yielding a diameter of60 pc for Upper Centaurus-Lupus
and 35pc for Upper Scorpius, thus preventing us from directly dishgpthe average
distances to both groups as the precise distance to the lalpuds. The same caveat
is of course valid for the Lupus clouds themselves, whicmspeer an arc of 20 of
the sky, corresponding to nearly 50 pc at the distance off8aeCentaurus and thus to
a similar depth if the angular extent is comparable to ther@xdlong the line of sight.

In their pioneering work on the molecular gas in the regionrphy et al. (1986)
suggested the possibility that the gap in the distributioeenly-type stars between both
Scorpius-Centaurus groups may be due to obscuration byupas.complex, which
would thus be located in the foreground. The idea has beed nult by further surveys
of the region (Preibisch et al. 2002), which show the gap toelbéand the two groups
to be physically separated, thus leaving unconstrainedetlagive location of the OB
groups and the complex.

Most distance determinations to the Lupus clouds found enliterature rely on
the combined use of approximate distances to individuat stad estimates of their
reddening. Due to their pre-main sequence status, specpiogsdistance estimates to
the members of the clouds themselves are not possible wiginevious knowledge of
the ages. For this reason, determinations of distanceg tdhds using these methods
have relied upon non-member main sequence stars with knatninsic colors seen
towards the same general direction, for which the distanag e derived to a suf -
cient accuracy from the spectral type and the photometrg distance of the clouds
is then found by examining the distribution of reddeningdous stars at different dis-
tances, and identifying the distance at which the reddesimays a jump due to the
dust associated with the clouds. Such a method was used bgd=(2990), who de-
rived a distance of65 15 pc based on the distribution of reddening in Kapteyn's
Selected Area 179, located near the Lupus 4 cloud. Furthdrest by Franco (2002)
using Stromgren photometry of stars near Lupus 1 in theregi the Lupus Void (see
Section 2.) and by Alves & Franco (2006) using linear poktian towards stars with
known distances in the same region con rm an extinction asldnzation jump at 130-
150 pc. Such results are consistent with those obtained lghétuet al. (1993) who
used photometry and spectroscopy of eld stars, partibplarand G types, to derive
distances and extinctions. The distancd4® 20 pc to the Lupus complex that they
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nd has been commonly adopted in many further studies. Anartgmt improvement

in this technique, relying both on a greater number of praaessand on a robust sta-
tistical analysis, has been recently presented by Lomlgaral. (2008), who obtain a
distance ofl55 8 pc but with hints of signi cant depth effects, which we dissu

below.

A general agreement is found in the pre-Hipparcos liteeaimong the different
distance determinations using variations of the methodrttesd above, which tend to
yield results in the 130-170 pc range. It may thus seem somesihprising that new
derivations carried out based on the trigonometric digarmtrectly derived from Hip-
parcos data yield larger scatter and some puzzling diseoégm Using extinctions and
Hipparcos trigonometric parallaxes of eld stars obseruedhe direction of several
nearby star forming clouds, Knude & Hgg (1998) estimatedstadce of only 100 pc
for the Lupus complex. On the other end of the range, Knude &<d¢n (2001) sug-
gested a distance of 360 pc to the Lupus 2 cloud based on Hippgarallaxes and
V | colors. Such a distance, placing it over twice as far awayhather clouds,
would imply that Lupus 2 is an unrelated background clougigated by chance on the
same position of the sky as the rest of the complex. The paraieasured by Hippar-
cos for the main stellar member of Lupus 2, RU Lup (Sect. 1s24;34 3:56 mas,
which hints at a much closer distance. Nevertheless, tlagively large uncertainty
of the parallax obtained by Hipparcos for RU Lup is of littlelfn in constraining the
distance to its host cloud.

A more detailed approach to the extinction jump method has lslopted by
Crawford (2000), who obtained medium-to-high resolutipectroscopy in the region
of the interstellar Nal D lines of 29 B and A stars in Scorplieataurus near Lupus,
with parallaxes measured by Hipparcos. The depth of the bsdrption thus replaces
the extinction as a probe of the intervening gas, providingddition information on the
kinematics of the absorbing medium and on the possibleemndstof kinematically dif-
ferent components. The distance to the Lupus complex adatay Crawford (2000),
150 10 pc, is in good agreement with other determinations but inicowith the
one of Knude & Hgg (1998) cited above. Crawford identi es titkely source of dis-
crepancy with that work as due to an additional, foregroupsbebing layer related
to the expanding shell around Upper Scorpius, which is tledein the spectra of the
nearest stars in the sample as a blueshifted component. floéseof this layer are
also detected in polarization measurements of stars tewhslLupus Void by Alves
& Franco (2006), and estimated to lie at 60-100 pc. In ture, dabsorption actually
associated with the Lupus clouds is clearly identi ed asitgna positive velocity of a
fewkms 1.

The availability of the Hipparcos data also allows in prpieithe use of directly
measured trigonometric parallaxes of members of star fgralouds. Given the rel-
atively bright limiting magnitude reached by Hipparcogjthprecision parallaxes are
available only for the brightest members of each star fogmegion. Results on such
measurements have been presented by Wichmann et al. (I89Bgéaout et al. (1999)
for several nearby star forming regions and, in Bertout & wabrk, also for isolated
pre-main sequence stars. Five members of the Lupus clondsiding the already
mentioned RU Lup, are included by both studies in the analy&isixth member, the
close binary IM Lup, is excluded from both studies due to itsamingless astrometric
solution. The individual parallaxes of these stars aredish Table 1. An additional
parallax determination has been recently presented by &eseh et al. (2008) for the
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Table 1.  Hipparcos parallaxes of Lupus members

Star Cloud parallax (mas) distance (pc) Notes
IM Lup 2 477 1379 - 1,2

RU Lup 2 434 356 230°%Y) 2

RY Lup 4 9:26 2:83 108% 2

Sz 68 1 6:29 2:.05 1597 2
HR5999 3 481 087 208%, 3
HR6000 3 415 0:83 241% 4
Notes:

1: poor astrometric solution; resolved binary
2: Classical T Tauri star

3: Herbig Ae star

4: B peculiar star

GQ Lup system (see Section 7.7.), which yields a distandé&6f 50 pc for the pri-
mary.

Formally, the conclusion of both works is that the distarcthe complex appears
to be larger than previous estimates. As Bertout et al. (198t out and can be easily
seen in Table 1, this conclusion largely rests on the paedlaf the HR 5999/6000
pair, which are the stars having the most accurate measuatenfeshorter distance, in
better agreement with other determinations, is suggestéivb_up, and perhaps also
by Sz 68.

In view of the signi cant depth effects that may be expectaibag the clouds
composing the Lupus complex as noted above it is importaovmsider the details of
the different distance determinations quoted above, arigtpkarly the locations of the
stars upon which they rest. We rst note that the stars aasetiwith Lupus 1 and 2
(only one for each cloud) have a large uncertainty in theiasoeed parallax, making
the latter compatible with any of the other measurementsth®mther hand, the best
constraints on the distance measured by Hughes et al. (1B93) 20 pc, come from
stars seen towards Lupus 1 and is consistent with the ratwst limit found by Craw-
ford (2000) towards the same cloud. Also the distance détexby Franco (2002)
largely refers to Lupus 1. The previous determination bysidm@e author cited above
(Franco 1990)165 15pc, is based on a eld near Lupus 4 and is marginally consis-
tent with the distance to RY Lup. Similar caveats apply tottimrough determination
by Lombardi et al. (2008), which is dominated by the stargied at lower Galactic
latitudes, mainly Lupus 4 and 6. Unfortunately, both Lupuantl 3 are probed by a
small number of stars (6 and 3, respectively) and no suitstialeis placed as a possi-
ble probe of Lupus 2. The distance to the higher latitudedsoaf the Lupus region
remains thus undetermined by this new analysis.

Given the locations of the stars that have been used in theretit distance de-
terminations, it seems reasonable to interpret the diife¥e among them as providing
evidence for the depth of the complex along the line of sigither than as implying
a con ict between the Hipparcos measurements and previetesrdinations. The al-
ternative explanation suggested by Bertout el al. (1998yipg HR 5999/6000 in the
background and unrelated to Lupus 3, seems highly unlikelyew of the central po-
sition of those stars in the area of the cloud, the frequesdaation of Herbig Ae/Be



12 Comer6on

stars with molecular clouds, and the resemblance of suchrangement with that of
other regions where the association between the Herbig é\el8rs and the clouds
is made more obvious by re ection nebulosity, most notably R Coronae Australis
cloud. It is interesting to note that a recent independetardenation of the distance to
the Lupus clouds based on the moving cluster method cartieyoMakarov (2007)
also indicates a substantial depth 80 pc) along the line of sight, and in particular a
larger distance ( 175pc) of the classical T Tauri stars of the Lupus 3 cloud.

The currently available measurements discussed in thisoB8dbus seem to hint
to a depth of the complex of the same order as its angular teatethe plane of the
sky, with varying distances to the different individualustiures probably in the 140 to
200 pc range. The use of an average between those two vakms s& acceptable
compromise for most studies of the global properties of mmmex. However, the
likelihood that the different star forming clouds lie at siaty different distances is a
very important caveat in comparative studies of their dased stellar populations (see
Section 6.). The use of a distance of 150 pc seems adequatebrof the clouds of
the complex, but a value of 200 pc is likely to be more appadprfor Lupus 3.

4. Molecular Gas and Dust

The molecular gas of the Lupus complex extends from the pritieis of the Galactic
plane p ' +5 ) to relatively high Galactic latitudedy > +25 . The large-scale
structure shows an extended mass of gas at low latitudesexedal smaller, irregularly
shaped clouds roughly distributed along an arc towardsehilgititudes. Smaller clouds
are also scattered among the dominant structures.

Even at the lowest latitudes the gas associated with thed ofmuds is clearly
distinguished from background gas by its positive LSR Hadiocities, between 2 and
10 km s 1, which are forbidden by Galactic rotation in the directidnLapus. This
positive velocity, which is shared by the associated T Tstais (Dubath et al. 1996), is
a distinctive feature of the Gould Belt, whose overall motgeems to be a composition
of rotation and expansion (Comerbn 1999).

The 2CO survey of Murphy et al. (1986), covering approximately 1fliare
degrees at an angular resolution3gf, revealed for the rst time the overall distribu-
tion of molecular gas over most of the Lupus complex. Murphglé map includes
the clouds containing the T Tauri star associations prelWolkinown, and reveals the
massive concentration at lower Galactic latitudes in whmsgskirts the Lupus 3 and
4 clouds lie. Their map also hints at the continuation of tomplex towards higher
latitudes, although the mapped area is not large enougHhlyoeitcompass them. The
molecular mass estimated by Murphy et al. (1986),10* M , has often been adopted
in other works. It is worth keeping in mind however that, as\ped out by the authors
themselves, this is a highly uncertain value that may beriecbby up to a factor of
2-3. The mass given above is actually an average betweendbs inferred from the
detected CO1:5 10*M , and the estimated virial mass®f 10* M , assuming a
distance of 130 pc to the complex.

Much recent progress in the mapping of the structure of theuswcomplex in
molecular gas has been done with the Nagoya University's INEN 4m millimeter
radiotelescope operating on the Las Campanas Observalachihara et al. (1996)
mapped the Lupus 1, 2 and 3 clouds¥EO at a resolution 08 as well as the densest
regions of an additional cloud that they call Lupus 5, andclwhiorresponds to the
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Figure 7.  Overall view of the Lupus clouds as observedf#GCemission, show-
ing the distribution of the densest gas concentrationsnfara et al. (1999).

densest region of the large concentration of molecular gas(h Galactic coordinates)

of Lupus 3. The'®*CO survey was further extended in spatial coverage by Hara et
al. (1999), who also carried out observations in@1€0 isotope, at a resolution &f7.
Observations of Lupus 1, 2, 3, and 4&° also in'3CO and G20, were carried out by
Vilas-Boas et al. (2000), who list 36 condensations in the fdouds. A comparison
between the distribution of dense cores and young stellgctbsuggests a column
density threshold ol (H,) ' 6 107 cm 2 for star formation.

The further extension of their survey towards the Galadane allowed Hara et
al. (1999) to identify some new concentrations, labeledwgsus 6 to 9, shown in Fig-
ure 7. Most of these concentrations appear as mere peaksideapread distribution
of molecular gas in th&CO maps (Tachihara et al. 2001), which has brought a certain
confusion in current literature as to the precise strusttioewhich these designations
refer; compare e.g. Cambrésy (1999), Hara et al. (1994);Tanhihara et al. (2001).

A total molecular mass of; 500 M is estimated by Hara et al. (1999) for the
dense gasn(H,) > 10° cm 3; Tachihara et al. 2001) traced by th&CO emission.
The individual clouds have a very clumpy structure, bestaésd by observations in the
optically thin lines of-3CO andC!80 (Tachihara et al. 1996, 2001; Hara et al. 1999; see
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Table 4). The parameters of the typical clump trace@€b0O are amass ' 9:7M
(with a range from 2 to 40 M) and a number density(H,) ' 6:1 10°cm 2 (with a
range from3:5 10°cm 3to1:1 10* cm 3), with caveats due to uncertainties in the
excitation temperature (taken to bgx = 13 K from the comparison to the optically
thick 12CO emission, assuming LTE) and in thg(C'80)=N (H) ratio, which is taken
to be the same as derived by Tachihara et al. (2000) for treuprably similar Ophi-
uchus North region. The mass spectrum of the clumps followsveer law over the
entire mass range above 3 Mcharacterized bgN=dM / M L7 92 As discussed
by Hara et al.(1999), the power law index is similar to thatlimps traced by?CO

in other star forming regions (Yonekura et al. 1997). A higkeatter in the power
law index exists for higher density clumps traced®{?O or CS among different star
forming regions. In that respect Hara et al. (1999) hint thatrather steep power law
index might provide an explanation for the unusual fractdate-type stars among
the members of the T associations of Lupus as compared to reffiens like Taurus,
in which the power law index is close t00:9.

Figure 8. 12CO intensity map of the entire Lupus region. The major cloaids
easily identi ed by comparison to Figure 9 after accountiogthe different coor-
dinate system. The emission at the lower border arises fhenptoximities of the
Galactic plane, mostly in the background. From Tachihaed. €2001).

Tachihara et al. (2001) mapped an area of 474 square degeataed on the
Lupus clouds at a resolution @f or 8° (depending on the position), thus improving on
Murphy et al.'s work in both resolution and coverage (Fig8yeThe total mass of the
complex is found to b&:7 10* M . Their study lists 105 individual clouds, using as
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criteria for their de nition the?CO emission contour corresponding to &mes their
detection limit, rather than the identi cation of intensipeaks. Therefore, the largest
of the clouds measured by Tachihara et al. (2001) contaitipteipeaks, or clumps,
as de ned by other studies. The individual clouds obserweddrhihara et al. (2001)
span a range in mass from about 1 M 9:5 10° M , following a mass distribution
well approximated by a power law of the fordN=dM / M 137 013 The largest
cloud actually includes Lupus 3, 4, 5, and 6 as well as somensiecy lamentary
extensions, also detectable through the extinction theglyme on the background. It
contains more than half the mass of the complex, while Lup@s 4nd 9 are separated
clouds (Lupus 7 and 8 of Hara et al. 1999 lie slightly outside area mapped by
Tachihara et al. 2001). The overall picture of the complexased by'?CO shows
that the molecular gas distribution is dominated by cloutferént from the "classical”
Lupus 1 to 4, which stand out only due to their recent star fiognactivity.

Figure 9.  Grey-scale representation of the extinctionveerifrom star counts,
which outlines the distribution of gas in the entire Lupugio@. The areas delimiting
the major clouds are marked. Coordinates are in the J2000@qu-rom Cambrésy
etal. (1999).

The overall structure of the interstellar medium in Lupual& well traced by its
associated dust, whose distribution can be derived froreai@a star counts. Cambrésy
(1999) has produced detailed extinction maps for most estdr forming regions
and molecular clouds, including Lupus, based on star cdarttse visible, using the
USNO-PPM catalog (Figure 9). The choice of visible wavethagllows the mapping
of the dust distribution at small column densities, at thset @ decreased sensitivity
in the densest areas of dark clouds that are best probed iayedfstar counts (see
e.g. Cambrésy et al. 1997). The extinction maps producetisnway, which bear
a very close resemblance to th&CO maps, can be translated into distributions of
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mass by adopting an appropriate relationship betweenatitinand gas column den-
sity. Cambrésy (1999) has estimated peak extinctionsrisvile different clouds of
the complex ranging fromhy ' 5:7to Ay ' 106, very similar to those derived by
Dobashi et al. (2005). The pencil-beam estimates of extindtased on the redden-
ing towards background stars indicates even larger vaksghing up tdAy = 47 in at
least localized regions of the darkest areas of the Lupusugisl(Nakajima et al. 2003).
The total mass derived by Cambrésy (1999:8 10* M , which is probably an un-
derestimate due to his adoption of the Knude & Hag (1998adc#, 100 pc. The larger
mass may be due to the sensitivity of visible star counts ém éswer column densities
and volume densities thdRCO maps, which probe gas with(H,) * 100cm 2 and
higher. A visual comparison of the CO maps of Tachihara €R@01) and the extinc-
tion maps of Cambrésy (1999) indeed shows that the cloutta@ed by extinction ex-
tend beyond the boundaries traced'®g0O emission, and the interconnections among
the different clouds of the complex by low column densitydges are clearly revealed.
Star counts in the visible have also been used by Andreazzéa&-Boas (1996) to
derive total masses in Lupus 1, 2, 3, and 4, which are intaged compare with the
masses derived by Hara et al. (1999) from the high-densityetiC80; see Table 3.
As one may expect, the mass traced by dust is higher, by a taetoween 2 and 3, for
Lupus 1, 2, and 3, due to the greater extension of the complewaolumn densities.
Nevertheless, similar values are obtained for Lupus 4. Dhgparison is more extreme
in Lupus 6, for which the measurements by Hara et al. (1998) te the densest part
of a vast cloud with several less prominent concentratiomeglded in a common dif-
fuse envelope, as seen in Cambrésy (1999). Given the diiffagences in appearance
and extent of this cloud when mapped %0 and in lower density tracers, we refer
to the structure de ned by Cambrésy (1999) as Lupus VI, keppis nomenclature,
and we reserve the denomination Lupus 6 for the high densik in the ¢80 map of
Hara et al. (1999). Cambrésy's Lupus VI cloud is actuallyrassive as Lupus 1, with
amass o2:3 10*M ifitis located at 150 pc. The possibility that this cloudiny
at low Galactic latitudeq < b < 10 ) might actually be unrelated to the Lupus com-
plex is disfavored by its radial velocity similar to that aher clouds in the complex
(Tachihara et al. 2001).

A large-scale velocity gradient is seen throughout the dermpwith radial ve-
locities ranging between 4 and+10 km s 1. The most negative velocities are seen at
higher latitudeslf > 21 ), while the gas at lower latitudes has mostly positive radia
locities that are forbidden for background gas in the sameetion. Thus, the combina-
tion of position and kinematics provides a reliable craarfor identifying membership
in the complex. Tachihara et al. (2001) point out that thed$owith negative velocities
tend to be projected against the HI shell surrounding Upperfus, suggesting that
they may have been accelerated by it in our direction. They abte that the struc-
ture of such negative-velocity clouds tends to be clumpierhaps as a consequence of
instabilities in the shell.

The molecular line widths are rather large. Hara et al. (1998 a range of val-
ues between 0.34 km & and 1.79 km s? with an average of 0.90 km $ for the
C'80 cores. Similar results are found by Vilas-Boas et al. (3080 remark on the
similar properties of all the observed clouds in this regaiidra et al. (1999) suggest
turbulence, rather than rotation of the cores, as the cautbe @bserved line widths.
Rotation of the clouds may be indicated by the observed geevalocity gradients
(Vilas-Boas et al. 2000) of 0.1-0.2 km Spc ! in Lupus 2 and 4, and perhaps by the
more complex pattern in Lupus 1 (0.3 to 0.7 kmt$c ! depending on the measure-



Lupus 17

Table 2.  Features of the main Lupus clouds as traced'C

# I b Sample members Notes
339 165 Sz 68 Almost all TTS in low density regions
GQ Lup (Andreazza & Vilas-Boas 1996)
2 3385 125 RU Lup Two components separated by 1 knt s

with different’*COA2CO
(Gahm et al. 1993)

3 3395 95 HR 5999/6000 Densest T Tauri association (over 40 CTTS)
Most active star formation in the complex
Highest column density
Dense cores traced by'#CO*
Probably farther than other clouds (Sect.3.)

4 337 8 RY Lup Few CTTS thus far, but HCO* cores
suggest future star formation

5 3425 9 IRAS 16133-3657 No CTTS identi ed

6! 341 6 No star formation
7 337 5 No star formation
8 335 4 No star formation
9 347 65 No star formation
VI 342 8 No star formation?

1: We refer to Lupus 6 as the peak mapped i@ by Hara et al. (1999), which is
embedded in the much larger and diffuse Lupus VI found in Gé&syp(1999) (see
text).

ment baseline). No such gradients are observed in Lupuselafdpe line widths imply
that the inferred core masses are much below their viriasemgsa trend already found
by Kawamura et al. (1998) in the Gemini-Auriga clouds. The idths are also sim-
ilar to those observed in Ophiuchus North (Tachihara et@02, and about twice as
high as those observed in the Taurus clouds. Other differeate noted with respect
to the Taurus clouds by Hara et al. (1999), such as a smakeag® core mass angH
column density.

It is tempting to interpret the similarities between Oplhius North and Lupus,
and the differences between both clouds and the Taurussglasdiue to the existence
of nearby OB stars in the rst two cases and their absencedrihind. However, Hara
et al. (1999) note that also the L1333 cloud in Cassiope bapter by Kun) is sim-
ilar to Lupus (although a factor 6 smaller in total mass) but lacks nearby OB stars,
indicating that the environment is not the only responsiattor for the different prop-
erties of clouds. Nevertheless, signs of the in uence ofgh@ronment are discussed
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Table 3.  Projected sizésind masses of main Lupus clouds from different tretcers

Cloud | b M(Ay)® M *coy M (C'80)® M cond (Av )8
M) M) M) M)

1 3 4 26 100 1.3 10° 372 734

2 1.5 1 20 10¢ 11 1% 31 7

3 2 1 3 10° 34 107 119 474

4 3 15 16 10 246 257

5 2 3 60 10° 1.1 10° 57

6 1 1 7

7 15 15 7

8 1 1 7

9 2 15 7

VI 6 5 2.6 10

- Rough sizes from th& CO contours (Tachihara et al. 2001)

2: All masses have been corrected to a distance of 160 pc

%: From Cambrésy et al. (1999)

4: From Tachihara et al. (1996)

Z: From Hara et al. (1999)

: Mass in dense condensations as derived from extinctiom f&ndreazza & Vilas-
Boas (1996)

by Moreira & Yun (2002) in their detailed study of Lupus 2 andvhere the distribu-
tion and properties of the molecular gas and dust are igagstl. The emission in the
60 and 100 m IRAS bands can be interpreted as due to a single, cool dogtawent

in equilibrium with the radiation eld. The dust and gas acaifd to be well mixed,
with the dust acting as a good tracer of molecular column itdengVith the caveats
expressed by Moreira and Yun (2002) due to the fact that eléiihust temperatures are
emissivity-weighted towards warmer regions, the diffeembetween the temperature
distributions of gas (derived froffCO, 13C0O, and G®0) and dust (from the intensity
ratios at 60 and 100m) show that the gas is not heated only by dust, as the latter is
hottest towards the edges of the clouds, where gas tempesatte lowest. This is in-
terpreted as evidence for an external source of heatingghaibreira and Yun (2002)
attribute to shocks driven by the expanding HI shells disedsabove.

Detailed studies of the structure of Lupus 3 using compléargrmethods have
been carried out by Teixeira et al. (2005) and by Tachiham.g007). Using the
near-infrared colors of background sources as a measuralwho density, Teixeira
et al. (2005) have mapped a wealth of small-scale structoost notably ve round
cores with masses between 0.5 and 6 Mat they analyze by means of Bonnor-Ebert
modeling. The stability analysis shows three of them to bélstand the other two
unstable. Among the latter, one of them, discussed in mdeal de Section 5., harbors
signposts of star formation at far-infrared and millimet&velengths and is probably
related to a Herbig-Haro object. The study also reveals @ structure containing a
loose aggregate of stars, which is interpreted as the rewdithe parental core of
the aggregate. The extended emission of some of these satesdribed by Nakajima
et al. (2003), who nd that their outer rims usually have emtedJ-band emission
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Table 4. Individual corés? detected in €20

Cloud  Coré | b v N(H») M My R
() () (kms?') (10" cm?) M) (M) (pc)

Lupus1l 11 337.57 16.37 1.34 3.3 4 55 0.15
13 337.90 16.47 0.61 5.7 7 10 0.13
15 338.10 16.70 0.86 3.4 11 33 0.21
17 338.70 17.47 1.59 3.6 6 83 0.16
18 338.73 16.00 1.70 3.7 3 63 011
19 338.77 17.23 1.30 3.2 13 83 0.23
20 338.83 16.53 1.22 7.3 46 93 0.30
21 339.03 15.00 0.94 2.5 7 35 019
22 339.03 16.70 111 5.7 18 55 0.21
24 339.13 15.47 1.27 3.8 9 64 0.19
25 339.13 15.93 0.74 55 20 27 0.22
26 339.13 16.10 1.09 54 30 69 0.28
Lupus2 16 338.67 11.87 0.79 4.1 11 27 0.20
23 339.13 11.73 0.34 3.2 3 3 0.12
Lupus3 27 339.57 9.33 1.21 7.8 30 71 0.23
29 340.73  9.67 1.79 3.9 8 111 0.17
Lupus4 3 335.67 8.13 0.60 3.5 6 12 0.16
4 335.97 8.07 0.46 2.9 6 7 0.17
5 336.43 8.17 0.46 4.7 13 9 0.20
6 336.67 8.20 0.83 6.7 38 41 0.29
7 336.70 7.83 0.89 2.8 7 31 0.19
8 336.83 7.87 0.75 3.0 2 13 0.11
10 336.90 8.23 0.75 4.5 7 17 0.15
12 337.70 7.50 0.71 4.2 24 30 0.29
14 338.10 7.10 0.50 5.2 8 7 0.15
Lupus5 33 341.97 9.27 0.61 3.0 6 13 0.17
34 342.80 8.73 0.86 3.4 3 18 0.12
35 34293 9.00 1.23 3.2 4 47 0.15
Lupus6 28 340.67 6.33 0.52 3.0 10 12 0.21
30 341.07 6.27 0.84 2.7 2 17 0.12
31 341.20 6.13 0.91 3.0 4 26 0.15
32 341.20 6.50 0.51 4.1 8 9 0.17
Lupus?7 9 336.87 5.07 0.57 4.6 6 9 0.13
Lupus8 1 335.23 3.63 0.89 3.1 3 21 0.13
2 335,50 3.67 0.75 3.6 2 13 0.11
Lupus9 36 347.23 6.73 0.99 3.4 14 49 0.13

1: From Hara et al. (1999)
2: Masses, volume densities, and radii corrected to a distaht60 pc
8: Core number from Hara et al. (1999)

whereas most of the cores glow faintly in tkeband, resulting from the scattering of
the ambient starlight by dust.

A region roughly coincident with that observed by Teixeitale (2005) has been
mapped in the FFCO" high density tracer by Tachihara et al. (2007) as well aset th
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wavelength of 1.2 mm that is expected to trace thermal eamidsy dust. Some of the
cores identi ed in the extinction mapping are also retrid@ H3CO* and millimeter
continuum emission, but their degree of prominence is diiiterent: the very opaque
cores C and D of Teixeira et al. (2005) are faint ilfBO" , whereas their cores B and
E, which produce only moderate extinction on the backgraartie maps of Teixeira

et al. (2005), are prominent in'BCO* emission and are connected by a bridge that is
unseen in the extinction mapping. Conversely, the extinddiridge connecting cores A
and E does not have alBCO*" counterpart. Finally, it is remarkable that na3g€O*
emission is detected on the western part of the cloud, wheirecdon mapping does
reveal some cores.

4.1. Magnetic Fields

Magnetic eld measurements in the main Lupus clouds have loeeried out by sev-
eral authors, based on optical polarization of the lighttafssobserved towards and
around them. Observations of Lupus 1, 2, 3, and 4 by Vrba €1892) have been re-
ported by Myers & Goodman (1991), who discussed and modhakedliserved trends
in the ordering of the magnetic eld lines. A sample of cloudsluding Lupus and
other clouds was separated into two classes characteryzibe lpresence or absence of
embedded clusters. In this scheme, Lupus 3 belongs to thelass, and Lupus 1, 2,
and 4 to the second. Overall, it is found that clouds comgimiusters tend to have a
more disordered magnetic eld pattern, which is thought éarélated to the presence
of young stars and, more importantly, dense gas. This trenoluighly present among
the four Lupus clouds included in Myers and Goodman's (1%@typle, but not rigor-
ously. Lupus 4 does show a single mean direction all ovenxitsnsion, with a small
and spatially uniform dispersion. However, Lupus 1 and 2aameng the clouds with-
out embedded clusters having the largest magnetic elcctior dispersion, and both
have more complex magnetic eld patterns. Lupus 2 contairesszones with different
dispersions, in which only the low-dispersion zone has arretig eld along a de nite
direction. On the other hand, Lupus 3 has only a moderatedigm of the directions
of the magnetic eld lines and, like Lupus 1, has separateegomith clearly different
directions. As Vrba et al. (1992) point out, the polarizatairection in all four clouds
tends to be perpendicular to their elongation, suggestitigpse of the clouds along
the magnetic eld lines. Krautter (1991) went on to sugghkat such observations may
lend support to the idea that star formation in the Lupusddoias proceeded under
subcritical conditions (Shu et al. 1987), in which magnetlds provide effective sup-
port against collapse leading to the preferential fornmatiblow mass stars. However,
Andreazza & Vilas-Boas (1996) note that this relationstépses to apply at the level
of the individual cores that these clouds contain, whosentetions seems to be in-
dependent of that of the magnetic eld at their positiongisticasting doubts on such
interpretation.

Detailed optical polarization observations of stars tasand around Lupus 1 and
4 have been presented by Rizzo et al. (1998). In agreemednewaiilier results by Myers
& Goodman (1991), they nd that Lupus 4 has a well-ordered naig eld roughly
perpendicular to the lament axis, suggesting that cokapas proceeded along the
magnetic eld lines. The eld in the surrounding area, dexvfrom background stars
lying farther from the darkest areas of the cloud, is in alsindirection. The pattern is
however more complex in Lupus 1, where a clear variation gepoled in the magnetic
eld orientation across the cloud, and also between thecdtland its surroundings,
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which seems to indicate a rather complex cloud formatiocgss. Furthermore, Rizzo
et al. (1998) reexamine the conclusion of Andreazza & ViBasss (1996) regarding the
orientation of condensations, and nd large variationshia magnetic eld orientation
not only among different condensations, but also within gingle condensation. Such
variations are not observed however among the condensatifobupus 4, where the
polarization vectors are highly uniform in direction.

5. Infrared Sources and Out ows

The most luminous candidate protostellar objects in Luyebeen identi ed by the
InfraRed Astronomical Satellite (IRAS) as point sourceg@imga cold or warm spectral
energy distribution between 12 and 66h. Tachihara et al. (1996) list 9 such sources
lying within or near the concentrations of théiCO maps, and report on a molecular
out ow associated with one of them, IRAS15398-3359 in Lufiusvith a dynamical
timescale of 2000years and an approximate masgof10 4 M . HCO' observa-
tions indicate that the central source, whose bolometrgrosity is 1:2L , could
be in the protostellar collapse phase (Shirley et al. 20@9tounterpart in the visible is
an extended nebula, HH 185, whose spectrum shows the sigaatiishock excitation
(Heyer & Graham 1989). These authors also identify threerathock-excited nebulae
in Lupus 1, notably the ones associated with Sz 68 and Sz 6A@®&1HH 187).

Using the same color criteria of Tachihara et al. (1996) lier $election of pro-
tostellar candidates in the IRAS Point Source Catalog,nebiig them to the entire
area of the Lupus clouds rather than to the selected regiapped by those authors,
we identify the 18 sources listed in Table 5. The color daterelog(F12=F»5) < 0,
log(F25=Fg0) < 0:3, whereF isthe ux density at the wavelength ofmicrons. Four
sources, IRAS 16032—-3537, IRAS 16097-3606, IRAS 162808:480d IRAS 16342—
3814 are excluded as they are identi ed as the planetarylaedYR72, NGC 6072,
and NGC 6153, and the post-AGB star OH 344.07+5.84, resjedcti As a cross-
identi cation shows, the criterion also selects the dustyetopes of visible classical
T Tauri stars.

The core associated with the faint IRAS source 16054—-3867 9glected by the
criteria used to produce Table 5) has received recent mtitesi a likely low-luminosity
protostar. Itis detected in the extinction mapping of Nakajet al. (2003) and Teixeira
et al. (2005) (their core C; see Section 4.), who derived asraB5-10 M and inferred
that it is gravitationally unstable from their Bonnor-Ebanalysis. The detection of the
source at 1.2 mm (Tachihara et al. 2007), the combinatioheofux at that wavelength
with that measured by IRAS at 60n and its non-detection at other IRAS bands suggest
atemperaturd ' 33KandL ' 0:6 Ly (the latter assuming a distance of 200 pc).
The Herbig-Haro object HH 78, discovered by Reipurth & Grah@988), is close
to it and probably related either to this source or to the m@iging core D (Teixeira
et al. 2005). Near-infrared images also show a wisp of naliyl@xtending radially
from the center of the core. The wisp is not detected in natvand images centered
onthe B S(1) v=1"! O0lne at 2.122 m, suggesting that it may be produced by
re ection in the walls of a cavity previously carved by a jebin the central protostar
and having an unimpeded line of sight towards the centra&abbjather than by shocked
gas. IRAS 16054—-3857 thus displays many of the charaédterist a low-luminosity
Class 0 source (André et al. 1993), representing the sagdietostellar phases.
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Table 5.  Candidate protostellar objects in the IRAS Pointr6e Catalog
IRAS Object Fiom Fasm Feom Cloud Associated objects
15398-3359  0.25 1.28 152 Lupusl HH 185
15420-3408  2.59 3.98 7.92 Lupusl HT Lup
15448-3506 0.91 1.97 195 Lupusl HNLup
15459-3529  0.87 1.22 1.88 Lupusl GQ Lup
15528-3747  0.66 1.00 155 Lupus2 IM Lup
15532-4210 10.3 21.2 105 Lupus4
15534-3740 0.24 4.54 497 Lupus2 RULup
15561-4013  1.50 2.83 561 Lupus3 RY Lup
15573-4147 0.28 0.77 1.17 Lupus4 MY Lup
15597-4010 0.80 1.10 1.24  Lupus3 EXLup
16017-3936  0.76 1.60 9.50 Lupus3
16064-3903  0.38 0.54 0.60 Lupus3
16244-4031 1.41 1.43 1.27 Lupus6
16245-3859  3.78 25.2 31.6 Lupus5
16280-3435 0.66 1.20 1.29 Lupus5 N Sco
16342-3555 1.71 1.81 1.48 Lupus 5
16346-3536  0.36 0.81 0.70  Lupusb

Table 6.  Herbig-Haro objects in Lupls

Object RA(2000) Dec (2000) Associated object Cloud
HH185 1543015 -340916 IRAS 15398-3359 Lupusl
HH186 154512.7 -341730 Sz 68 Lupus 1
HH 187 154518.6 -341732 Sz 68/69 Lupus 1
HH55 155636.7 —-375052 near RU Lup Lupus 2
HH 228 160829.4 -390311 Th 28 Lupus 3
HH78 160912.8 -390502 Lupus 3
HH600 1608159 -390531 Par-Lup3-4 Lupus 3

!: Data from Reipurth (2000), except for HH 600. The desigratf HH 600 is
from B. Reipurth, priv. comm.

Table 7.  Possible new Herbig-Haro objects identi ed withtSgr (Mer'n et al. 2008)

RA (2000) Dec (2000) Associated object Cloud

1538 48.36
16 1057.95
16 00 39.04

-34 40 38.2
-3804 37.9
-42 06 51.5

IRAS 15356-3430 Lupus1l

Lupus 3
Lupus 4
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In addition to HH 78, several other Herbig-Haro out ows argolvn in Lupus 1,
2, and 3 (Table 6), most of them associated with well knowmgastellar objects. The
driving source of HH 55 is not the nearby RU Lup, as the morpgplof the jet leads
one to suspect at rst sight, but rather a very low luminogityject in its proximity
(Graham & Chen 1994); see Section 7.2.

A recent addition to the cataloged Herbig-Haro out ows is thint and small jet
reported by Fernandez & Comerén (2005), which is assediadth the very low lumi-
nosity star Par-Lup3-4 and is prominent when observed tira@u[Sll] Iter; more de-
tails are given in Section 7.6.. Finally, three nebulousoty with appearances resem-
bling Herbig-Haro objects have been noticed in Spitzer iesagy Mer'n et al. (2008).
They are tentatively listed in Table 7, as their spectrogcopn rmation is pending at
the moment.

6. The Stellar Population

Even though only low-mass stars are formed in the Lupus cexnpbnsiderable variety
is displayed in the clustering degree found among the @iffeclouds, which ranges
from one of the densest T Tauri associations known (Lupuso3jsolated or sparse
star formation (e.g. Lupus 1), to virtually no star formati@.upus 5). The study
of the embedded stellar population is facilitated thanké&much lower intervening
extinction, which in general does not excegd ' 10 mag (Cambrésy 1999), thus
making virtually all the Lupus members accessible to studhethe visible spectral
range. By contrashy, 50 mag are not rare in Oph, reaching up to 200mag in
the densest regions (see Wilking et al.'s chapter in thisma).

Early studies leading to the identi cation of the classi¢alauri stars (CTTS) in
Lupus have been noted in the Introduction. The most exterisivof CTTS to the date
is still the one of H -emitting members produced by Schwartz (1977), after thision
by Krautter et al. (1991) and Hughes et al. (1994) who fourd #hfew of the objects
are not actually displaying Hemission, but are mostly background giants. In addition,
some of the emission-line objects reported in that studg baen shown to be unrelated
to the clouds: measured radial velocities measured for S8B8%nd 89 by Dubath et
al. (1996) show them to be background objects. The list oflickate members of the
Lupus complex has been greatly expanded by the discoveargd humbers of weak-
line T Tauri stars (WTTS) in the ROSAT All-Sky Survey (Kraettet al. 1997), but
the census of CTTS is still restricted to Lupus 1, 2, 3, ande4¢; Rables 10, 11, and
12. Furthermore, the physical association between most 8Varid the Lupus clouds
is doubtful, as explained in Section 6.6. No obvious sigrestwf recent or ongoing star
formation are detected in Lupus 5 or 6, with the possible jgtkoe the low-luminosity
source IRAS 16133-3657 in Lupus 5. No classical T Tauri sieggdenti ed in these
clouds by their X-ray emission in the ROSAT All-Sky SurveyréKitter et al. 1997),
although CTTS, which are weak X-ray emitters, may have beesad at the sensitivity
of the survey.

The overall kinematics of the stellar population of the Lsiglouds has been re-
cently discussed by Makarov (2007) making use of the UCAG2egue. In addition
to the evidence for depth and for a greater distance of Lupalse2dy discussed in
Section 3., Makarov (2007) reports a remarkably uniforraastring motion for the en-
tire complex with an internal one-dimensional velocitypdission of only 1.3 km st
and hints of expansion. The latter is highly insuf cient tocaunt for the current vol-
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ume occupied by the clouds if they expanded from an origirgttall region, given the
young age of its members.

A rst systematic search for binary stars in Lupus 1, 2 and 3 warried out
by Reipurth & Zinnecker (1993), who found 8 binaries amongjrtts9 targets with
separations betweei?’and12°%(150 to 1800 AU at their assumed distance of 150 pc).
The study was extended by Ghez et al. (1997), who observedh]scts in Lupus 4
and carried out their observations at 218, thus being sensitive to cool companions too
faint to be detected in thieband used by Reipurth & Zinnecker (1993). Furthermore,
they used speckle interferometry to extend the range ofraépas probed down to
0:1%° The resulting binary fraction in th&°°- 12°°range turns out to be 0.3 for the
33 objects observed in the infrared. They also detected 2 roompanions at less
than1°°from 16 of these objects, implying at least a binary fractidn 0:37 in the
0°4-129 separation range, which may rise up to near 0.5 after dorgeéor close
companions undetected due to the ux contrast with the prjnfaee discussion in
Ghez et al. 1997). This is about twice as high as the binagfifrain the eld, a result
commonly found also in other low mass star forming regiorfse $tatistics have been
recently expanded with the Spitzer-based work of Mer'nl.e2908), who identi ed
visual binaries with separations betwe®fand10°®among the new members identi ed
by their mid-infrared excess. The larger size of their samngsults in the identi cation
of many more binary or multiple systems (see Table 9). Theadlvbinary fraction
derived by Mer'n et al. (2008) is 0.35 consistent with thfugend by Ghez et al. (1997)
despite the insensitivity to the closest systems.

Table 8.  Binary stars in the Lupus clouds (From Reipurth &&icker 1993 and
Ghez et al. 1997)

Star Flux ratio Separation Cloud
Sz65/66  3.10 60% Lupus 1
Sz 68 6 0°A07  Lupus1
Sz 74 2.4 0°24 Lupus 1
Sz 77 2.7 1°8 Lupus 1
Sz81 1.80 1999  Lupus?2
Sz 88 5.7 1°%9  Lupus3
Sz 91 9 8% Lupus 3
HR 5999 35 1963 Lupus 3
Sz 105 70 10°9 Lupus 3
Sz 120 9.6 2007 Lupus 3
Sz 123 44 1097 Lupus 3

6.1. The Initial Mass Function

The dominance of late-type stars in Lupus as compared to latvemass star forming
regions was already noted by Appenzeller et al. (1983) amsdblean con rmed by
other studies since then (Hughes et al. 1994). Indeed, M-$ygrs are more abundant
in Lupus when compared to K-type pre-main sequence starsiththe Taurus star
forming clouds, which is in better agreement with the IhiNgass Function (IMF) in
the eld. The statistical evidence for IMF differences betm Taurus and Lupus has



Table 9.

Lupus
New binary stars in the Lupus clouds, from Mer'nle2908)
Star Separation Cloud
SSTc2d J153803.1-331358 6°9 Lupus 1
AKC2006-18 8°% andg8®s Lupus 1
Sz69 6°6 Lupus 1
SSTc2d J154518.5-342125  6°4 and6°2 Lupus 1
SSTc2d J160703.9-391112 12°% Lupus 3
SSTc2d J160708.6-391407 209 Lupus 3
SSTc2d J160708.6-394723 209 Lupus 3
Lup713 3% Lupus 3
Sz 95 3% Lupus 3
2MASS J16075475-3915446 209 Lupus 3
SSTc2d J160755.3-390718 20¢ Lupus 3
SSTc2d J160803.0-385229 6°0 Lupus 3
Sz 100 499 Lupus 3
Lup607 206 Lupus 3
Sz 108/108B 3B Lupus 3
IRAC J16084679-3902074 459 Lupus 3
2MASS J16084747-3905087 2°2and5°®  Lupus 3
Par-Lup3-4 49 Lupus 3
2MASS J16085373-3914367 599 Lupus 3
2MASS J16085529-3848481 3% Lupus 3
Sz 112 28 Lupus 3
NTO2000-0537.4-5653 5% Lupus 3
2MASS J16085953-3856275 299 Lupus 3
NTO2000-0540.9-5757 209 and2°%  Lupus 3
Lup710 3% Lupus 3
NTO2000-0601.7-5616 799 Lupus 3
NTO2000-614.0-5414 0°8, 1°%, and2°3  Lupus 3
Sz 116 106 Lupus 3
Lup810s 2°2 and2°® Lupus 3
Lup818s 109 Lupus 3
SSTc2d J161013.1-384617 30 and3®®  Lupus 3
SSTc2d J161018.6-383613 20% Lupus 3
SSTc2d J161019.8-383607 399 Lupus 3
SSTc2d J161118.7-385824 10°0 Lupus 3
SST-Lup3-1 10°0 Lupus 3
SSTc2d J161200.1-385557 499 Lupus 3
SSTc2d J161211.2-383220 20% Lupus 3
SSTc2d J161218.5-393418 106 Lupus 3
SSTc2d J161344.1-373646 409 Lupus 3
SSTc2d J155945.3-415457 499 Lupus 4
SSTc2d J160000.6-422158 6°0 Lupus 4
SSTc2d J160002.4-422216 9% Lupus 4
SSTc2d J160026.1-415356 2°Band3°®  Lupus 4
Sz 130 3%7 and6°8 Lupus 4
SSTc2d J160129.7-420804 203 Lupus 4
IRAS 15589-4132 2°% Lupus 4
Sz 133 3% Lupus 4

25
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Table 10.  Classical T Tauri stars in Lupus 1 and 2
Star (2000) (2000)  Sp. typeé Other names

In Lupus 1

Sz65 153927.8 -344617 MO IK Lup

Sz66 153928.3 -344618 M3 -

Sz67 154038.3 -342136 M4 KWS97 Lupus 1-11

Sz68 1545129 -341731 K2 HT Lup, Hip 77157,
KWS97 Lup 1-28, Th 1, Hen 3-1095,
1RXS J154513.6-341733

Sz69 1545174 -341828 M1 HW Lup, Hen 3-1096, Th 2

Sz70 154643.0 -343012 M5 -

Sz71 154644.7 -343035 M2 GW Lup, Hen 3-1097, Th 3

Sz72 154750.6 -352835 M3 HM Lup, Hen 3-1101, Th 4

Sz73 154756.9 -351435 MO Th 5, KWS97 Lup1-48

Sz74 154805.2 -351553 M1.5 HN Lup, Hen 3-1104, Th 6

Sz75 1549121 -353904 K7-MO  GQ Lup, Hen 3-1106,
KWS97 1-56, Th 7

Sz76 154930.8 -354952 M1 KWS97 Lup1-59

Sz77 155147.0 -355643 MO KWS97 Lup1-68

In Lupus 2

Sz79 1553427 -380811 -
Sz80 155505.7 -380322 -
Sz81 155550.2 -380133 M5.5 KWS97 Lup2-20, Th 10
Sz82 155609.2 -375606 MO IM Lup, HIP 78053,
Th 12, KWS97 Lup2-24,
1RXS J155609.3-375556
Sz83 155642.3 -374915 K7-MO RU Lup, HIP 78094,
KWS97 Lup2-29, Hen 3-1120, Th 13
Sz84 1558025 -373603 M5.5 -

1. Spectral types from Hughes et al. (1994).
2: Catalog denominationgh: Thé (1962);KWS97 Krautter et al. (1997)

been studied in detail by Hughes et al. (1994). Differenet&/éen the medians of the
mass spectra in Taurus and Lupus are found at the 95% signtieckevel, in the sense
of the median mass in Lupus being lower. The peak in mass isdf¢a be similar
among the Lupus, Taurus, and Chamaeleon regions, but Lsighsiiacterized by a tail
towards lower masses and a sharp droplat 0.5 M , this latter value being based
on the D'Antona & Mazzitelli (1994) evolutionary tracks. @se features seem to be
common to all the star-forming clouds in Lupus, as shown bghés et al. (1994) by
comparing the mass histograms for Lupus 1 and 2 on one sidel.@ous 3 on the
other. Nevertheless, it appears unlikely that such a tremtirtues towards spectral
types later than mid-M and into the brown dwarf realm. Thelsmanber of objects
newly identi ed in a deep survey of 1.6 square degrees of lsupby Lopez Mart” et
al. (2005) (see Section 6.4.) and tentatively classi edadsrlthan M6 suggests that
the abundance of very low mass stars of mid-M types may beedamg a peak in the
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Table 11. Classical T Tauri stars in Lupus 3

Star (2000)  (2000) Sp. type Other names

Sz 78 155341.2 -3900 38 -

RY Lup 1559284 -402151 K4 HIP 78317

EXLup 1603055 -401826 MO HD 325367, Th 14

Sz 86 160644.3 -391411 Th 16

Sz 88 16 07 00.6 —-390219 M1 HO Lup, KWS Lup 3-22,
Hen 3-1140,Th 18

Sz 90 16 07 10.1 -391103 K7-MO KWS97 Lup 3-23,Th21

Sz91 1607 11.6 -390347 MO0.5 KWS Lup 3-24,Th 20

Sz 92 16 07 15.2 -4003 42 Th 22

Sz 93 16 07 17.8 -393405 Th 23

Sz 94 16 07 49.6 —-3904 29 M4 KWS97 Lup3-28

Sz 95 16 0752.3 -385806 M15 -

Sz 96 160812.6 -390833 M15 KWS97 Lup2-31

Sz 97 16 0821.8 -3904 22 M3 Th 24

Sz 98 16 0822.5 -3904 46 MO HK Lup

Sz 99 160824.1 -390550 M35 Th25

Sz100 160825.8 —-390601 M5 Th 26

Sz101 160828.4 -390532 M4 Th 27

Sz102 160829.7 -390311 KO Krautter's star, Th 28

Sz103 160830.3 -390611 M4 Th 29

Sz104 160830.8 —-390549 M5 Th 30

HR 5999 160834.3 —-3906 18 A7 V856 Sco, HD 144668

HR 6000 160834.6 —-390534 A3 HIP 79081, KWS97 Lup3-40, V10&Y S

Sz105 160837.0 —-401621 M4 Th 31

Sz106 160839.7 —-3906 26 MO -

Sz107 160841.8 -390136 M55 KWS97 Lup3-44

Sz108 160842.7 -390618 M1 KWS97 Lup 3-45

Sz109 160848.2 -390419 M55 -

Sz110 160851.6 —-390318 M2 Th 32

Sz111 160854.7 -393744 M15 Th 33, KWS Lup3 49, Hen 3-1145

Sz112 160855.5 -3902 35 M4 -

Sz113 160857.8 -390223 M4 Th 34

Sz114 160901.9 -390512 M4 V908 Sco, KWS97 Lup3 50, Th 35

Sz115 160906.2 -390852 M4 -

Sz116 160942.6 -391942 M15 KWS97 Lup 3-58, Th 36

Sz117 160944.3 -391330 M2 Th 37

Sz 118 160948.7 -391117 K6 -

Sz119 160957.1 -385948 M4 KWS97 Lup3 60, Th 38

Sz 120 16 1010.6 -4007 44 B4 HIP 79230, Hen 3-1149, Th 39,
KWS97 Lup3-62

Sz121 161012.2 -392119 M3 KWS97 Lup3-63, Th 40

Sz122 161016.4 -390801 M2 KWS97 Lup3 64, Th 41

Sz 123 16 1051.5 -385314 M1 Th 42

Sz 124 1611534 -390216 K7-MO KWS97 Lup378,Th43

Sz125 161230.1 -393540 Th 44

1. Spectral types from Hughes et al. (1994) unless otherwidieated.
2: Catalog denominationgh: The (1962)KWS97 Krautter et al. (1997)
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Table 12.  Classical T Tauri stars in Lupus 4
Star (2000) (2000)  Sp. typeé Other names

Sz 126 1557241 -423956 K7-MO -

Sz 127 155730.4 421028 M5 -

Sz 128 155807.4 -415148 M1.5 -

Sz 129 155916.5 -415709 K7-MO Hen 3-1125, Wray 15-1400, 9973
Sz 130 160031.1 -414340 M1.5 -

MY Lup 160044.3 415531 KO IRAS 15573-4147, F 403

Sz 131 1600495 -413008 M2 -

Sz 133 1603295 -414005 K2 -

Sz 134 160912.2 -414025 M1 Hen 3-1146, Wray 15-1423

Sz 135 163158.3 -443118 -

Sz 136 1633045 -445717 -

Sz 137 1633121 -445614 -

Sz 138 163512.2 445825 -

Sz 139 1636 10.9 444609 HD 328402, Wray 15-1316, Hen 3-1221
Sz 140 163745.7 445417 -

1. Spectral types from Hughes et al. (1994).
2: Catalog denomination&WS97 Krautter et al. (1997)

mass function. The very complete census provided by Spéisersupports a decline
in the number of stars with later spectral types. Although’Met al. (2008) do not
provide estimates of individual masses or spectral tyges/uminosity function that
they derive has a sharp pealkat 0:15L , consistent with the peak near M6 found by
previous studies. Follow-up spectroscopy of the new mestemealed by Spitzer will
no doubt help in resolving this matter, once reliable spétypes for the new candidate
members have been determined. It may be noted that the &dhétse new members
are selected on the basis of their infrared excess in thee3gands does not seem to
introduce an important incompleteness at low masses, amshythe small numbers
of cool (Te < 3000K) candidate members identi ed by Comerén et al. (2008, in
prep.) on the basis of a t of their visible/near infrared @@ to model photospheres,
without making use of any speci ¢ youth signature.

The precise shape of the IMF in each region depends on theeatisgt of evolu-
tionary tracks, as illustrated by Hughes et al. (1994) bygiswo state-of-the-art sets
of tracks at the time of their study. At the lowest stellar sessthe determination of
the IMF is little affected by the assumed distance or ageesobjects of a given mass
evolve at nearly constant temperature and thus the masdyisdall constrained by the
spectral type alone. Therefore, the conclusions on IMFedifices among aggregates
can be considered as robust, despite considerable advantein the evolutionary
tracks in the decade elapsed since Hughes et al.'s (1994«) wor

6.2. Ages

The absolute derivation of ages suffers from uncertaimthigsto possible variability, the
adopted distance, and the bolometric correction. As dismiby Hughes et al. (1994),
the latter alone introduces an uncertainty of 0.1 deboglL, implying an uncertainty
of 0:15dex inlog (Age). The uncertainties in distances discussed in Segtiame



Lupus 29

a larger source of error, as the derived luminosities irsgdsy log L = 0:25if the
assumed distance is increased from 150 pc to 200 pc, andrtesgonding derived age
is decreased by a factor of 2 for a star of 0.1 M of 3 Myr age. Since itis likely that
the distances to each of the clouds are signi cantly diffitras discussed in Section 3.,
it is not currently possible to reliably establish the exigte of possible differences
among the ages of the stellar populations of each cloud baisede comparison to
evolutionary tracks only.

Figure 10.  Location of the classical T Tauri stars classbgdHughes et al. (1994)
in the temperature-luminosity diagram, compared to thtéaepre-main sequence
evolutionary tracks by D'Antona & Mazzitelli (1994). The imacaveat when com-
paring the diagrams for the different regions is that a comdistance of 140 pc has
been adopted for all of them, which may cause non-real shiiftse data points in

the vertical direction. Note that the tracks run nearly icaitat the lowest masses,
thus being largely insensitive to an inaccurate distancéceh although their posi-
tion do change among different sets of evolutionary modélee labels at the top
right of each diagram summarize the treatment of interi@oites and convection
in the models.

Assuming a distance of 150 pc and adopting the evolutiomagks of D'Antona
& Mazzitelli (1994), Hughes et al. (1994) derived ages fdiynding in the range
4:25 < log(Agelyr]) < 7:25, with a peak near 3.2 Myr (see Figure 10, as well as Figure
6 in that paper). The lower limit is particularly unrelialgesen the large uncertainties
of evolutionary models at such early stages (e.g. Baraffd.€2002), and the value
of the peak is highly dependent on the assumed distance &sregin the previous
paragraph, as well as on the adopted models. On the othey &dopting a distance of
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200 pc for their sample in Lupus 3, using their revised spétype determination, and
using the evolutionary tracks of Baraffe et al. (1998), Caneet al. (2003) derive an
age of 1-1.5 Myr for most of their observed members.

With the caveats due to the possible distance differencem@rmouds, the com-
parison among the temperature-luminosity diagrams oéifit clouds hints at Lupus 1
and 2 being younger than Lupus 3 and 4, an interpretationostgzpby the absence of
NH3 cores in Lupus 3 and 4. Independent support for a younger agepus 1 has
been recently provided by the larger fraction of Class | sesifound by Spitzer as com-
pared to the Lupus 3 and 4 clouds (see Mer'n et al 2008, artib8éc4.). Similarly,
it may be noticed by inspecting Table 5 that despite its conspis stellar aggregate
Lupus 3 is not particularly rich in protostellar candidateaving a number similar to
that of Lupus 5 and Lupus VI where no CTTS have been identiregstfar. This may
indicate that these two clouds are at the earliest stagesodiiping stars, while Lu-
pus 3 is more mature in this regard. We also note that the sisalythe Spitzer results
(Mer'n et al. 2008) has revealed a dense, starless corepud 41 where star formation
seems likely to proceed in the future, perhaps resultingantnal stellar population in
Lupus 4 composed of two distinct bursts separated in time.

Age differences have been tentatively interpreted by sanmteoss in terms of the
global star formation history of the region and large-s@dents triggering it. Thus,
Tachihara et al. (1996) explained the relative youth of lsupand 2 as resulting from
the recent passage of a shock associated with the expangipgr Scorpius shell (see
Section 2.) across the cloud.

Some peculiar objects have positions in the temperatun@alsity diagram well
outside those corresponding to the age ranges given abdwv&8 {Section 7.5.) falls
below the main sequence, and Graham & Chen (1994) derive afag0 Myr for
HH 55 (Section 7.4.) if its position in the temperature-lnosity diagram is taken at
face value. A similar conclusion is reached for Par-Lup®ddtion 7.6.; Comerbn et
al. 2003). Alternative explanations for the peculiar gositof these objects in such
diagrams that do not invoke anomalously old ages have bemoged, and we present
them later in the corresponding Sections.

6.3. Circumstellar Disks and Envelopes

A rst search for cold dust around a sample of 32 opticalllested classical T Tauri
members of Lupus 2 and 3 was carried out by Nurnberger eL@87). The dust is
optically thin at the selected wavelength of 1.3 mm, thusniéng the derivation of
masses. Dust emission was detected around 12 of the 32 yljlestn to sensitivity
limits corresponding tM gyst+gas © 5 10 3M (to be compared to typical gas+dust
masses of 3% of the mass of the central object for young CTTS less masbae
0.7 M ). The fraction of objects with dusty envelopes is similarTeurus-Auriga,
Chamaeleon |, and Ophiuchus, also discussed by Nurnbetger (1997). A correla-
tion between the emitting mass of dust and the age is fourt, i emission detected
for any of the objects with an estimated age greater than 3 Myr

More recent observations of ve classical T Tauri stars ipusi(HT Lup, GW Lup,
IM Lup, RU Lup, and HK Lup), probing cold dust at 1.4 mm and 3.81nhave been
presented by Lommen et al. (2007). All sources except for QW &re spatially re-
solved in these interferometric observations, with diglesiaround 100 AU. The mil-
limeter emission from these disks is con rmed to be opticaftiin, and disk masses
in the 0.019 - 0.033 M range are derived. Evidence is found from the dust opacity
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index (where / ) for grain growth to millimeter sizes and above in the ouger r
gions of the disks. This provides observational suppotédheoretical prediction that
grain growth in circumstellar disks is a fast process, adipted by dust coagulation
modeling (Dullemond & Dominik 2005).

Mer'n et al. (2007) have recently reported on SST-Lup3-lery low mass star
near the brown dwarf boundary in Lupus 3, whose Spitzer IRStspm shows strong
and highly structured silicate features, indicative ofstajline silicates. The wide
wavelength coverage between B and 35 m provided by the Spitzer spectrum allows
the simultaneous analysis of the silicate features at 1028ndm, which are formed
in environments of different temperature, and thus proggatial information on the
dust conditions in different regions of the disk. The anialys$ the results provides ev-
idence of rapid dust growth and settling towards the diskptaige. At the same time,
the inferred presence of a high fraction of crystallinecsiles at large distances from
the central object implies either ef cient radial mixing, the existence of mechanisms
able to produce annealing of amorphous silicate grainsasetfiegions.

A search for gas in disks in Lupus carried out by van Kemperh. ¢2@07) using
transitions of CO isotopes has con rmed that CO is a pooretraxf gas, probably
being either photodissociated or depleted in grains (elg.efral. 2001), as found in
other disks. The only source unambiguously detected oufl aitierved is IM Lup,
probably the star possessing the largest and most massk/@dhe Lupus region, for
which van Kempen et al. (2007) nd an outer radius of 400-7Q@0 As CO line pro les
are double-peaked, indicative of rotation. The directlyivibel gas mass is estimated to
be 2 10 * M , over two orders of magnitude below the expected mass fr@n th
millimeter continuum observations of Lommen et al. (2003)typical interstellar gas-
to-dust ratio of 100 is assumed, supporting the notion ofgfidissociation or depletion
in grains.

Most of the statistical information available on the preseand evolution of disks
around young stars in Lupus and other star forming regiomsesdrom the surveys per-
formed by Spitzer. The results on Lupus have been syntleebizdler'n et al. (2008),
who conclude that the fraction of objects possessing cigteltar disks amounts to
70% - 80%. Their spectral energy distributions suggest2b&t of these are in turn
optically thick, ared disks. A wide variety is found in th@asctral energy distributions
of objects surrounded by disks, both in terms of the showestlength where circum-
stellar emission begins to dominate and in the spectrakiotiaracterizing the slope
at long wavelengths. This variety testi es to a broad ranfeisk structures and inner
hole sizes, favoring the scenario of inside-out clearingiafumstellar disks and the
existence of very substantial disk evolution in the rst fenillion years of the life of
young stellar objects.

6.4. The Lowest-mass Members

As noted above Lupus 3 is the richest aggregate in the reg@maining nearly half
of the CTTS identi ed in the Lupus clouds (Table 11). In tumore than half of the
Lupus 3 members are found in tBe8  0:3 pc? area surrounding the HR 5999 and
HR 6000 pair (Nakajima et al. 2000), implying a member dgnsit 500 members
per cubic parsec, closer to the stellar density of the Tiapezluster than to sparse ag-
gregates like the Taurus clouds. This richness has madetierof Lupus 3 (Figures 3
and 11) a preferred target for deep searches of the lowest masibers. Nakajima et
al. (2000) identi ed 10 faint possible members in their ngdraredJHK survey of a
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Figure 11.  The central region of the Lupus 3 cloud, contajritee bright stars
HR 5999 and HR 6000 near the center of the eld. Red circlesicaté the po-

sitions of all the candidate members selected in Spitzegrobtions of the region,
plus other known members not ful lling the Spitzer infrarexicess criteria but pre-
viously identi ed using other techniques, according to twenpilation of Mer'n et

al. (2008). This compilation provides the most completescsrof members of Lu-
pus 3 available to date. The clustering towards HR 5999 and6i0 is clearly

seen. The image was taken through Ehdter with the Wide Field Imager at the
MPI-ESO 2.2m telescope on La Silla. From a still unpublistedrey by the author
in support of the Spitzer 'Cores to Disks' Legacy program.

7° 11%area East of HR 5999/6000 on the basis of theiband excess, all of which
are brown dwarf candidates for their assumed distance (tp&mm age (1 Myr). An
additional 11 sources are undetected @nd have very retH K colors unlikely to
be due to extinction alone. The membership of most of thegetsbhas been further
con rmed by the detection of excess at longer infrared wewgths by Spitzer. We
list in Table 13 the objects appearing in Nakajima et al. @00hose membership is
supported by the Spitzer observations presented by Megh €008).

Their results suggest that the preference towards smabesast Lupus extends
down into the substellar regime, given the higher abundahbeown dwarfs in Lupus
with respect to Taurus by a factor of 4.1 when candidatesedeet®d based on the same
selection criteria. The pre-main sequence stars tend twectrate towards the position
of C*0 and'3CO cores (Tachihara et al. 1996, Hara et al. 1999; see al$o4Sgavith
peak densities in the 1000-3000 garange, although the latter are poorly determined
due to the small numbers involved and the ill-de ned sizethefconcentrations. We
note however that Nakajima et al.'s (2000) results concgrnhe abundance of very
low mass members seem to be in contrast with the results eéwsiusing different
techniques for identi cation that include the same areahsas that of Lopez Mart” et
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Table 13.  Suspected Lupus 3 members from Nakajima et al0j24ith detected
infrared excess in the Spitzer bands

Name (2000) (2000)

0526.9-5630 160828.16 —39 04 24.6
0532.1-5616 16 0853.68 -39 04 09.6
0536.7-5943 160858.27 -390735.5
0536.7-5956 16 08 58.30 —39 07 49.4
0537.4-5653 16 0858.92 —39 04 46.0
0540.9-5757 16 09 02.44 —39 05 49.4
0546.4-5934 16 0907.98 -39 07 26.4
0554.9-5651 16 09 16.43 -39 04 43.7
0558.8-5610 1609 20.30 -39 04 01.6
0601.7-5616 16 09 23.15 -39 04 07.4
0605.1-5606 16 09 26.61 —39 03 57.7
0605.6-5437 16 0927.08 —390228.4
0614.0-5414 1609 35.37 —390205.4
0615.6-5616 16 09 37.15 -39 04 06.9
0615.6-5953 1609 37.19 -39 07 44.7
0615.8-5734 160937.38 -39 05 25.7
0617.7-5641 160939.29 —39 04 31.8
0619.6-5414 160941.08 -39 02 05.6

Table 14.  Additional low-mass members of Lupus 3 from Camaesat al. (2003)
Star (2000) (2000)  Sp. type
Par-Lup3-1 1608159 -390307 M7.5
Par-Lup3-2 160835.7 -390348 M6
Par-Lup3-3 160849.3 -390538 M4.5
Par-Lup3-4 160851.4 -390531 M5

al. (2005) outlined in Sect. 6.1. and described in more de&dw, or the most recent
Spitzer results summarized in that same Section. Such eqipdiscrepancies empha-
size the need for detailed spectroscopic classi catiomslyrestablishing membership
at the time of extracting conclusions on the faint end of theihosity function.

Deep slitless spectroscopy around thellie carried out by Comerén et al. (2003)
in an area 0B% 5% centered near HR5999/6000 has identi ed four new late-type
emission-line objects with spectral types between M4.5Miidb, listed in Table 14.
The latest of these objects, Par-Lup3-1, is almost ceyptaitdrown dwarf, clearly later
than the M6-M6.5 spectral type that marks the end of theastedinge in star forming
regions of a few million years of age. A mass of 0.04 © estimated using evolution-
ary models by Baraffe et al. (1998). The follow-up multiatijspectroscopy carried
out by Comeron et al. (2003) has also allowed them to clagké sources already
observed by Hughes et al. (1994). Interestingly, a sysiendifterence of approxi-
mately two spectral subclasses is found between both dasens (Table 15), which
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Table 15. Comparison between spectral types assigned biddugf al. (1994)
and Comeron et al. (2003) to members of Lupus 3

Star Sp. type (Hughes etal.) Sp. type (Comerbn et al.)
Sz 100 M5 M5

Sz 106 MO M2.5

Sz 108 M1 M3 + M6

Sz 109 M5.5 M6.5

Sz 110 M2 M4.5

Sz 112 M4 M6

Sz 113 M4 M6

Sz 114 M4 M5.5

Table 16.

From Lopez Mart” et al. (2005)

Possible very low mass members of Lupus 3 withylikkl emission.

Star (2000) (2000) I sp. typé
Lup 504 160647.0 -391615 14.94 M4
Lup 6048 160800.2 -390259 14.36 M5.5
Lup 608s 1609085 -390343 14.24 M5
Lup609s 160857.8 -390223 14.88 M5
Lup 605 160714.0 -385237 16.46 M6.5
Lup607?Z 160828.1 -391309 16.10 M5
Lup 617 160848.2 -390920 15.02 M6
Lup 642 1609015 -390506 19.9: L2
Lup 648 160948.6 -391117 15.28 M5
Lup 650 160949.8 -384904 17.62 M4
Lup 652 1607095 -384130 18.36 M4.5
Lup 654 1607234 -390513 17.25 L1
Lup 710 160917.1 -392709 15.84 M5
Lup 713 1607 37.7 -392138 15.66 M6
Lup 706 160837.3 -392310 18.27 LO
Lup 707 160828.1 -391309 16.09 M5
Lup 714 160758.9 -392435 14.81 M5
Lup 802s 161151.2 -385104 15.29 M4
Lup810s 160954.6 -391203 14.84 <M4
Lup 818¢ 160956.3 -385952 15.25 M6
Lup831ls 161138.6 -390827 15.32 <M4
Lup 914 161016.1 -393753 15.81 <M4
Lup 915 161054.1 -394007 14.05 M4

1. Spectral types are estimated from narrow-band imaging
2: Also detected with mid-infrared excess by Spitzer (Alleale2007)
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is larger than the uncertainty in the classi cation estietby Hughes et al. (1994).
Comeron et al. (2003) tentatively attribute this to thdedént spectral ranges where
each classi cation is carried out, the one used by Hughet é:304) being bluer and
thus more prone to the effects of veiling. All four new menshéetected by Comeron
et al. (2003) are detected Spitzer (Mer'n et al. 2008) oéses of their infrared excess
longwards of 3.6 m, which is moderate for Par-Lup3-1 and 2. In contrast, Rg3-3
and Par-Lup3-4 have strong infrared excesses corresgptali@lass | spectral energy
distributions; see Sect. 7.6. for a more detailed discassiothe latter object.

The identi cation of members of Lupus in the studies mengidmbove is based on
either H emission or near-infrared excess, and may thus be biasatttie detection
of possible members lacking such signatures of accretiairaurmstellar material near
the surface of the star. In her analysis of a deep, largetaraging survey of Lupus 3,
Lopez Mart” (2003) selects candidate members by a cortibmaf broad- and narrow-
band colors that provide a rough spectral type estimategntdently of the presence of
accretion or warm disk signatures. The former can nevesgisedtill be suspected from
the comparison between tReband and H imaging discussed in that study. Although
spectroscopic con rmation of the new candidate membersbaseen presented yet,
the study demonstrates its ability to probe well into thesseltar regime, probably
down to L spectral types (Kirkpatrick et al. 1999). A few atife possibly having
early L types are indeed presented by Lopez Mart” et al0§20Table 16 lists the
best new candidate members identi ed in that work whose neggfiip in Lupus 3 is
reinforced by the presence of Hemission. Indeed, narrow-band imaging in Bhows
that emission is common around these objects with no appdeenease towards lower
luminosities, in line with recent discoveries of strong Emitters with late spectral M
types (e.g. Barrado y Navascués 2004a).

An alternative approach to the identi cation of young aggte members is based
on the detection of infrared excesses caused by circursidlist. Very low mass
young stellar objects rarely display near-infrared exesst wavelengths as short as
2 m, probably due to the absence of suf cient amounts of dustehough to con-
tribute to the emission at that wavelength (Comeron etG02 However, colder dust
produces noticeable effects in the spectral energy digioib at longer wavelengths.
The recent availability of sensitive large-area surveyw/atelengths between 3m
and 70 m covering the densest parts of the Lupus complex, carrieavib Spitzer,
has made possible the detection of large humbers of caedioatmass objects and
the determination of the spectral energy distribution oéadly known members over
a much broader wavelength range. Some of the implicatiotisese new results have
been presented in previous Sections.

Observations of Lupus 1, 3 and 4 reported by Chapman et &.7j20sing the
MIPS camera onboard Spitzer, which operates between 24&hdm, have revealed
many new candidate members of these clouds by combining aedrmid-infrared
color-color selection criteria, showing that a combinatimf 2MASS and MIPS ux
measurements is ef cient in separating background gadaix@m young stellar objects
with infrared excess. A total of 103 candidate YSOs are id=htof which approxi-
mately one third of them had been previously identi ed. ldiéidn, about two thirds of
the classical T Tauri stars previously known in the area@eati ed by these criteria.
Most of the objects displaying mid-infrared excesses lgplmnClass Il and Ill, with
an overall fraction of 10-20% Class | sources. Within the Ismamber statistics, the
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fraction of Class | sources seems to be larger in Lupus 1,evheut of 17 mid-infrared
selected objects are Class I.

Table17.  Additional low-mass members of Lupus 3 from Alleale(2007) iden-
ti ed by their mid-infrared excess and spectroscopicatiycmed

Star Kgt Sp. type

J16073773-3921388 12.13 M5.75
J16080017-3902595 11.07 M5.25
J16081497-3857145 13.13 M4.75
J16083733-3923109 13.83 M7.75
J16085373-3914367 12.52 M5.5
J16085953-3856275 12.84 M8

1 K s magnitude from the 2MASS point source cat-
alog.

Table 18. Possible additional low mass members of Lupus B mit-infrared
excess detected by Spitzer. From Allen et al. (2007)

Star Kst

J16075475-3915446 14.45
J16080175-3912316 14.25
J16080618-3912225 7.67

J16083010-3922592
J16083110-3856080
J16084679-3902074

J16084747-3905087 14.83
J16085324-3914401 9.80
J16085529-3848481 12.02
J16093418-39151237
J16100133-3906449. 10.52

11 K's magnitude from the 2MASS point
source catalog.

2: No entry in the 2MASS point source
catalog.

Also using joint IRAC and MIPS data, Allen et al. (2007) idéntL9 new low-
mass star and brown dwarf members of Lupus 3 based on theim3.68.0 m ex-
cess. In addition, their selection criterion identi es 4®yously known members, of
which 3 were reported as likely Hemitters by Lopez Mart” (2005). Of the newly
identi ed candidate members, 6 were spectroscopicallyenkel in the visible and
con rmed as members, with spectral types between M4.75-NiBose authors also
observed 2M1541-3345 near Lupus 1, which was rst identiled Jayawardhana &
Ivanov (2006) as a brown dwarf, and reclassi ed as a low-rstasprobably older than
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most members of Lupus 1. The new members are listed in Tablésp&ctroscopically
con rmed members) and 18 (other candidate members).

Table 19. Candidate low-mass members of Lupus 1 with midkiefl excess
(Allers et al. 2006)

Star  (2000)  (2000) Ks

17 153927.3
18 154140.8
19 1544 57.9

-344844 15.69
-334519 13.75
-342339 12.10

Similarly, 3 new members of Lupus 1 identi ed on the basisl@it joint near-
infrared and Spitzer (3.6m - 24 m) photometry have been identi ed by Allers et
al. (2006). These authors estimate physical parametens ff6lK photometry. The
derived masses are very low, well below the brown dwarf liraitd estimated to lie
between 6 and 50 Jupiter masseg}. These three objects are listed in Table 19.

All the available Spitzer imaging data obtained on LupushiRAC and MIPS
have been synthesized by Mer'n et al. (2008), who have dethffie most complete
census of members of Lupus 1, 3, and 4 available to date. Tdigaahl members not
listed in any of the previous tables are presented in TalleP, and 22.

Table 20. Remaining candidate members of Lupus 1 identi éth @pitzer
(Mer'n et al. 2008)

Object (2000) (2000)  Class

SSTc2d J153803.1-331358 1538 03.10 -331357.7 1
SSTc2d J153848.2—-344041 153848.36 —-344038.2 |
SSTc2d J154214.6-341026 15421457 -341025.8 |
SSTc2d J154240.3-341343 1542 40.32 -341343.0 1
SSTc2d J154301.3-340915 154301.29 -340915.4 F
SSTc2d J154302.3—-344406 1543 02.29 -344406.2 F
SSTc2d J154506.3-341738 154506.34 -3417 38.2 F
SSTc2d J154508.9-341734 154508.88 -3417 33.7 I
SSTc2d J154518.5-342125 154518.53 -342124.8 I

1: Spectral energy distribution class according to the ttzston scheme
of Lada & Wilking (1984), extended by Greene et al. (1994).

6.5. Star Formation Ef ciency

The star formation ef ciency, de ned &SFE = M gtars=Mstars+gas Was rst estimated
by Tachihara et al. (1996) by comparing their CO observatigith the known stellar
population of each cloud. They deriv&FE ' 0:04 for Lupus 3, but the preference
of the Lupus clouds towards forming very low-mass objecec{®n 6.1.) makes this
estimate very dependent on the completeness of the cenbied@avest masses, as well
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Table 21.
(Mer'n et al. 2008)

Comer6on

Remaining candidate

members of

Lupus 3 identi eth v@pitzer

Object (2000) (2000) Class

SSTc2d J160703.9-391112 160703.85 -391111.6 F
SSTc2d J160708.6—-391407 16 07 08.57 -391407.7 F
SSTc2d J160708.6—-394723 16 07 08.64 —-394722.7 I
SSTc2d J160754.1-392046 16 07 54.09 -39 2046.2 1
SSTc2d J160755.3—-390718 160755.29 -390717.8 1
SSTc2d J160803.0-385229 1608 03.02 -385229.3 I
SSTc2d J160830.7-382827 16 08 30.70 -38 28 26.8 I
SSTc2d J160901.4-392512 160901.40 -392511.9 I
SSTc2d J160927.0-383628 1609 26.98 -383627.6 I
SSTc2d J160934.1-391342 160934.11 -391342.1 1
SSTc2d J161000.1-385401 161000.11 -385401.1 1
SSTc2d J161013.1-384617 161013.06 -384616.8 F
SSTc2d J161018.6-383613 16 1018.56 -383613.0 I
SSTc2d J161019.8-383607 161019.84 -383606.8 I
SSTc2d J161027.4-390230 16 1027.43 -390230.2 F
SSTc2d J161029.6-392215 16 1029.57 -392214.7 Il
SSTc2d J161032.6-374615 16 1032.59 -374614.9 1
SSTc2d J161034.5-381450 16 1034.51 -381450.3 1
SSTc2d J161035.0-390655 16 1034.97 -390654.6 1
SSTc2d J161045.4-385455 16 1045.38 -385454.9 I
SSTc2d J161118.7-385824 1611 18.69 -385823.6 1
SSTc2d J161126.0-391123 16112598 -391123.2 1
SSTc2d J161131.9-381110 161131.93 -381110.4 1
SSTc2d J161144.9-383245 16 1144.86 -383244.7 1
SSTc2d J161148.7-381758 161148.67 -381758.3 I
SSTc2d J161159.8-382339 161159.81 -382338.5 I
SSTc2d J161200.1-385557 16 1200.06 -385556.9 I
SSTc2d J161204.5-380959 16 1204.48 -380959.0 F
SSTc2d J161211.2-383220 161211.22 -383219.8 Il
SSTc2d J161218.5-393418 161218.47 -393418.3 |
SSTc2d J161219.6-383742 1612 19.60 -383742.2 1
SSTc2d J161222.7-371328 16 1222.73 -371327.6 I
SSTc2d J161243.8-381503 16 1243.75 -381503.3 I
SSTc2d J161251.7-384216 161251.72 -384216.0 1
SSTc2d J161256.0-375643 16 1255.96 -375643.8 1
SSTc2d J161341.0-383724 16 1340.95 -383723.7 1
SSTc2d J161344.1-373646 161344.11 -373646.4 I

1. Spectral energy distribution class according to the tketion scheme of
Lada & Wilking (1984), extended by Greene et al. (1994).

as of the sensitivity to the low column density outskirtsiad tloud where much of its
molecular mass can be located. For the other clouds, Taeh#tal. (1996) estimated
much lower ef ciencies, always below 0.01. Such low ovestdlr formation ef ciency

might be explained by the strong and unshielded UV ux frora 8torpius-Centaurus
association (Tachihara et al. 2001), a cause that has beskethto explain a similarly



Table 22.
(Mer'n et al. 2008)

Remaining candidate

members of

Lupus

Lupus 4 identi éth v@pitzer

Object (2000) (2000) Class

SSTc2d J155925.2-423507 1559 25.24 -423507.1 I
SSTc2d J155945.3-415457 155945.28 -415457.2 I
SSTc2d J160000.6—-422158 16 0000.62 -422157.5 I
SSTc2d J160002.4-422216 160002.37 -422215.5 Il
SSTc2d J160007.4-414949 16 0007.43 -414948.9 Il
SSTc2d J160026.1-415356 16 0026.13 -415355.6 Il
SSTc2d J160034.4-422540 16 0034.39 -422539.5 I
SSTc2d J160111.6-413730 16011155 -413730.1 1
SSTc2d J160115.6-415235 1601 15.55 -415235.3 F
SSTc2d J160129.7-420804 1601 29.69 -420803.6 1
SSTc2d J160143.3-413606 160143.28 -413605.7 1
SSTc2d J160157.0-414244 160157.04 -414243.9 1
SSTc2d J160221.6-414054 16 0221.61 -414053.7 |
SSTc2d J160229.9-415111 160229.91 -415111.1 1

39

1. Spectral energy distribution class according to the tketion scheme of
Lada & Wilking (1984), extended by Greene et al. (1994).

low ef ciency in the Ophiuchus North region, wheS# E is estimated to be no higher
than 0.003 (Nozawa et al. 1991).

The problem has been reexamined by Mer'n et al. (2008) tk&giore complete
stellar and substellar census provided by Spitzer andatidmmaps also derived from
Spitzer observations. These authors stress the uncesaintroduced by the determi-
nation of the mass in the molecular gas, and derive star ttwmaf ciencies ranging
from below 1% when all the molecular gas is considered, to above 10% iu&@p
when only the mass in dense cores is taken into account. Teeyral that the star
formation ef ciency scales roughly linearly with the coreass, in that the most massive
cores appear to be more ef cient at forming stars.

6.6. The Weak-line T Tauri Stellar Population

Like in other star forming regions, the availability of th©RAT All-Sky Survey has
dramatically increased the number of known members in themgéregion of the Lu-
pus clouds by revealing a population of low-mass stars it X-rays probably due
to coronal heating (as is also the case in older late-typs;tdichmann et al. 1997b)
and weak or no H emission, the weak-line T Tauri stars. The oldest WTTS may be
representatives of the post-TTS phase proposed by He®r@],L.characterized by rel-
atively strong X-ray emission at an evolutionary stage attvhll other tracers of youth
have already disappeared.

The ROSAT observations in Lupus reported by Krautter etl&97) reveal 136
objects, including both already known CTTS and new WTTS. piteemain sequence
nature of these objects is con rmed by the presence of lithid’"he most distinctive
characteristic of the new WTTS population is that unlike GTifiey do not concentrate
towards the main clouds, but are found widespread acrosmtire region (Figure 12).
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Figure 12.  Distribution of T Tauri stars (both classical avehk-line) in the prox-
imities of Lupus 1, 2, and 3. The right panel shows the passtiof classical T Tauri
stars selected from their properties in the visible, anddftgpanel the positions of
sources detected in the ROSAT All-Sky Survey. The diffesymibols indicate ages
(younger than 5 Myr for lled squares, between 5 and 10 Myrdpen squares, and
older than 10 Myr for asterisks). The contours indicate Hrgd-scale distribution
of 12CO. From Wichmann et al. (1997b).

Based on approximate completeness corrections, Krautédr @997) estimate a total
of  650WTTS members in the region, outhumbering the population BT&€ by a
factor> 10and still being as numerous as CTTS in the dense clouds.

The weak correlation between the position of the WTTS ant dh#he denser
smaller clouds that emerges from the analysis of ROSAT dattné nearby star form-
ing regions (e.g. Wichmann 1996) has led several authorsotwer whether these
stars formed near their current locations in now-dissghatieudlets, or rather they
were formed in the observed clouds with peculiar velocitet have brought them
outside (Feigelson 1996). Either scenario requires the B/@Tbe older than CTTS.
Wichmann et al. (1997b) nd young WTTS at distances of thaidethat imply rela-
tively large velocitiesp 3km's 1, and that may be the result of companion ejection in
close encounters of binary systems (Sterzik & Durisen 199d6jvever, given the ages
derived by Wichmann et al. (1997b) a smaller velocity disjwer of only 1 km s * suf-
ces to explain the spatial dispersion of the WTTS populatwithout need for in-situ
formation in cloudlets. A different conclusion is reachedTachihara et al. (2001),
on the basis of the statistics of star-to-cloud distancassbems to favor the scenario
of formation in clouds rapidly evaporating under the in wenof Scorpius-Centaurus
massive stars.

A further dif culty in observationally addressing the pieim of the origin of
WTTS stars in Lupus is due to the possibility that two diffeéreopulations coexist.
Wichmann et al. (1997a) have shown that most of the ROSAT Wpad@&ilation in
Lupus is clearly associated with the Gould Belt rather tleathé Lupus clouds them-
selves, and that it extends beyond the boundaries of thed.cipuds. This population
is likely to be a part of a generic Gould Belt population thatild be traced out along
most of its great circle with ROSAT data by Guillout et al. 989, and its distance in
the direction of Lupus is similar or slightly smaller tharattof the clouds (Wichmann
et al. 1999). At the age of the Gould Belt (60 Myr; Poppel 199 erhaps as young as
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30 Myr according to Comerén 1999) WTTS should still appeapr@e-main sequence
objects. This has been con rmed for 46 members by Wichmaral. €0997b), who
detected lithium in the spectrum of 43 off-cloud WTTS mensbéhereas the rela-
tionship of the WTTS to the Gould Belt is clearly establishiatir relationship to the
Lupus clouds is nevertheless less clear. Wichmann et @7{d)JYound that the WTTS
projected against the Lupus clouds are on the average yotimge the rest, with a
typical age of 7 Myr, although not as young as the CTTS population discussed i
Section 6.2. Furthermore, the preference towards low rsabks¢ characterizes CTTS
in the Lupus clouds (Section 6.1.) does not seem to exist gnttnWTTS. The dis-
tance of the overall WTTS population is similar to, or pehafightly less than, the
distance to the clouds (Wichmann et al. 1999), and positlecities con rm the asso-
ciation with the expanding Gould Belt. Similar results abéal by Covino et al. (1997)
in Chamaeleon |, where similar ages for the WTTS and CTTS ladipns are found
under the assumption that both are located at the sameabstan

Tachihara et al. (2001) have suggested that WTTS west of 4,uipeing older
and outside the Upper Scorpius bubble, may be related to pipetCentaurus group,
whereas the origin of the on-cloud population including @ETS could have been
triggered by the Upper Scorpius bubble, estimated to be Y5dill (de Geus 1992).
Such scenario is consistent with the young ages of starspnd.@ and 2 estimated by
Hughes et al. (1994), and also with those of Lupus 3 if the domiistance proposed by
Comerbn et al. (2003) is adopted.

A sensitive search for infrared excesses around weak-lif@ufi stars carried out
by Padgett et al. (2006) using MIPS at the Spitzer Space @dusey has found them to
be very rare, being present in only 5 out of a sample of 83 taeserved, including 37
in Lupus. This supports the prevailing interpretation od«ine T Tauri stars as young
stellar objects that have lost their disks. The majorityanfjets in the study of Padgett
et al. (2006) are located a few degrees away from the mairdslo& complementary
study by Cieza et al. (2007), using observations with botAGRand MIPS onboard
Spitzer, has focused on the WTTS on and around the star fgraods. Their ndings
are signi cantly different from those of Padgett et al. (B)@ yielding a much larger
fraction of WTTS with infrared excess, up to 20% of their séarip the IRAC bands
(< 8 m). The authors interpret the results as indicating an adifiarences between
the ages of the on-cloud and off-cloud WTTS populationshwlie WTTS projected
on the clouds representing the youngest part of the agebditm. The coexistence
and coevality of the youngest WTTS with CTTS argues for adasgipation timescale
of disks on the average, but also for large differences framabject to another in this
regard. In particular, some of the youngest WTTS do not dispifrared signatures
of a circumstellar disk, implying that disk dissipation dake place in a time span as
short as 1 Myr.

One of the WTTS in the outskirts of Lupus 1, MO Lup, has beeremtdyg found to
be a hierarchical triple system (Esposito et al. 2007). Tammomponent of the system
is a double-lined K7 spectroscopic binary with a 11.95 dagrsod and a photometric
variability period of 4.41 days, probably due to star sp&adial velocity monitoring
by those authors strongly suggest the existence of a thiglgt ingth a mass not much
above 0.2 M with an orbital period of several years, most probablg:2 years. An-
other interesting weak-line T Tauri star that has receismt attention is MN Lup,
near Lupus 3, which Strassmeier et al. (2005) nd to be a vasy fotator with a ro-
tation period of only 10.5 hours. Those authors use highlugea spectroscopy to
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produce Doppler imaging of the stellar surface and resollatvappear to be accre-
tion shocks, suggesting that the very fast rotation (onlgehimes above the break-up
rotational velocity) may be due to the spin-up of the starrfgliing gas.

Figure 13. X-ray image of the region around the center of thpus 3 cloud
obtained by the XMM-Newton satellite. The photon energygeais between 0.5
and 4.5 keV. The two bright sources at the center are HR 598H&6000. The
image combines 6-hour exposures taken with the EPIC inemaMOS1, MOS2,
and PN cameras. From Gondoin (2006).

6.7. X-ray Emission in Lupus 3

In addition to the all-sky, moderate sensitivity X-ray olwedions carried out by the
ROSAT satellite in the 1990s, which led to the discovery efiweak-line T Tauri pop-
ulation described in Section 6.6., more sensitive pointegkovations of Lupus 3 have
been carried out both with ROSAT and, more recently, with XNildwton (Figure 13).
The latter have been described by Gondoin (2006), who reploet discovery of 102
sources in 8P diameter eld approximately centered on HR 5999/6000, aresgnts
an analysis of the 24 sources that can be associated witlopséy known members.
This largely increases the number of X-ray emitters indedtin the region, where
only 6 had been detected by previous observations. Besigpsy limits are given for
7 additional stars.

A comparison with the results of observations at other wengths shows that all
the stars more massive than0:5 M are detected by these observations. The X-ray
to bolometric luminosity ratios derived are in the rangedgfy found for very young
low-mass stars, from 4:3 < log(Lx =Lpo) < 3 (see Table 23), the upper limit
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Table 23.  X-ray emission properties of Lupus 3 members wjittical counter-
parts. From Gondoin (2006)

Star Lx (10%®)ergs 11 log(L x =Lpol)
Sz 94 83 07 -3.51
Sz 95 130 1.6 -3.72
RX J1608.0-3857 1285 3.2 -3.06
RX J1608.2-3910 266 1.3 -3.60
Sz 96 2780 4.0 -2.60
Par-Lup3-? 79 06 -3.39
Sz 98 435 18 -3.74
RX J1608.5-3900B 66 11 -3.54
Sz 100 185 1.2 -3.40
RX J1608.5-3900A 519 1.7 -3.01
Sz 101 209 1.3 -3.54
Sz 102 38 07 -3.07
Par-Lup3-2 4:3 05 -4.22
Sz 107 4.0 05 -3.82
Sz 108 178 0.9 -3.96
Sz 109 7.0 07 -3.59
Par-Lup3-3 27722 -3.96
Sz 110 146 14 -3.66
RX J1608.9-3905 3182 57 -2.96
Sz 112 183 14 -3.47
Sz 114 90:4 29 -2.97
Sz 115 31 05 -4.0
Sz 97 < 38 < 4:10
Sz 99 < 47 < 3:82
Sz 103 < 27 < 3:92
Sz 104 < 27 < 3:85
Sz 106 < 35 < 3:52
Sz 113 < 47 < 3:39
Par-Lup3-4 < 138 < 2:2

1+ X-ray luminosity assuming a distance of 140 pc. X-ray luosities need to
be multiplied by 2 if the distance of 200 pc to Lupus recomneehiah this paper
is adopted instead

2: This includes the possible contribution of the companiandidate reported
by Comero6n et al. (2003), although according to these asitih@ cmpanion is
probably a background giant.

8: Joint emission by both components of the Sz 108 system.

corresponding to the saturation limit for chromosphehjcaktive stars. Among the
lowest mass members, most of the new eimitters found by Comeron et al. (2003)
are detected, including the M7.5 brown dwarf Par-Lup3-1e €mission levels of both
Par-Lup3-1 and 3-3 are actually very close to the upper dirititind by Comeron et
al. (2003). Only an upper limit is available for Par-Lup3-4.
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7. Individual Members

7.1. HR 5999 and HR 6000

The occurrence of Herbig Ae/Be stars in low-mass star fogmegions is relatively
common: HD 97048 in Chamaeleon |, R CrA and TY Cra in the CorAnstralis
cloud,and HD 147889 in the Ophiuchi clouds are examples of this. The same is true
for Lupus 3, whose visual appearance is dominated by thei¢gHAdiBe stars HR 5999
and HR 6000.

HR 5999 is one of the most extensively studied members of tdbibl Ae/Be
class, a A5-7IVe+sh star lying on the pre-main sequencabilgy strip and illumi-
nating a faint re ection nebula. Using its Hipparcos paal(Table 1) and literature
data, van den Ancker et al. (1998) derive a location near tékas birthline (age
0:6 0:4 Myr), a temperature of 7600 K, a luminosity of 78 |Land an extinction
of Ay = 0:37. The extinction is found to be anomalous, possibly due tatpetion
of small grains in the circumstellar envelope (Thé et aRa)9 In addition to an irreg-
ular variability of V = 0:35mag probably related to the circumstellar environment,
it shows Scuti-like pulsations with an amplitude ofV = 0:013 mag and a period
of 4.99 h (Kurtz & Marang 1995), which can be accounted for loyael with a mass
of 4 M and atemperature of 7100 K (Marconi & Stahler 1998). HR 599%9e rst
pre-main sequence star for which multiperiodic oscillasioincluding non-radial pulsa-
tions, have been detected (Kurtz & Catala 2001; Bohm eC8i4R X-rays are detected
in the direction of the star (Zinnecker & Preibisch 1994 ndch et al. 1998, Hamaguchi
et al. 2005), but the emission may actually come from itsiptesd Tauri companion
(Schroder & Schmitt 2007). It has a weak magnetic eld (Hglat al. 2004). HR 5999
is a binary system with a visual secondary %3 (Ghez et al. 1997); see also Ta-
ble 8. Note however that a slightly smaller separatiii}5, is given by Stecklum et
al. (1995). The primary shows in turn radial velocity vanas that may be due to the
presence of a close companion orbiting at 0.17 AU (Tjin A Bjial. 1989), although
the cause has not been con rmed thus far. The star displaysgsinid-infrared excess
with a broad silicate feature (Siebenmorgen et al. 2000& ditk emission around the
primary has been observed by ISO and modeled by Acke & van dekek (2004),
Acke et al. (2005), and Elia et al. (2004), and the ultratiefgectrum of the star shows
strong indications of variable accretion (Pérez et al.3)99

HR 6000 is also a Herbig Ae/Be star (B6p; van den Ancker et 296}, hot-
ter and probably at a somewhat later evolutionary stage rb999. The star is a
well-studied chemically peculiar star (Andersen et al.Z)9haracterized by a strong
underabundance of helium (Catanzaro et al. 2004 and refesaherein). Many other
elements also show departures from solar abundances, bihey above or below
(Castelli et al. 1985), thus combining anomalies from aetgrdf Bp subtypes; see
Castelli & Hubrig (2007). Strong X-ray emission is detectsdits position (Zin-
necker & Preibisch 1994), probably due to a T Tauri close amyn rather than to
the star itself. Photometric evidence for the companionyei as a long-term, low-
amplitude photometric variability, has been reported hy dan Ancker et al. (1996),
who also suggested that such a companion might be resperisilihe misclassi ca-
tion of HR 6000 as a chemically peculiar star, a possibiligttt virtually excluded by
the analysis of Castelli & Hubrig (2007). Short-term vaiii&p with an amplitude of
0.004 mag and a period of 2.028 days has been observed by &iarang (1995).
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The rotation period can be made consistent with the verylswialtional broadening
of its spectral lines only by assuming an orientation veogelto pole-on.

Like HR 5999, HR 6000 also shows mid-infrared excess emisdiat the ISO
spectrum presented by Siebenmorgen et al. (2000) show$€dé teatureless and well
reproduced by the Rayleigh-Jeans tail of a black body, inpsbantrast with the strong
silicate feature of HR 5999.

7.2. RU Lup

The brightest member of Lupus 2, RU Lup, is one of the bestietuclassical T Tauri
stars. A recent summary of its fundamental properties bsnéts & Piskunov (2002)
yields Te = 3950 K, logg = 3:9,L =0:49L ,R=17R ,M =0:8M ,
andvsini = 9 km s 1. The low value ofv sini suggests a nearly pole-on viewing
geometry. A search for a magnetic eld has set an upper lifnit 800G (Johnstone &
Penston 1987). The rotation period is still somewhat coetisial. A period of 0.8 days
has been estimated by assuming that the inner edge of iestaccdisk corotates with
the star, in the extensive modeling of the accretion on thecsirried out by Lamzin
et al. (1996). Unfortunately, photometric monitoring (Gaonelli et al. 1991) does not
yield a clear measurement of the rotation period, as thalbgity is highly irregular.
However, radial velocity variations with a periodicity of73 days have been recently
measured by Stempels et al. (2007), which are attributeghats on the surface of
the star on the basis of a correlation between the slope aliberption lines bisector
and the radial velocity. This period is thus likely to remeisthe true rotation period
of the star. Being both bright and a typical example of itsg]Je&RU Lup is currently
receiving intense attention as a target for interferometrgst notably with the Very
Large Telescope Interferometer.

Overall, the spectrum of RU Lup displays strong T Tauri feeéu The strong
Balmer lines often show P Cygni pro les indicative of a higéngity out ow moving
ataspeed of 100km s ! along the line of sight. Forbidden lines of [Fell], [SII], [P
are formed in a lower density extended region (Lago 1982) laxge-scale molecular
out ow seems to be associated with the star, and the molegalgin its surroundings
is actually found to be rather quiescent (Gahm et al. 1998 spectrum shows a high
and variable degree of continuum veiling in the blue duell@inogeneous accretion. A
detailed view of short-scale variations in the accretios Ieen presented by Stempels
& Piskunov (2002), who used the VLT to obtain a large numbdrtigh signal-to-noise
spectra over a span of two nights. The shortest variabilitgs$cales are of order one
hour, showing that they are not due to rotational modulatibime estimated accretion
rateis3 10 ‘M yr ! (Lamzinetal. 1996), and up ttD ® M yr *during ares.
A more recent determination using Hubble Space Telescop#tfaviolet spectra gives
5 10 8M yr ! (Herczeg et al. 2005). The pro les of the lines of highly iped
species of C, Si, and N testify to the complexity of the agoreprocess, as described
in Lamzin et al.'s (1996) models. Further insight on the ation process is provided
by X-ray spectroscopy with XMM-Newton presented by Robr&8chmitt (2007),
where stable emission from dense plasma at3 10° K is detected and ascribed
to the accretion shocks. The observations also show a distomponent of X-ray
emission variable over timescales shorter than one montlluped by gas at higher
temperatures ( 30 10° K) probably related to coronal activity. Both components ar
also observed in other classical T Tauri stars.
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The circumstellar disk is rather massive: observationgsoémission at 1.3 mm
by Nurnberger et al. (1997) yield a mass23 10 2 M , equivalent to more than
20 times the mass of Jupiter, or 2.8% of the mass of the cestaalwhen adopting
Stempels & Piskunov's (2002) value cited above. The RU Ligk @ thus the second
most massive in Lupus, slightly less massive than that of INd (see Section 6.3.).
However, it is not detected in CO by van Kempen et al. (200iicating that the gas
associated with the disk is strongly depleted in that sgecie

The forbidden lines in the spectrum of RU Lup described byrfptels & Piskunov
(2002), and particularly [Ol], are asymmetric and chanazel by the absence of a red
tail in the line pro le, whereas the blueshifted wing has sy low velocity compo-
nent and a high velocity component extending up to 200 ki Such two-component
structure is common among T Tauri stars (e.g. Hartigan €t95) and is normally
interpreted as arising from the combination of a low-vdipeiind and a high velocity
collimated jet. Stempels & Piskunov (2002) nd that the lewtocity component of
the [Ol] lines increases within hours of an accretion evérd,latter being detected by
an increase in veiling. The line asymmetry described abodktlae radial velocity of
the high velocity component suggest a nearly pole-on vigwi@ometry, in which the
redshifted component is blocked from view by the circuntatedisk. Similar pro les,
as well as variability on timescales of hours and velocitiesp to 250 km s?, are seen
in the Call H and K lines and the Nal D lines. The spatial stiteethas been studied in
some detail by Takami et al. (2001) using the technique aftspastrometry. With this
technique the authors show that it is possible to discemldeif emission-line regions
on milliarcsecond scale. In their observations, the éinission appears displaced to
either side of the star as a function of the velocity prowdhints of the existence of
a microjet, and the redshifted component is seen, probabbugh a gap in the disk
whose width is estimated to be 3-4 AU. Further support foretkistence of a wide gap,
lying closer to the star, is provided by the near- and midairgfd spectral energy distri-
bution, which indicates a lack of dust at temperatures betva90 and 900 K, roughly
corresponding to distances between 0.1 and 2 AU from theAstdose companion has
been proposed as the possible cause of the gap, but searithetffierent techniques
have failed to detect it (e.g. Bernacca et al. 1995, Ghez 408I7, Bailey 1997). Al-
ternatively, Takami et al. (2001) speculate that a masdaeegp being formed around
RU Lup may be the cause, which may also account for the fraganenature of the
disk hinted at by near-infrared ux variations (Giovanmnell al. 1995).

Both the shape and position of the Kmission region change over timescales of
years. The [Ol] and [SII] lines, with blueshifted comporgeahly, are observed only on
one side of the star, the [Ol] being closer to it as expectenh fnigher critical density
of [Ol] with respect to that of [SII] (Hamann 1994). The width other permitted
lines, up to 125 km st, is much lower than that of H(up to 900 km s?; Reipurth et
al. 1996). The long-term variability of the Hline is modeled by Takami et al. (2001)
as due to a steady out ow and a time-variable, unresolvedun More recently, Podio
et al. (2008) have used near-infrared spectroscopy andrepsttometry to investigate
accretion and mass loss in RU Lup through Paschen and Brasts lines of HI
and the Hel line at 1.083m. The P Cygni pro le with broad blueshifted absorption
detected in the Hel line is interpreted as evidence for afradnd stemming directly
from the star, rather than from the disk. At the same timepkrmodels of spherical
accretion or winds cannot simultaneously explain the Raseind Brackett decrements
and line uxes, suggesting a hybrid scenario in which line f@s and intensities are
the result of non-spherical accretion and winds.
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7.3. EXLup

Figure 14.  Sequence of spectra of EX Lup following an outhuistained with
the HIRES spectrograph at the Keck telescope. Near the miitbeak (top spec-
trum) the narrow lines are superimposed on broad componéthtsvidths of a few
hundred km s? displaying inverse P-Cygni pro les, with a redshifted afystion
component ay ' +340 km s ! and a strong continuum veiling. As the outburst
decays (second spectrum from the top) the broad componahtedshifted absorp-
tion both disappear, and the veiling decreases. In the cpii¢phase (two bottom
spectra) the narrow lines and the photospheric absorptiea dain prominence due
to the decrease of the veiling. The spectra are normalizéidet@ontinuum level.

From Herbig (2007).

The apparently classical T Tauri star EX Lup was proposed bybig (1989)
as the prototype of a new class of variables characterizedubyursts happening at
irregular intervals, separated by periods of quiescenstntafor several years. The
characteristics of the class are largely based on the ohafiVicharacteristics of EX Lup
itself, and have been summarized by Herbig (2007). The sgdgpe is late during the
quiescent period (MO in the case of EX Lup), during which ttae displays a normal
T Tauri emission line spectrum. During outbursts, which femm a few months to a
few years, a broad component of the emission lines appeassimpanied by inverse
P Cygni pro les with the absorption redshifted to 300 km s ! from the narrow
component. Simultaneously, the blue continuum veilingaases (see Fig. 14). The
outbursts are interpreted as transient intense accrepisodes (Lehmann et al. 1995;
Herbig et al. 2001).

Some of these characteristics are reminiscent of the FUaiables, although at
a milder scale. EX Lup outbursts are more frequent, haveriguveps in brightness,
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and the accompanying spectral changes are less dramaie.@ge Hartmann (1998)
for a review of properties and their interpretation). Basadhis it has been proposed
that EX Lup variables represent an intermediate stage ivalntéonary sequence that
goes from FU Ori outbursts at the end of the protostellar @hasaracterized by strong
accretion episodes in which the star can gain upGo® M over one century, to the
more quiescent disk accretion stage in the classical T Thans.

Figure 15.  Spectrum of EX Lup at the peak of the extreme ostlmirearly 2008.
This low-resolution spectrum is the average of 13 obtainexhiinterval of less than
one month in January and February 2008. From Kospal e2@08).

Few objects of the EX Lup class are known, and their actual begship in the
class is uncertain (Herbig 2008). As pointed out by Herb@0{@), DR Tau, an object
that was included in the original list of representativesta class, differs in some
of the de ning characteristics from EX Lup, in the sense ttet outburst duration is
longer, the broad-line component is more prominent, andtankial variability persists
during the quiescent phase. The differences among membéhe @lass supports
the interpretation of EX Lup stars as transition objectswhich the intensity of the
accretion episodes greatly in uences their observatideatures. Furthermore, even
the de ning characteristics of EX Lup itself are uncertais,dramatically demonstrated
by its latest outburst, started in January 2008 and stilhgain at the time of writing.
In this outburst EX Lup has become brighter than ever in itomed history, and
its spectroscopic characteristics (see Figure 15) seeniffes tharkedly from those
observed in previous outbursts (Kospal et al 2008).

7.4. HH55

The HH 55 shock-excited nebula, initially reported by Schw§l1977), lies near RU
Lup, and earlier studies assumed a physical relationstipdas both. This was ques-
tioned by Cohen et al. (1986), who detected a M3.5 re ectipectrum clearly differ-
ent from the K type of RU Lup. Reipurth & Wamsteker (1983) d&td a near-infrared
source embedded in HH 55, and Cohen & Schwartz (1987) resdheelRAS source
associated with RU Lup (Section 5.) into two components, argem probably re-
lated to HH 55 and proposed as its driving source. Heyer & @rafi1990) found the
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source to be faintly visible &, and placed it near the main sequence on the basis of
its position in the temperature-luminosity diagram. Fertbbservations by Graham
& Chen (1994) discovered an optical jet extendBif°North and35°°South of the
central source, which appears elongated in images takeaghrboth the H and the
[SHI] lters. These authors derive an age of 30 Myr based osotktical evolution-
ary tracks. Their interpretation, tentatively appliedoais Th 28 (see Section 7.5.) and
other objects, assumes them to be aging jets produced bgitt@kstar at an age when
accretion has stopped. Such interpretation is nevertheleslenged by the discovery
of other objects sharing very similar properties and halimginosities that place them
belowthe main sequence (e.g. Comeron et al. 2004, Fernanden&fom 2005); see
Sections 7.5. and 7.6.

7.5. Th28

The remarkable object Th 28 is near the center of the Lupusdgid¢cINorth of the
HR 5999/6000 pair. It was initially identied as a T Tauri mesr of Lupus 3 by
Thé (1962) and con rmed as an emission-line object by Setan@977) and Appen-
zeller et al. (1983). However, its unusual character wasdhby Krautter (1986), who
discovered and studied its associated bipolar jet, HH 2@8 ection 5.). Further ob-
servations of the jet have been described by Graham & He@&8jland by Coffey et
al. (2004), who detected systematic radial velocity asytriegealong the jet that are
interpreted as evidence for rotation at its base, wheréwatiion and acceleration take
place.

Th 28 is a very blue source with a very rich emission line spectsuperimposed
on an unusually faint continuum (see e.g. Comerotn et al3R0The spectral type
of the central source is rather uncertain, but it has beemat&d to lie in the G8-K2
range (Graham & Heyer 1988). The prominence of the emissi@s lis caused by
the weakness of the underlying continuum: the efuivalent width reaches nearly
400A, but the intrinsic luminosity of the line is not unusual fassical T Tauri stars.
The accretion rate is estimated from ultraviolet lines tobkéveenl:5 10 7 and
1:4 10 ®M yr ! (Johns-Krull et al. 2000).

The faintness of the central source was already noted byttera(1986) and
Hughes et al. (1994), who indicated as a preferred exptamath edge-on disk block-
ing most of the light from the central star. The central objgould then be seen in
scattered light, which would account for both its faintnass its unusually blue col-
ors. Such explanation has been veri ed for other sourcegevtigect imaging of the
edge-on disk is feasible, most notably HH 30 (see e.g. Ceteah 2001), but to date
not for Th 28 itself. Chapman et al. (2007) note that Spitzeasurements in the mid
infrared do not display the double-peaked spectral enesisitulition typical of nearly
edge-on disks, and a direct imaging search for the hypotiedisk with the Hubble
Space Telescope (Stapelfeldt et al., in preparation) masdwp negative results. Fur-
thermore, despite the important role that a blocking diskyglin such scenario, the
millimeter observations of Nurnberger et al. (1997) coséd only an upper limit to the
mass of the Th 28 disk &3 10 * M . The cause for the low luminosity of the
central source of Th 28 thus remain unclear at the time ofrvgit

7.6. Par-Lup3-4

Par-Lup3-4 is a faint object in Lupus 3 whose strong emisBi@spectrum was rst
reported by Comeron et al. (2003). Nakajima et al. (200@) deeady identi ed it as
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Figure 16.  Narrow-band [SIl] image obtained with FORS1 a&tYi.T centered
on Par-Lup3-4, showing its small bipolar jet, HH 600. The gmais70°in size,

with North at the top and East to the left. The stripes neatdpdeft of the image is
due to internal re ections in the instrument caused by ngaright stars.

a possible faint member of Lupus 3 in their near-infraredgimg survey. Comerén
et al. (2003) measure a Hequivalent width of approximately 408 as well as the
presence of numerous permitted and forbidden emissioa. lifibe rich emission-line
spectrum does not prevent a fairly accurate spectral dasisin, which is given as
M5. Like in the case of HH 55, Th 28, and several other knownmgas, Par-Lup3-4
has an apparent age of 50 Myr, much older than that of other members of Lupus 3.
Based on the prominence of some lines like Hel and the Calaried triplet, all of
which are expected to form close to the surface of the ob{eatmeron et al. (2003)
encounter dif culties in explaining the characteristicktbe emission-line spectrum
and of the photospheric continuum as an edge-on disk, armmbgedthat the apparent
underluminosity may be real and related to accretion on w lesv mass object. This
view has been however disputed by Barrado y Navascués @0fl4b) for an object
with characteristics very similar to those of Par-Lup3-8;RCrA-1, for which an edge-
on disk scenario is favored instead.

The recent discovery of a small faint jet, HH 600, extendirant Par-Lup3-4
reported by Fernandez & Comerbdn (2005) (Figure 16) shbwasdt least in the case
of Par-Lup3-4 a certain degree of departure from edge-oedessary to account for
the double peak observed in the [SII] lines. Although thetiab&elocity of the jet
is unknown, a reasonable estimate based on typical jet spregest an inclination
greater tharB8 from the plane of the sky, and even larger if jets of such tgpe,
low mass objects have velocities lower than those of thghdn mass counterparts.
Fernandez & Comer6n (2005) also nd support for a non-edigegeometry for LS-
RCrA-1 based on forbidden line pro les, which hint at bloogiof the red wing by a
circumstellar disk. At this stage new observations at vegi Bpatial resolution, as well
as high resolution spectra of similar sources with high eigfjaut ows, seem to be the



Lupus 51

most promising way of discerning on the actual cause for tt@ng underluminosity
observed in this and other objects.

The mid-infrared spectral energy distribution of Par-Luh3ecently determined
with Spitzer observations (Mer'n et al. 2007) is also umlisuts infrared excess is
moderate in the IRAC bands up to 8n, but it increases dramatically in the 24n
MIPS band and goes on to become the 5th brightest source wsLaipt 70 m, which
may be indicative of the existence of an unusually largerveseof cold dust around
this object.

7.7. GQLup

GQ Lup is a classical T Tauri star in Lupus 1 with a K7-MO spactr Hughes et
al. (1994) derive an age near or below 2 Myr, and measureidission with an equiv-
alent width of 38.4A. Other emission lines in its spectrum also have moderedagths
(Appenzeller & Wagner 1989). Its rotation period, deteredirirom photometric vari-
ability probably due to hot spots, is found to 85 0:2 days (Broeg et al. 2007),
implying a viewing geometrg7 5 away from pole-on. It has a substantial reservoir
of circumstellar dust revealed by its mid-infrared projesrt\Weintraub 1990) and by
its detection at 1.3 mm (Nurnberger et al. 1997). The latteasurements allow one to
derive a circumstellar envelope massig 10 ° M

Figure 17. Kgs-bandimage of GQ Lup and its very low mass companion obtained
with the NACO adaptive optics camera at the Very Large Telpsc The separation
in 0°73. North is up and East to the left.

While by all standards GQ Lup appears to be a normal clas$idaluri star, it
has received much attention due to a recently discoverestedlay companion, 6 mag
fainter in theK band and lyingd®?3 from it (Neuhauser et al. 2005), corresponding
to a projected distance of 110 AU at an assumed distance opd.&@ Lupus 1 (Fig-
ure 17). The physical relationship between both objectsbeas con rmed by astro-
metric measurements that show that both objects form a conpreper motion pair,
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with the possible detection of orbital motion consistenthvan orbit close to edge-on
(Neuhauser et al. 2008). The faintness of the substellarpanion together with its
infrared colors suggest a late M or early L type, which waghdy con rmed by early
spectroscopy and model ts that yielded a mass range betveid 42 Jupiter masses
(Neuhauser et al. 2005).

Later observations have made it possible to better condinai physical parame-
ters, which tend to place the companion of GQ Lup in the browarfirange domain
rather than the planetary one. Marois et al. (2007) have vsédle and near-infrared
HST photometry to obtain a mass in the 10-2@,Mrange, and note an excess of ux
in the red possibly caused by Hemission, which suggests that the object may still be
strongly accreting. These new results are supported by megral eld spectroscopy
independently carried out by McElwain et al. (2007) and &wif et al. (2007), which
favor a somewhat earlier spectral type, in the M6-L0 rangd,aamass between 10 and
40 Mjyp . An independent upper mass limit of 350 has been proposed by Seifahrt
et al. (2007) based on a comparison with the eclipsing ddlifee brown dwarf bi-
nary 2M0535 (Stassun et al. 2006), whose components haveilarsage. Despite
the large uncertainties in the determination of the massotimet intrinsic parameters
of the companion to GQ Lup, which are well summarized in Newgei et al. (2008),
the available results rmly place in the brown dwarf domaimgst probably above the
deuterium-burning limit but not excluding a mass as low asmatfmes that of Jupiter.
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