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ABSTRACT

Investigating the physical mechanisms driving the dynaingwolution of young star clusters is fundamental to ourensthnding

of the star formation process and the properties of the @alfield stars. The young~ 2 Myr) and partially embedded cluster
Chamaeleon | is one of the closest laboratories to studyahg stages of star cluster dynamics in a low-density emvirent. The
aim of this work is to study the structural and kinematicalp@rties of this cluster combining parameters from the -négwolution
spectroscopic observations of the Gaia-ESO Survey withfdat the literature. Our main result is the evidence ofgdaliscrepancy
between the velocity dispersiomrdas = 1.14 + 0.35 km s?) of the stellar population and the dispersion of the préssteores

(~ 0.3 km s?) derived from submillimeter observations. The origin dttiscrepancy, which has been observed in other young star
clusters is not clear. It has been suggested that it may bditker the &ect of the magnetic field on the protostars and the filaments,
or to the dynamical evolution of stars driven by two-bodyemarctions. Furthermore, the analysis of the kinematic gnigs of the
stellar population put in evidence a significant velocityftsh~ 1 km s!) between the two sub-clusters located around the North
and South main clouds of the cluster. This result furtheipsus a scenario, where clusters form from the evolution oftipie
substructures rather than from a monolithic collapse.

Using three independent spectroscopic indicators (thétgrmdicatory, the equivalent width of the Li line at 6708 A, and the'H
10% width), we performed a new membership selection. Wedaix new cluster members all located in the outer region ef th
cluster, proving that Chamaeleon | is probably more extdridan previously thought. Starting from the positions ara$ses of the
cluster members, we derived the level of substruc@yrthe surface density and the level of mass segregatidgsr of the cluster.
The comparison between these structural properties anesiiéts of N-body simulations suggests that the clustenéakin a low
density environment, in virial equilibrium or supervitiaind highly substructured.

Key words. Stars: kinematics and dynamics — Stars: pre-main sequeopen-clusters and associations: individual: Chamaeleon |
— Techniques: spectroscopic

1.03741v1 [astro-ph.SR] 13 Jan 2017

O 1. Introduction tific debate on the initial conditions (i.e., stellar depsievel of
o o . , substructure, level of mass segregation) of star clusteisoa
<1 The majority of stars do not form in isolation, butin clustél-  ne mechanisms driving the dissolution of most of them withi
-, lowing the fragmentation and collapse of giant moleculauds 10 Myr is still open. In particular, it is not clear if the maity of
L (Lada & lada 200:-.:; McKee & Ostriker 2007). Studying the forstars form in very densex(10%stars pcd) and mass segregated
mation and evolution of young clusters is fundamental to upsters (e.gl, Kroupa etlal. 2001; Banerjee & Kroupa 204#4),
E derstand the star formation process and the propertiesaf sf, 4 hierarchically structured environment spanning adaten-
and planetary systems observed in the Galactic field, sh&e tsjty range (e.gl, EImegréen 2008; Bressert &t al.|2010)h&wur
may depend on the formatlon environment (e.g., Johnstoale emore, the cluster dispersion may be triggered by gas expulsi
1998; Parker & Goodwin 2009; Rosotti eflal. 2014). due to the feedback of high-mass stars (2.9., Goodwin & &sti
Despite the large number of multi-wavelength observatiopg06; Baumgardt & Kroupa 2007), or the dynamical evolution
of nearby star forming regions carried out during the lasi twof star clusters could be driven by two-body interactions #re
decades (e.d., Carpenter 2000; Getmanlet al.|2005; Gudel egfect of the feedback may not be relevant (€.g., Parker & Dale
2007; Gutermuth et al. 2009; Feigelson et al. 2013), thensci®013; Wright et al. 2014).

From the observational point of view, the main requirements

port of our friend and colleague Francesco Palla, who paaaeag on to solve th'.s debate are. a). an un_blased census of young stel-
the 2601/2016 lar populations in star-forming regions spanning a largegea

** Based on observations made with the P&, at Paranal Ob- Of properties (i.e., density, age, total mass); b) the deitea-
servatory, under program 188.B-3002 (The Gaia-ESO Pulpecto- tion of the structural properties of young clusters (dgnsitvel
scopic Survey) of substructure and mass segregation) based on robustistdti

* This work is one of the last ones carried out with the help aqd s
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methods that can be used for comparison with models; c) p

cise measurements of stellar velocities that allow us tolves 5

the internal dynamics of clusters and derive their dynahsitza

tus (e.g., virial ratio, velocity gradients). 6l
During the last few years, progress has been achie\

thanks to the theoreticalfferts dedicated to better define the 7

structural properties of clusters, (e.g., Cartwright & Warth

2004 Allison et al. 2009; Parker & Mever 2012), to the compa 8

ison between models and observations (Sanchez & Alfarg;20 .

Parker et al. 2011, 2012; Wright etal. 2014; Da Rio et al. 201 X 9

Mapelli et al. 2015), and to dedicated observational stidie 10

the dynamical properties of young clusters based on aacur

radial velocities (RVs).(Flrész etlal. 2006, 2008; Cottdal. 11}
2012a] Jéries et all 2014; Foster etlal. 2015; Sacco et al. 201
Tobin et al.| 2015;] Rigliaco et al. 2016; Stutz & Gauld 2016 12
However, it is essential to extend these studies to a larggeu
of clusters to cover the full space of relevant physical peat@rs 1355 1 5 3 7 z
(e.g., number of stars, stellar density, and age). H-Ks

The young cluster Chamaeleon | (Cha I) is located around
one of the dark clouds of the Chamaeleon star forming complei. 1. Color magnitude diagram of the observed targets in the Cha
(se€ Luhmah 2008 for an exhaustive review). It is the idémida ! region based on photometry from the Two Micron All Sky Syrve
ratory to study the formation and early evolution of a |0W5$]a($krutsk|? et dl. 2006), with overplotted the 10 Myr isoatedrom the
cluster due to its proximity (distane@60+ 15 pcj] Whittet et al. Sless et 4(.(2000) models.
1997), the presence of a molecular cloud actively formiagsst

and a stellar population composed-d240 members (LUNMANcoying et 4]/ 1997 Joergens & Guenther 2001; Joergens 2006:
2008, Tsitali et al. 2015) distributed over an area of a feuesg |5 ;anther et al. 2007). Invparticular, Joergens (2006) medsa

parsecs. RV dispersion of 1.2 km2, but this result is based on 25 stars
The Cha | molecular cloud has been studied hly. P ’

Camb'rAesy etleé)l. (1997)’d \gho é)_btamed an fl%“”c&'ggomap Chal has been one of the first young clusters observed by the

up to Av ~ éna?, an ty Iral'lac‘)gg.ul\rx_eys 0 7 |0‘Lr999;1-0 Gaia-ESO Survey (GES). GES is a large public spectroscopic

emission (e.gl, Boulanger etal. 1988 Mizuno et al. | 12 survey carried out with the multi-object instrument FLAMBS

Haikala et al.| 2005). In particular, Mizuno et al. (2001) uhse[he VLT. which feeds the medium- and high-resolution spec-
the 2CO to estimate the total mass of the cloud {000 M), trograpﬁs GIRAFFE and UVES. The mai?] goal of the Fs)ur-

while|Haikala et all.[(2005) mapped the structure of the filatse vey is to derive RVs, stellar parameters (i.effeetive tem-

by observing the €0 emission. The filaments follow the . L ;
. . " " perature, gravity, metallicity) and chemical abundande$03
structure of the cloud that is elongated in the NW-SE dicecti Milky Way stars in the field and in clustefs (Gilmore et al. 201

and perpendicular to the magnetic field. Protostellar COIB3 ndi : o .

o X I ndich & Gilmorg 2013). A study of stellar activity, rotati
within the cloud have been identified oy Belloche etlal. (301, nd accretion based on)the GESyobservations ofyCha lis re-
obsdgr\(/jlnk? 'tr_;_e _colntlnlrJ:Jrr(wz%Tgss_lon atam?andl, molre re(_:en_tly, ported in[Frasca et al. (2015), while the iron abundances of a
_sl_tqt Ile' - yl (zl(t)?_ISet alid -d)tfln sel\/e(zti (rjr)o ecutar tr%%BS‘ selected sample of stars observed at high resolution aoetesp
( -S| gé ?(n? h anzi n;gg;‘ilrdee thgtvﬁgi?g rlgrrfig?gv%lutggﬁ inlSpina et al.[(2014). Here, we investigate the structurdidy-

: ) . ay . X amical properties of Cha | combining the new GES resultis wit
not.alfecteo! by interaction and competitive accretion, since g, available in the literature. The paper is organizedlasis:
collisional timescale is much longer than the core lifetime in Sect. 2, we present the method used for selecting thetarge

_Seve_ral multi-wavelength studies have bee_n carried HE observations, and the data retrieved from the GES achiv
to identify the stellar and brown dwarf population of Cha ; Sect. 3 we describe how we select the cluster members; in
(e.glCarpenter et al. 2002; Luhnian 2004b; Luhmanlet al.l;20 ct. 4, we derive its structural properties; in Sect. 5, eréve
Luhmari 2008; Lopez Marti etal. 2013; Lopez Marti et al. 2013, dyn,amical properties of the cluster; in Sect. 6. we discu

and references therein). Luhman (2008) compiled a list Gf 23, a5 1ts on the basis of the current models describingyhe

members hUSIugRrréany men;]t_)err]sh|p_|n<?|catprs such as: Fh% R&mical evolution of low-mass star clusters, and in Sectjone
sition |n_t € lagram, hig opt_|ca extinction, Interme summarize the results and draw our conclusions.
ate gravity between giants and main sequence stars, the pres

ence of the Li absorption line at 6708 A, infrared excess emis

sion, the presence of emission lines, proper motions and R\é.STarget selection, observations and data

From the position in the HR diagram, Luhman (2007) derived

a median age of 2 Myr and suggested that Cha | is dividétie target selection and the fiber allocation procedure heea

in two sub-clusters, one concentrated in the northern plartaarried out independently for each cluster observed dutirg
the cloud § > -77°) and one in the souths( < -77°). survey, however in order to maintain the homogeneity withe
The former started to form stars 6 Myr ago, while the lattésES dataset we followed common guidelines described in Bra-
started later (4 Myr ago) and retains a larger amount of ggaglia et al. (2017, in preparation).

mass. Furthermore, they calculated an upper limit to the sta The selection of the targets for the observations of Chad hav
formation eficiency of ~10%. Several studies have been dedreen mostly based on the infrared photometry from the 2 micro
icated to measure the RVs and study the kinematics of thkksky survey (2MASS, Skrutskie etial. 2006), since optptad-
stellar and substellar populations of Cha | (Dubath gt 88619 tometric catalogues available in the literature are indete@and
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Table 1. Members of the cluster observed by the Gaia-ESO Survey

Cname RA DEC RY Tets yP EW(L)) Hal0% Inst® meml§
(J2000)  (J2000)  (kmd) (K) (mA)  (kms?)
10550964-7730540 163.79017 -77.51500 1&@90 - - 72523 1285 G Y
10555973-7724399 163.99887 -77.41108 - 36300 - 1258 44117 U Y
10561638-7630530 164.06825 -76.51472 12A461 - - - 2155 G Y
10563044-7711393 164.12683 -77.19425 15®B97 435%505 0.9680.005 3017 390:8 G Y
10563146-7618334 164.13108 -76.30928 15.40.54 331948 - 597%411 142:4 G N
10574219-7659356 164.42579 -76.99322 16026 3452183 0.8950.004 57%16 2726 G Y
10575376-7724495 164.47400 -77.41375 15082 342688 0.85%0.013 63210 138:8 G N
10590108-7722407 164.75450 -77.37797 1B®MB40 4135125 - 37519 375:8 U Y
10590699-7701404 164.77912 -77.02789 1#®36 498%260 - 3931 440+9 G Y
11004022-7619280 165.16758 -76.32444 15k(1.32 - - 584-18 2305 G Y

Notes. A full version of the table is available at the CDS.

@ For spectra with a signal-to-noise ratio lower than threaiglenot report any velocity.
® Empirical gravity indicator defined by Damiani ef al. (2014)

© Width at 10% of the peak of thedline.

@ The letters "G" and "U" indicate GIRAFFE and UVES, respesdijy

@ The letters "Y" and "N" indicate the star is a known memberat; respectively

® This star is likely a member of theCha association.

candidate members in the region of the sky around the cloud
(10:45< RA < 11:30 and -79:0& DEC < -75:00), then we de-
fined the position of the FLAMES fields of view (FOVs, diam-
eter 2%) and we allocated the largest possible number of fibers
on candiate members.

For compiling the list of candidate members, we collectéd al
the 2MASS sources with an optical counterpart from the Tycho
2 or USNO-B1|(Hgg et al. 2000; Monet et al. 2003) catalogues
brighter than R 17, which corresponds to the magnitude limit of
the survey (\£19) for very low-mass stars. Then, from this list
we selected only the sources thatin a K vs. H-K color-magieitu
diagram are located above the 10 Myr isochrone retrieved fro
the@lmm evolutionary models (see [Hig. 1)ndJsi
this method, we compiled a list of 1933 candidate members. On
the basis of this list and the positions of the known members,
we chose 25 FOVs. Many of them were located along the main
cloud, where most of the known members of the cluster are dis-
tributed, while a few FOVs were located on the outer regions,
with the aim of looking for new members in regions which are
poorly studied (the structure of the cloud and the positaftrike
known members are shown in Fig. 2). FOVs in the outer regions
have been chosen in order to cover each latitude and lomgitud
around the main cloud, focusing on the regions with highar sp
tial density of sources.

We observed a total of 674 stars with GIRAFFE and 49 with
UVES (3 in common between the two spectrographs), of which
113 are known members of the cluster on the basis of catatogue
reported in the literature (Luhman 2004a, 2007; Luhmanlet al
Fig. 2. Far infrared (14@um) map of the region around the young cluste2008). Most of the known members have been excluded because
Cha | from theAKARI all-sky survey[(Doi et dl. 2015). Yellow dots in- t00 faint to be observed with FLAMES. Several fibres have been
dicate the positions of all the known members from the Itteny while allocated to the sky in order to allow a good background sub-
the red bigger dots indicate the positions of all the membelscted traction. Observations have been carried out during thite d
by the GES observations according to the criteria discuss&ect[B. ferent runs between March and May ZEJ.HSing the HR15N
The dashed blue circles (centers Ral67.2 , Deck -76.5, Ra2=  setup (R17,000,A1=647-679 nm) for GIRAFFE and the 580
167.2, Dec2= -77.5 and radius 0.35) delimit the north and south hm (R<47,000,A1=480-680 nm) setup for UVES. The median
sub-clusters (see Sect. k.2 and Sec. 5.3). signal-to-noise ratio of the final spectra is 58 and 62 for Gl-
RAFFE and UVES spectra, respectively.

-75.00°

-76.00°

-77.00°

Dec (J2000)

-78.00°

-79.00°

B il i o} il B P 1
180.00°  176.00°  172.00°  168.00°  164.00°  160.00°
RA (J2000)

not homogeneous. The target selection and the fiber altotatit Technical details on the fibre allocation procedure and mhtiens
process can be divided in two steps: we first compiled a list afe discussed in Bragaglia et al. (2017, in preparation)
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All GES data are reduced and analysed using commtire EW(Li) measured for the stars belonging to IC 2602. In a
methodologies and software to produce an uniform set of-sp&aw cases, when the EW(Li) but not th&ective temperature
tra and stellar parameters, which is periodically releaseall have been derived from the GES spectra (see Lanzafame et al.
the members of the consortium via a science arhilrethis (2015 for details), we assume the highest threshold (E\A&@0p
paper, we use only data from the third internal data releagigs However, the EW(Li) can be underestimated in stars with a
(GESVIDR3) of February 2015, with the exception of errors orery strong mass accretion rate due to the continuum emissio
the GIRAFFE RVs, which are calculated on the basis of the ein-excess with respect to the photospheric one producedeby th
pirical formulae provided by Jackson et al. (2015). accretion shock (e.q., Palla etlal. 2005; Saccolet al.| 2005g-

The methodologies used for the data reduction and tfige, we include in the sample of members all the stars that ca
derivation of RVs are described in section 2.2 and 2.3 pé classified as accretors according to the criterium baséueo
Jefries et al. [(2014) for the GIRAFFE data, and_in_Sacco et alidth at 10% of the peak of thda line (He10% > 270 km s?)
(2014) for the UVES data. Lanzafame et al. (2015) descrivesdefined by White & Badri (2003). In the bottom panel of K. 3
details the procedures used to derive the stellar parasn@ter, the cluster members are indicated with filled blue circldse T
effective temperature and gravities), accretion indicaterg.{ members below the dashed line have been included because of
He width at 10% of the peak — &ll0%), and the equivalentthe He10% while the non-members above the line have been
width of the Li line at 6708 A (hereafter EW/(Li)). excluded because of the gravity index

Using these criteria, we selected as members of Cha | 89
3. Membership selection stars observed with GIRAFFE. This sample includes 7 new
rnembers and 82 known members from the literature. Fourteen
\cl)Yﬂ]own members do not meet the membership criteria. Seven of
em have been excluded because they are out of the range of
?}/3 (0 < RV < 30 km s1). However, all these stars are strong
accretors (lkd10% > 300 km s?), therefore the RV derived by
}ﬂ? GES pipeline could be wrong due to the presence of strong
emission lines produced by material moving atfiiedtient veloc-
ity with respect to the photosphere. We will use these stars f
e analysis of the structural properties of the clustes Sect.
[4)), but we will exclude them from the analysis of the dynami-
cal properties, which is based on the RVs. Six known members

A detailed selection of members among the stars observéd
UVES has been carried out by Spina et al. (2014), who ¢
firmed all the known members from the literature and did n
find any new members, therefore we will focus only on stars o
served with GIRAFFE.

Since all the stars formed in the same region have very si
ilar velocities, spectroscopic measurements of the RVefiea
considered one of the most robust tools to select the merober
a cluster. However, one the main goals of this work is to sthdy
dynamical properties of Cha | (e.g, the RV dispersion, thespr

ence of multiple populations) therefore, we will use the Ruly have been excluded because the SN is too low to derive

:ﬁ ed g;gg (t;E %%bzlgléserglmaer%t}irrsé ?T?(;?:ggs&r;grseﬁﬁ'g#wm) and Hx10% (see Lanzafame et/al. 2015), but there is no
' (Fvidence suggesting that these stars are not memberdptiggre

of the cluster members, we will use three independent spectl il | , . .

; . ; 2 we will include them in the final catalogue. Finally, the StHD
scopic parameters included in the GES database: the 9mvY97300 is too hot (Sp¥ B9) to exhibit thge Li absorgtion feature
Qex_y, thg E-W(L') andlthefrdlog@d The maut))r Souqtce of cobntam- t 6708 A, but it is surrounded by a ring of dust due to a bub-
nation within a sample of candidate members of a nearby go ble blown by the star (Kdspal etlal. 2012). This proves that it

cluster selected on the basis of photometric data are bagkdr bel he Ch formi ; q be included i
giants. The giants can be identified using the surface grinit P€10Ngs to the Cha | star forming region and can be included in

dex, defined by Damiani et &l. (2014) with the specific goal fe catalogue of members used for the analysis discusshd in t

measuring gravities using the GES GIRAFFE spectra obser 8 V\_/ing sections. To summarize, the final catalogue of mem
with the HR15N setup. The upper panel of Fi§. 3 shonas €IS includes 103 stars (96 already known and 7 new) observed

a function of the &ective temperature for the GES targets ofith GIRAFFE and 17 stars observed with UVES (discussed in
served in Cha I. The locus of the giant stars is clearly vsibl Spina et al. 2014) for a total of 120 members. We note that our

the upper part of the plot and well separated from the main &2lysis proves that the 7 new members are young stars, ésit do
quence and pre-main sequence stars. Similarly to previoresw N°t demonstrate that belong to Cha |, since they could be mem-
(Prisinzano et al. 2016; Damiani etlal. 2014), we classifiedia bers of the two young stellar associatierGha and; Cha, which

ants all stars with anfEective temperature lower than 5600 K ang"© Slightly older (4-9 Myt, Torres et’al. 2008), have a simif-

y> 1. dial velocities and are located in the foreground of Cha I. As
After the giants stars have b_een excluded, we need to excl Heg‘fvcobgslggggix‘as”é; ‘?)l‘e (ggsli:lg) éseezr;%alfrgfmth&t]g?%esri)ﬁ

stars older than Cha | located in the foreground. The most po} il o . Ej/th p oo oah 9

erful tool to perform this selection is the EW(Li), sincedaype satlgrgse?rg?n Thoel%ncsijb%) Xv?zr:cﬂ:\r/iz -~ 1'ealprggig)m:n|(§lm\?vhen ot

tars rapidly deplete their photospheric lithium afterGNyr ; \ e !

?e.g. Sgde)r/blonq 2010). A?constgnt age, the EW(Li) depen ilable, from the PPMXL_(Roeser et ial. 2010) catalogues. W

on the dfective temperature, therefore we cannot define a Sﬁ%uatnd .ttrr‘]a:ha" g;\e Te‘?’ r’r:embers ftlave tapgegE‘ISTgt'ggg ggﬁ%

gle threshold for the whole sample. The lower panel of E]g'$6nlf¥\v?:34 eh' r?. clus erteﬁcr:;p():hone S ar_(t_ ' )

shows the EW(Li) as a function @ for the observed stars in ), which is closer to a association.

Cha | andfor the stars of the 30-50 Myr open cluster IC 2602 ob- The list of cluster members and the data used for the mem-

served by Randich etlal. (1997, 2001). We select as cluslm-m% hi lecti ted in T 1 while their imsi

bers all the stars with EW(Li) above the dashed line in theslowP"SNIP selection are reported in Table 1, while their pmsst

: : plotted on the map in Figl 2 (red dots) together with al th
panel of FigLB, which represents the upper envelope of theiéﬁ)wn members of the clusters compiled from the literatyed (

2 The GES science archive is run by the Royal Observatory of E@W dots). The number of new members does not significantly
inburgh. More information on the archive are available atwebsite increase the population of Cha I. However, they belong to the
ges.roe.ac.uk sparse population located in the outer region surroundieg t
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Fig. 3. The upper and the lower panels show the gravity ingeand

4. Structural properties

As proved by several studies (e.g., Scally & Clarke 2002;
Schmeja et al. 2008; Allison etlal. 2010; Moeckel & Bate 2010;
Malmberg et al. 2011; Kruijssen et/al. 2012; Parker et al4201
a knowledge of the structural properties of open clustefisris
damental to understand their origin, their dynamical etiotu
and the &ects of the star formation environment on the proper-
ties of stars and planetary systems. In this work we will £on
three structural properties: the level of substructure,stellar
density and the mass segregation.

4.1. Sample and stellar masses

The sample of stars used for the structural analysis inclatle

the previously known members (observed or not by GES) and
the new members discovered by GES. We exclude stars with
A; > 1.2, because catalogues available in the literature are not
complete for higher extinction (Luhman 2007).

For the analysis of the mass segregation, we derived homo-
geneous estimates of stellar masses from the positionarsfist
the HR diagram plotted in Fidll 4, using the pre-main sequence
evolutionary models developed oy Tognelli et al. (2011,2)01
We decide to use this set of models instead of that provided by
Siess et al.[(2000) and recommended by the Gaia-ESO guide-
lines for the target selection process, because they hase be
more recently updated. No masses have been estimatedror sta
cooler than 3000 K, younger than 0.5 Myr and older than 20 Myr
(i.e., abovgbelow the uppeglower isochrones plotted in the HR
diagram). Very cool and very young stars have been excluded b
cause mass estimation based on pre-main sequence evalytion
models could be very uncertain. Stars located below the 20 My
isochrone have been excluded because, as suggested byt uhma
(2007); Luhman & Muench (2008), their luminosity is underes
timated due to the presence of a circumstellar disk seenexge
which absorbs most of the photospheric emission.

To build the HR diagram we use 2MASS photometry and the
GES parameters when available, otherwise we use the param-
eters from_Luhman (2004a) and Luhman (2007). Specifically,
the dfective temperatures have been directly measured from
the GIRAFFE and UVES spectra (Lanzafame et al. 2015) in the
GES sample and from low resolution spectra for the othes star
(Luhman 20044, 2007). A comparison of théeetive tempera-

EW(Li) as a function of the stellarfiective temperature, respectively_.tures derived by the GES spectra and those obtained from low

The indexy and the EW(Li) measured from the GES spectra are
dicated with circles: the empty green circles are the nombwgs, the
filled blue circles are the cluster members, and the red dpesent
the members already known from previous studies. Uppetdiare re-
ported with red downwards arrows. Median error bars arertegmn

the left for both panels. The black crosses in the bottom Ipamethe
EW(Li) measured for stars in the 30-50 Myr open cluster IC269

Randich et al.| (1997, 2001). In both panels, the dashed med Indi-

cate the threshold used to separate members and non-memmbers

bottom panel, a few stars are reported as non-members & dxpitg

above the dashed red line because they have been excludediagc
to the criterium based on the gravity index, and other sterkssi-
fied as members despite being below the dashed line, bedssare
strong accretors, as discussed in 9dct. 3.

'Yasolution spectroscopy is reported in Fiyy. 5, which shdvas t
the latter are slightly lower in the range between 3600 ariD46
K. We believe that this systematic discrepancy can be due to
either the scale used by Luhman (2004a, 2007) to convert spec
tral types into temperature (GES temperature are derivedttly

from the spectra) or to the flierent spectroscopic resolution of
the spectra used for the analysis.

Luminosities have been derived from the 2MASS J magni-
tude corrected for absorption, using the bolometric ctizace-
ported in_ Pecaut & Mamajek (2013) and assuming a distance of
160 pc. For the GES sample, we calculate the absorgtjdrom
E(J-H) = (J-H) - (J - H)o, assumind?;/E(J - H) = 0.38
as in[Luhman|(2004a). The intrisic colod ¢ H)o was calcu-
lated from the &ective temperature using the color-temperature
trasformations frorn Pecaut & Mamaljek (2013). For starsdibat
not belong to GES catalogues, the infrared absorption hais be
retrieved from_Luhman (2007, 2004b). The masses of the stars
used for the structural analysis are reported in table 2.

main cloud. So our study proves that this outer population is To understand if the use offtiérent catalogues for the es-

richer than previously thought.

timation of masses carffact our results, we performed all our
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Table 2. Known cluster members from the literature and new members
used to study the structural properties of the cluster

RA DEC  Terr Log(%2) prov® Mass
(J2000) (J2000) (K) No)
161.65812 -77.60097 7200 0.95 L 1.64
163.15392 -74.67464 3161 -1.00 L 0.14
163.41575 -77.20939 3451 -1.49 L 0.30
163.79017 -77.51500 3198 -1.08 L 0.15
163.99887 -77.41108 3640 -0.36 G 0.37
163.99887 -77.41108 3640 -0.36 G 0.37
164.06825 -76.51472 3044 -1.51 L 0.09
164.12683 -77.19425 4350 0.06 G 0.85
164.42579 -76.99322 3451 -0.33 G 0.28
® o Notes. A full version of the table is available at the CDS.
-3 o | @ The letters G and L indicate that the data used for deriviagsthllar
mass are retrieved from the literature and the GES arctagpgctively.
-4

41 40 39 38 37 36 35
Log(T, ;) 4.2. Level of substructure

€

Fig. 4. HR diagram of members in Cha | selected from the literaturE0 measure the level of substructure, we use @parameter
and the GES data with; < 1.2 andTe; > 3000 K. Temperatures and introduced by Cartwright & Whitworth (2004). This paranrete
luminosities have been derived from the GES spectra andNt#SE  is defined as the ratio:

photometry for the red dots, and from the literature for tteeostars.
Isochrones (at 0.5, 1.5, 3.0, 5.0, 10.0, and 20.0 Myr) arakéréat 0.1,
0.2,0.3,0.6, 1.0, 1.8, 2.4, 3.0 solar masses) from an inggrgersion of Q=
thel Tognelli et al.[(20171, 2012) pre-main sequence evalatypmodels
are reported with continuous blue and dashed red linesecéseply.

1)

wherem s the mean length of the edges of the minimum span-
ning tree (MST) connecting the stars, normalized by theofact
(NA)Y2/(N - 1) (N is the total number of stars and A is the area
of the cluster), and is the mean separation between the stars
divided by the cluster radiflsSeveral simulations demonstrate
‘ ‘ ‘ that clusters withQ > 0.8 are characterized by a smooth radially
concentrated structure, which is probably the result ofatyi
¢ CP 1 cal evolution occurring after the cluster formation, wtalasters
with Q < 0.8 are characterized by a high level of substructure
and closely resemble the filamentary structure of the melecu
lar clouds where they formed (e.g., Schmeja & Klessen 2006;
Parker & Meyer 2012). To calculate the best estim@@and the
4500} 1 standard erroo(Q) of the Q—parameter, we use thiackknife
4 method [(Quenouille 1949; Tukey 1958). This is a resampling
4000| | method that consists in calculating the valueQpffor N differ-
= it ent samples composed of all the stars except foi théh star
ﬁ (with i from 1 to N). The best estimator and the standard error
are equal to:

=]

6000

5500}

wv
o
o
o

He-|

Teff (from the literature) (K)
w
v
o
o

3000}

2500 L L L L L L Q =
2500 3000 3500 4000 4500 5000 5500 6000
Teff (from GES) (K)

Zl~

A . N-1¢ .
2.Q  o@Q= Q- (2)
i=1 i=1

The relation betweenQ and the level of substruc-
Fig. 5. Comparison between thetective temperature retrieved fromture has been calculated by Cartwright & Whitworth (2004)
the literature (y-axis) and measured from the GES speciexi§y. through simulations considering isotropic clusters. Hasve
Cartwright & Whitworth (2009) pointed out that in elongated
clustersQ could be biased towards lower values and estimated a
correction factor which depends on the cluster aspect 1@itce

analysis using only data from the literature for all the knowCna ! is characterized by a slightly elongated structureape

members finding no relevantftérences. We stress that in thé’IIed these corrections on our results.

context of this paper the stellar masses are only used fdystus The radius and the area of the cluster are calculated asitafesbin

ing the level of the mass segregation (_see Sedt. 4-331d:4lﬂ)-0artwright & Whitworth (2004). Specifically the former isgthilistance
this scope, we do not need the specific values of the massesgeuleen the center of the cluster and the most distant stat¢ha latter
only to put them in order from the most to the less massive. is the area of a circular surface with the same radius.
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Fig. 6. Spatial distribution of the stars (left panel) and starm®s (right panel) used to calculate @garameter. The minimum spanning tree
is plotted with a yellow line. The blue dashed lines in the pefnel show the elliptic boundaries of the regions inclgdire stars used to calculate
the values of th& parameter reported in Figl 7.

For our sample, the resultin@ = 0.80 + 008 is 0.90
higher than what found by previous studies carried out by
ICartwright & Whitworth (2004) and Schmeja & Klessen (2006) 0.85
(Q = 0.68 and 0.67, respectively). Cartwright & Whitworth 0.80l

(2004) did not consider the elongation in their calculatibut

this do not explain such a large discrepancy, since the ety 0.75}

factor for our sample is just 1.03. Therefore, this discrepa

is most likely due to the dierent sample of members used for 0.70r

the calculations. In fact, Cartwright & Whitwo'th (2004)ads 0.65

the sample of members selected by Lawsonletal. (1996) and | . . .| ________
Ghez et al. [(1997), while Schmeja & Klessen (2006) resutts ar 0.6 } —
based on a sample of members retrieved f etal. g5+ ]
(1998). Both sample are less complete and cover a smaller are

of the sky than ours. As discussed in the previous sectioa,|Ch 0.50F - == ===
is composed of an inner denser region characterized by #se pr -

ence of a molecular cloud still forming stars and an outersspa 045 4 6 8 10 12 14
region with no gas. Furthermore, our discovery of new member semi-majoraxis (pc)

only in the outer part of the cluster proves that_the. Ievel(m‘_le Fig. 7. The Q—parameter as function of the semi-major axes of the el-

pIet_eness of the star catalogue in th? outer region is |dveerin lipses, shown in Fid.]6, which delimit the area enclosingttal stars

the inner one. To understand how this céfieet theQ-parameter, ysed for the calculation. The dotted green line indicatesétiue ofQ

we calculated for four different samples composed of stars erxpected for a sample of stars randomly distributed, whitecontin-

closed within the area of the sky delimited by ellipses with t uous and the dashed red lines indicate theQh@arameter with error

same centerRA = 167.2°, DEC = —77.1°) and eccentricities bars calculated from the positions of the pre-stellar cores

e = 0.89, but diferent semi-major axes (see table 3 and the left

panel of Fig[®). In particular, the smallest ellipse comsaonly

the stars in the inner embedded region, the largest inclatiesand located very close to where they formed@is similar to

the stars and the two intermediate ones have a semi-majsr a§Rat expected at the initial stage of the cluster formatig.(

twice and four times the smallest. [Parker et al. 2014), when the distribution of stars resasnthle
The value ofQ as a function of the semi-major axes ofiistribution of gas in filaments, while the stars in the outer

the ellipses is shown in Fidl] 7 and reported in tddle 3. Thyons migrated from their formation site, so their spatiatrit

Q-parameter gradually increases fr@n 0.6 — when we con- bution has been randomized; b) Cha | is composed of multiple

sider only the stars in the inner and denser region of the clg®pulations with dierent structural properties. In thefidrent

ter —toQ ~ 0.8 for the full sample. This clear correlation besubsets defined by the ellipses, these populations hfiesatit

tween theQ-parameter and the area of the cluster consideregigths, so the value o changes according to which popu-

to perform the calculation may be due to one or more of thation is weighed the most; c) The presence of patchy extinc-

following reasons. a) The stars in the inner region are yeundion in the inner region produces substructures, which mol

Article number, page 7 620



A&A proofs:manuscript no. Chal

Table 3. Properties of the ellipses used for investigating the i@tat

betweenQ and the completeness of the member sample. 30
Semi-major axis Nar Q 23
(degree) 20!
0.78 98 0.590.04
1.56 143 0.6:0.04 =Z 15}
3.12 157 0.7@0.04
4.68 160 0.820.08 10l
be present if the full sample of stars would be visible. d) The
member selection in the outer regions is not complete. Missi

some of the members, we can miss some of the substructures, s
Qincreases, when we include the outer part of the cluster. logyy() (pc?)

Luhman (2007) suggested that Cha | is composed of two
subclusters with dierent star formation histories, that may have
followed independent dynamical evolutions. Starting frins I
assumption we estimate@ for two independent samples in- i::: e e 00
cluding the stars within the two red circles representediin F i -

°.8 . ®e % ©
[2, which are likely to include only stars belonging to one of 1 e et et e et
the two subclusters. For both subclusters we found a value of —~ O Fr= s e
Q = 0.76 + 0.06, consistent with a randomly distributed sam- ' et et .
ple. This result suggests that if the two subclusters aregad- \:J 10° . RN .

dent their dynamical evolution already erased primordidd-s
structures. However, simulations suggest thaQkgarameter is
statistically robust only for clusters with a number of stiarger
than 100 (e.g.. Cartwright & Whitworth 2004; Parker & Dale 10t} .
2015), while the regions delimited in Fig. 2 include only 4®la ’

63 stars. 107 10°
Furthermore, we derived th@-parameter@ = 0.56 + 0.06) mass (M)
from the positions of 60 pre-stellar cores found by Belloehal. m (M)
(2011) with a submillimeter survey. The agreement betwhen t 2.0 0.50 0.31 0.19 0.15 0.10
value ofQ measured for the cores and for the stars in the smaller
ellipse supports the explanation at point a). However, as di 1.8
cussed above the number of objects is too low to consider this 1.6l
measurement statistically robust. }
1.4
4.3. Stellar density = L2 %

The stellar density is a key parameter to derive tfieots of the L.0p -~ ; RIS
the environment on the evolution of the star-disc systerndgtaa

: ’ . 0.8
dynamical status of the clusters. To derive the surfaceityeBs
we used the same definitionlas Bressert et al. (2010): 0.6}
0 20 40 60 80 100 120 140
N-1 Ngsr
= — 3
Dy,

Fig. 8. The top panel reports the distribution of the surface dgsénd

whereN is the Nth nearest neighbour aridly is the projected the best-fit model with a lognormal function (continuous lied). The
distance to that neighbour. For our calculation weNset 7 as in middle panel shows the stellar density as defined in[Eq. (&)asction
Bressert et al[ (2010). The top panel in Fi. 8 shows the t;ené?f the star mass. The black and the red lines indicate theameiginsity

TR 7, of all the stellar sample and the ten most massive starsectggly.
distribution of the stars used to calculate Qearameter with The continuous lines represent the best value, while theedhlnes

the best fit of the distribution with a log-normal functiore@X epresent their error bars. The bottom panel shows the twolaf the

~ 8 stars pC_2 and dispersiomriggios = 0.67). The profile of the mass segregation ratiysg, for the Nysr most massive stars. The top
distribution is very similar to what observed by Bressedlet x-axis indicates the lowest mass star within Nyst and the dashed

(2010) (see Fig. 1 of the paper) and is well described by a Idge corresponds tdysg = 1, i.e., no mass segregation.

normal function in the low-density tail, while at high detyghe

observed distribution decreases faster than a log-noromet-f

tion. The reason for this deviation from the log-normal modebjects used for their analysis belong to the Orion star fiogm

is not clear. However a similar deviation is also observethe region, which is more massive and much denser than Cha I.
much larger sample analysed|by Bressert et al. (2010). Tde pe Simulations describing the dynamical evolution of young
of the distribution is located at lower densities and theelis star clusters suggest that the stellar density may depestebn
sion is lower with respect to the results found by Bresseat|et lar mass, i.e. the density of stars near massive objects €an b
(2010), but this is not surprising sine& 0% of the young stellar higher because massive stars act as a potential well antbwap
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mass stars (e.q., Parker el al. 2014). The relation betweresityl
and mass is plotted in the middle panel of FiQ. 8, which sho
that the density around the most massive stars (mediantgen

T = 9.3"13 pc?) is consistent within errors with the surface der St? rs
sity for the rest of the stars (median dengity- 8.9*21pc2) . 20} ]
This result proves that either the cluster did not go thraugbf- i
ficient dynamical evolution to determine an increase of dgns
around the most massive stars or that these stars are navena: 15| i
enough to act as a potential well and attract low-mass stars. J
~ .4 1‘
4.4. Mass segregation 10p : “ i
The last structural property to analyse is the amount of segs "
regation. In mass-segregated clusters, the more masaigease 5t g
concentrated in a smaller volume (or projected area on tige |
of sight) than lower mass stars. To estimate the level of m&gs
regation we used the method introduced by Allison et al. £20C Obdm wmmflm e [}
and based on the mass segregation rAtigg: > 10 15 20 25
35 Pre steII‘ar cores
+05/6/l sl
Ansr = M welle (4) 30F :: |
Isubset  —org /6 /1 suoes |'|
25} L i
wherelgps iS the length of the MST of a subset of stars con !
posed of the numbéXy;st most massive stars of the cluster, an > 20F ', 1
laverage is the average of the lengths of the MSTs of 5fatient 15l 1 1
subsets composed of a numibgsst random stars. IAysg > 1 |
the MST of the more massive stars is smaller than the MST 10 I
a random sample so the cluster is mass-segregated, otbéfwi "
Awmsr < 1itis inversely mass segregated (i. e., the most mass 5L | |
stars are spread over a larger area than other stars). koaest \
ing the uncertainties on this ratio, we used the same methoc 0 ‘ L o
in |Parker et al.[(2012), namely we considered as lower (Ypp 5 10 15 20 25
error the length of the MST, which lies at6{5/6) of an ordered RV (km/s)

list including all the MSTs of the random subsets used touzalc
late laverage- IN the bottom panel of Fi]8 we show the evolutioi.

of Amsr as function ofNwst. The upper x-axis shows the smallrjg. 9. The top panel shows the RV distribution of the full sample of
est mass within the sample bliyst stars. The plot shows only cluster members observed by GES. The red and green dashsditn

a marginal evidence of mass segregation, which is not sign#tribe the best fit models with a gaussian broadened by theurea
cant since the value afysr at higher masses is consistent witlment errors and the velocityffisets due to binaries, assuming a fixed
Amsr=1, andAwsr for intermediate mass stars is above 1 blginary fraction ,in = 0.5) and letting the binary fraction free to vary,
less than 2-3 error bars, which as estimated by simulatiens p'espectively. The bottom panel shows the djstribution ofRVs of the
formed by Parker & Goodwir (2015) means a significance lowgfe-Stellar cores measurediby Tsitali €tlal. (2015) fron#e© (2-1)

than 95% molecular transition, with overlying the best fit modelsiwét gaussian
’ function.
5. Kinematical properties 5.1. Radial Velocity dispersion

The precision of the RVs derived from the GES spectfdhe RV distribution of the cluster members is shown in
(Jackson et al._20115) allows us to study the kinematical prdpe top panel of Fig[19. We modeled the distribution us-
erties of the cluster. We will use the RVs to determine itdoglo ing @ maximum-likelihood method developed lby Cottaar =t al.
RV dispersionr, to investigate the presence of a RV gradieff2012b) and already used in several works (e.dirids et al.

and to understand, if the twoftrent populations identified by 2014; Foster et al. 2015; Sacco et al. 2015), which allowsus t
Luhman et al.[(2008) have fierent kinematical properties. ForProperly take into account the errors on each star and tre pre
this analysis, we will use only members of the cluster obsgrvence of binaries. Specifically, we assume that the stellas RV
by GES and reported in TauE 1, since only for these stars {}J@Ve an intrinsic Gaussian distribution (W|th me@.r&nd stan-

have precise measurements of the RV with a proper evaluatfd deviationoc) broadened by the measurement uncertain-
of the errors. ties and the velocity fisets due to binary orbital motion. The

distribution of the dfsets is calculated numerically by a clde
“ The best values and the error bars of the densities have lémn ¢ developed by Cottaar etlal. (2012b), considering thréereint

lated by generating 2000 bootstrap resamples. Namely,esevalue assumptions: a) binary periods follow a log-normal distrib
is the median of the bootstrap distribution, while the lowad upper
values defined by error bars correspond to tHe aid 84" percentiles. > Available online at httpg/github.coniMichielCottaafvelbin.
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Table 4. Parameters obtained from the fits of the RV distribution$ it errors .

Ve Oc fhin a B In(Lmax)
(kms™?) (kms™?) (kms?tdeg?) (kms?deg?)
Chal(fit1) 14.880.15 0.940.15 0.5 0 0 -183.68
Chal (fit2) 14.9¢0.15 1.1%0.11 0.180.11 0 0 -181.52
Chal (fit3) 14.840.15 1.080.14 0.1%40.11 -0.2%0.13 0.1%0.24 -180.16
ChalN 15.290.22 0.950.18 0.18 0 0 -51.94
Chals 14.3&0.22 0.840.24 0.18 0 0 -78.06
Chal Outer 14.980.30 1.1%40.28 0.18 0 0 -47.05

tion with mean period 5.03 and dispersion 2.28dg;, days
(Raghavan et al. 2010); b) the secondary to primary ra)iéof-
lows a power-la\/\%—N ~ g% for0.1< q< 1 (Reggiani & Meyer
2011); c) the distribution of eccentricities is flat betw@®esnd a
maximum value which depends on the period according to Ec
6 from|Parker & Goodwin (2009).

We performed two fits. In the first one (fit 1 in Taldle 4), we
kept the fraction of binaries fixed d, = 0.5, while in the sec-
ond one (fit 2 in Tablg&l4), it was left free to vary. In both fits
we consider only stars in the range<ORV < 30 km s, since
stars outside this range are either binaries or stars witlisa n
calculated RV due to the presence of strong emission lins. 1
parameters derived by the two fits are reported in the first t
rows of Tabld’ ¥ and the best fit functions are plotted in Eig.
Since the two models are nested, to evaluate the paramdéter
which fit to adopt we can perform a likelihood-ratio test. §hi
gives a probability A(sii1 /Ltirz) = 3.8 %, which indicates, with
a marginal level of significance, that the fit with a fixed binar
fraction can be rejected and the parameters from the sedoni
can be adopted.

Our results are in agreement with previous estimates
the central cluster velocity and of the velocity dispersimm
Joergens (2006y{ = 14.7 km st ando. = 1.3 km s%).

5.2. Radial velocity gradient

To investigate the presence of a RV gradient in the stellpupo
lation, we fitted the RV distribution with the same functias-d
cussed in the previous section, but instead of considehing
mean cluster velocity, as a single free parameter, we assume
that the velocityw, = v + @ARA + BADEC, whereARA and
ADEC are the RA and DEC shifts of each star with respect
a fixed position calculated as the median of the star positio
andvq, @ andg are free parameters of the fit together with
which is assumed to be constant over the whole region. The
sult of this fit is reported in Tablel 4 (fit 3). The parametegs
and o are in agreement with the results found with the pre
vious fits and the components of the RV gradierdandpg are
consistent within two standard deviations with zero. Sitiee
function used for fit2 is the same as fit 3, when we fix the p
rametersy andp to zero, we can use the likelihood-ratio test ti
compare the model with and without a gradient. The prokgbili
P(Lmax(fit2)/Lmax(fit3))= 26%, so we conclude that there is nc
evidence of the presence of a RV gradient in the cluster.

5.3. Kinematical properties of the sub-clusters

Luhman (2007) suggested that Cha | is composed of two s

clusters with diferent star formation histories. To understand §
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Fig. 10. The three panels from the top to the bottom show the RV dis-
butions of the North, the South subclusters, and thesstimpersed in
e outer regions, respectively. The dashed blue line nthekselocity

these two populations havefiirent kinematical properties Weof 15 km s and the red line is the best-fit the distribution with the same
divided our sample in three groups: 1) one composed of 29 staodel used for the full sample.

located within the upper circle drawn in Hig.2 with a blueluss
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line, which approximately defines the boundary of the narthepre-stellar cores, if we assume that these represent theepro
part of the cloud; 2) one composed of 37 stars within the lowges of the cluster at its formation. Otherwise, accordimghe
circle, which defines the boundary of the southern cloudn®) osimulations, for a cluster which is initially sub-virial valould

composed of 25 stars located in the outer regions.. observe a level of mass segregation after 2 Myr, which we do no
The RV distributions of the three samples are shown in Figbserve in Cha l.
[1d and the results from the fits of the distributions are regubin To summarize, according to this analysis, Cha | formed in a

the last rows of Tablel4. The central RVs of the two clusters cdow-density environment with a virial ratie,i, > 0.5 and a high
centrated around the clouddfer by~ 1 km s at 2r level of level of subtructures. It has erased substructure due tardin
significance and on the basis of a Kolmogorov-Smirnov tesst thal interactions and will likely disperse in the GalactiddieA
probability that the two distributions are part of the sanop4 similar scenario has been proposed for the more evolved clus
ulation is<1%. The kinematical properties of the stars locatddr Gamma Velorum| (J&ies et al.l 2014 Mapelli et al. 2015;
in the outer regions are closer to what found for the northeSacco et al. 2015). It would be interesting to perform a direc
stars, suggesting that the majority of the outer stars lpglothe measurement of the virial ratio in Cha I. However, due to the
northern cluster. This is consistent with the hypothesigssted highly asymmetric structure of both the stellar and the gas-c
bylLuhman(2007), that the northern cluster started to faam e ponent of the cluster it is ficult to estimate the virial ratio with-
lier and, therefore, it is going through a more advancedestdg out any information about its structure along the line ohsig
its evolution|_ Lopez Marti et al. (2013) already tried todamat- This information will be provided by the astrometric migsio
ically separate the two subclusters using proper motiomgirfy Gaia for most of the optically visible stars.
no evidence of dferent velocities. They do not report any up- It is worth mentioning a few caveats concerning the compar-
per limit on the velocity separation between subclusters; is isons between the simulations performed by Parker| et al420
difficult to compare their data with our result. However, the prand our results: a) as proven by the large area of the parame-
cision of proper motions used for their work is lower than Rvier space covered by the simulations in each panels of Fig. 11
from the Gaia-ESO Survey. N-body simulations, especially of low-density clustens par-
tially degenerate namely, the same initial conditions neayllto
clusters with very dierent properties in th® vs. X pr andQ
6. Discussion vS. Ausr plots. In particular, the comparison between our results
, . . ) and models give strong constrains about the initial demditize
The main goal of this work is to study the physical processggster, but less stronger constrains about other crificaper-
leading to the formation and the dynamical evolution of $males, |ike the initial virial ratio. The analysis of otheryog star
star clusters. In the next sections, we will compare theesitral - ¢jysters similar to Cha | and the definition of new diagnastit
and dynamical properties of the stellar populationsin OR#H  the dynamical status of star clusters using also kinematia d
the properties of pre-stellar cores and with some numemical-  can help to overcome this limitation; b) N-body simulatiatts
els describing the early stages of the star cluster evolutio  notinclude the presence of gas, which in the case of Cha eis th
main component of the potential energy of the systems. The ef
fects of the gas in the evolution of star clusters is a veratkb
topic. Some authors (e.g., Kruijssen et al. 2012) suggasthie
Using N-body simulations, Parker et al. (2014) studied the e influence of the gas in the cluster dynamics is negligiblé,sbu
lution of the level of substructure and the mass segregationdirect comparison between simulations describing in aisens
young star clusters. In Fig. L1 we compare the results ofithe stent way the evolution of gas and stars is required to provide
ulations performed by Parker et al. (2014) for clusters Witth final answers to this issue.; ¢) the simulations discussehisn
(Nstars~ 1000 stars pc) and low (rars~ 100 stars pc') stellar paper assume that all the stars are coeval, while the agadsipre
density with the structural properties of Cha | derived irctSe Cha | is larger than its median age. The origin of the age sprea
[. The simulations dier for the initial virial ratio () and the inyoung clusters is not clear and is not reproduced by anlyeof t
initial fractal dimensiorD, which indicated the level of substruc-state-of-the-art simulations. More sophisticated sirtioes and
ture (D= 1.6 is a highly substructured cluster and=L8.0 is a precise and complete data are required to fully understaad t
roughly uniform sphere). The figure shows the initial coiotis  star formation history of clusters like Cha l.
of the simulated clusters £ 0 Myr) and their status after 2 Myr.
None of the simulated clusters with high stellar density r
produce the structural properties of Cha I, with the exosptif
the case of a supervirial cluster with no substructure. H@we As shown in Fig[ B, the most clear result of the kinematicalan
even in this case, the properties of the simulated clustetfsea ysis is the large discrepancy between the velocity dispersf
initial conditions are not consistent with the propertiéstee the stars ¢stas = 1.10 = 0.15 km s?) and that of pre-stellar
pre-stellar cores. This results is not surprising, sineestiellar cores ¢cores~ 0.3 km s1) derived from submillimeter observa-
density of the simulated clusters is much higher than the dibns of molecular transitions hy Tsitali etlal. (2015). Asted
served density in Cha | of both stars and pre-stellar cora$, an Tab.[4, the velocity dispersion of the stellar componergsd
further supports the hypothesis that Cha | did not form inglnhi not depend on the sample of stars used for the fit. In fact, the
density environment, in contrast to the hypothesis adwdibge two sub-clusters around the molecular cloud and the saniple o
Marks & Kroupa (20112). stars located in the outer region have similar velocity elisp
The properties of the low-density simulated clusters as#ons, which are in all cases much higher than the dispersion
much closer to the properties of Cha l. In particular, visiatl su- measured for the pre-stellar cores. A similar discreparey b
pervirial simulated clusters are consistent with the overap- tween the pre-stellar cores and the stars has been observed i
erties of the cluster after 2 Myr of dynamical evolution. fher- thep Oph star forming region, in the young cluster NGC 1333,
more, the simulations with a high level of substructure at t and in Orion. The velocity dispersion of the stellar comptne
0 Myr are consistent with the properties of embedded stais @n p Oph (stars = 1.14 + 0.35 km s?) was derived from the

6.1. Structural properties

%.2. Kinematical properties
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Fig. 11. Comparison between the observed structural propertieshafl@nd simulated clusters with highgp, = 1000 stars p&, top panels)

and low (nyys = 100 stars pc, bottom panels) initial stellar density frdm_Parker ét/aD14). The panels on the left and on the right show the
Q-parameter as function &f_pr (i.€., the ratio between the median superficial density efrtlost massive stars and the rest of the sample), and
Awsr (for the ten most massive stars), respectively. The sinamstdifer for the initial virial ratioa,;; and the initial level of substructure (B

1.6 is a highly substructured cluster ang=[3.0 is a roughly uniform sphere). Blue crosses and blackesmepresent the simulated clusters at the
initial conditions and after 2 Myr evolution, respective@reen and black dots represent the properties of Cha | éofulhsample of members
and only for the stars in the embedded region within the srstéllipse in Fig.16, respectively. The red lines trace@agarameter estimated for
the pre-stellar cores with errors.
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Gaia-ESO observations of the optically visible stars adoiive they form, or to two-body stellar dynamical interactionk fo
main cloud L1688 by Rigliaco et al. (2016), who suggestedl tha lowing the cluster formation. We will further investigated

the cluster is bound and in virial equilibrium, while the oel issue in a forthcoming paper (Mapelli et al. in prep.).

ity dispersion of the coresrtores ~ 0.4 km s1) was estimated 2. Analysing independently the RV distributions of the twbs

by |André et al. [(2007), who suggested that the cores are sub-clusters located around the two main molecular clouds, we
virial. The kinematical properties of both the cores anddaes found that the central RVs fier by ~ 1 km s*. This result

of NGC 1333 have been analysed|by Foster et al. (2015), who supports the evidence found by Luhman (2007) that Cha | is

also found that the stars are viriatgas = 0.92+ 0.12 km s?1),
while the coresdcores ~ 0.5 km s1) are sub-virial. They sug-

composed of two sub-clusters withfidirent star formation
histories and a scenario where young clusters do not form as

gested that the discrepancy between stars and cores carebe dumonolithic systems but from the merging of smaller subsys-

either to the magnetic field having a strong influence on thesco
andor to the global collapse of the cluster after the protoatell 3.

phase. A similar conclusion has been obtained by N-body sim-

ulations carried out by Parker & Wright (2016), who foundttha
clusters starting as subvirial undergo cool collapse, sodir
namical interaction among stars quickly inflate the disitiim.
However, for small low-density clusters Parker & Wright {20
found a lower velocity dispersion( ~ 0.5 km s') than ob-
served. This discrepancy could be associated to the lackof dgi.
in the N-body simulations, since the presence of a significan
amount of gas reduces the virial ratio and leads to the calap
clusters with higher velocity dispersion than in the casthouit
gasi(Leigh et al. 2014, Mapelli et al., in prep.). The morplg!
and the kinematic of gas, protostars and pre-main sequéarse s
has been studied in Orion A by Stutz & Gauld (2016). They pro-
pose that protostars are ejected from the filaments due toetag
ically induced transverse waves. This slingshot-like na@itm
is responsible of the velocity discrepancy between youarsst
and protostars still within the filaments. 5.
The second result of our kinematical analysis is the discrep
ancy ¢ 1 km s') between the central velocities of the two sub-
clusters located around the northern and southern clodds. T
is not surprising, since_Luhman (2007) suggested that Cha 18.
composed of two components withfldirent star formation his-
tories. Furthermore, recent studies show that multipleutmp
tions (e.g., Jries et all 2014; Sacco et al. 2015) and RV gradi-
ents (e.g., Tobin et al. 2015) are common in young clusteds an
star forming regions. According to the submillimeter olvser
tions, the mean velocities of the cores in the north and théhso
clusters also dier by~ 0.3 km s*. However, the discrepancy is

tems.

A new membership analysis based on three independent
spectroscopic criteria led to the confirmation of all thespre
ously known members, for which new astrophysical parame-
ters from the Gaia-ESO Survey are available, and to the dis-
covery of six new members in Cha | and one new member of
the e Cha association, which are all located in the outer part
of the cluster.

The level of substructure of the cluster measured usiag th
Q-parameter defined by Cartwright & Whitwarth (2004) de-
pends on the sample used for the calculation. If we consider
only the stars in the inner region the value®indicates that

the cluster is highly substructured, while if we take inte ac
count the full sample of members the spatial distribution of
the cluster is consistent with a random sample. It is notrclea
if this trend has a physical origin or if it is the result of abi
due to diferential extinction in the inner region of the cluster
or incomplete target selection in the outer region.

As observed in other low-mass young star clusters, Cha | is
not mass-segregated and its superficial density followg-a lo
normal distribution, with the exception of its high mass end
which follows a steeper trend.

The comparison between the observed structural preperti
of Cha | and the results of N-body simulations performed by
Parker et al. (2014) suggests that the cluster formed as/high
substructured, and virial or supervirial. However, dipene-

cies between the simulated clusters and Cha | (e.g., the lack
of gas in the simulated clusters) mayext this comparison.
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Table 1. Members of the cluster observed by the Gaia-ESO Survey

Cnhame RA DEC RY Tets ¥P EW(Li)) Hel0% Inst? memit§
(J2000)  (J2000) (km'3) (K) (mA)  (kms)
10550964-7730540 163.79017 -77.51500 16@90 - - 72523 128t5 G Y
10555973-7724399 163.99887 -77.41108 - 36300 - 1258 44417 U Y
10561638-7630530 164.06825 -76.51472 12561 - - - 2155 G Y
10563044-7711393 164.12683 -77.19425 15®27 4351505 0.9680.005 30&17 390:8 G Y
10563146-7618334 164.13108 -76.30928 15.40.54 331948 - 59711 1424 G N
10574219-7659356 164.42579 -76.99322 16026 3452183 0.8950.004 57%16 2726 G Y
10575376-7724495 164.47400 -77.41375 150.82 342688 0.85%0.013 63210 138:8 G N
10590108-7722407 164.75450 -77.37797 15®40 4135125 - 37519 3758 U Y
10590699-7701404 164.77912 -77.02789 1Z®@26 4981260 - 3931 440+9 G Y
11004022-7619280 165.16758 -76.32444 15(0.32 - - 584:18 2335 G Y
11011875-7627025 165.32812 -76.45069 12226 394@236 0.9050.004 58@21 175:11 G Y
11021927-7536576 165.58029 -75.61600 15(R90 - - 566-33 94+4 G Y
11022491-7733357 165.60379 -77.55992 14330 4519174 - 47112 3828 U Y
11023265-7729129 165.63604 -77.48692 123381 3612104 0.8850.008 61813 14810 G Y
11025504-7721508 165.72933 -77.36411 14®@%4 290@262 0.91290.013 17411 32210 G Y
11035144-7540335 165.96433 -75.67597 95485 - - 44F73 144+6 G N
11035682-7721329 165.98675 -77.35914 5332 344395 0.86%0.011 61625 135:2 G Y
11045100-7625240 166.21250 -76.42333 120.40 4571334 - 57617 175:7 U Y
11045285-7625514 166.22021 -76.43094 12026 403267 0.91%0.003 58318 120:3 G Y
11045701-7715569 166.23754 -77.26581 -6Z283 - - - 37248 G Y
11050752-7812063 166.28133 -78.20175 1528666 - - 39915 18187 G Y
11051467-7711290 166.31113 -77.19139 1ZM38 3433200 0.8920.010 52510 24113 G Y
11052272-7709290 166.34467 -77.15806 121587 - - - 1265 G Y
11052472-7626209 166.35300 -76.43914 15228 357673 0.881+0.007 56%17 1043 G Y
11054300-7726517 166.42917 -77.44769 12238 322398 0.944:0.007 5428 138+5 G Y
11055261-7618255 166.46921 -76.30708 152M65 4406740 - 60913 2029 G Y
11055780-7607489 166.49083 -76.13025 - - - - -
11060011-7507252 166.50046 -75.12367 12830 - - 504:17 1426 G Y
11062555-7633418 166.60646 -76.56161 1641161 - - - 30525 G Y
11064180-7635489 166.67417 -76.59692 14®61 327316 0.9280.016 33214 416:10 G Y
11064510-7727023 166.68792 -77.45064 14®40 4343147 - 40Kk51 503:38 U Y
11065733-7742106 166.73888 -77.70294 123328 343662 0.90%0.007 60620 155+7 G Y
11065906-7718535 166.74608 -77.31486 -6062439 - - - 4329 G Y
11070919-7723049 166.78829 -77.38469 - - - - -
11071148-7746394 166.79783 -77.77761 1Z2584 3709133 - 6438 288+7 G Y
11071206-7632232 166.80025 -76.53978 16Mm25 3982135 0.92%0.003 5789 523t10 G Y
11071330-7743498 166.80542 -77.73050 140186 - - 59@50 1195 G Y
11071622-7723068 166.81758 -77.38522 - - - - -
11071915-7603048 166.82979 -76.05133 1:0.28 3604114 0.8840.008 59532 37L8 G Y
11072022-7738111 166.83425 -77.63642 14@50 340@126 0.9230.011 49%&12 2945 G Y
11072040-7729403 166.83500 -77.49453 14®27 3296:64 0.9210.004 5944 115+5 G Y
11072825-7652119 166.86771 -76.86997 15027 3453132 0.9080.004 4764 3302 G Y
11073519-7734493 166.89663 -77.58036 14337 339420 0.89&:0.012 62@17 1104 G Y
11073832-7747168 166.90967 -77.78800 13@22 331614 0.9150.013 54220 1195 G Y
11074245-7733593 166.92687 -77.56647 121468 - - 50818 33210 G Y
11074366-7739411 166.93192 -77.66142 12M28 414@157 0.9620.005 36214 3517 G Y
11075225-7736569 166.96771 -77.61581 1308829 - - 56465 128t5 G Y
11075588-7727257 166.98283 -77.45714 1#(3a0 4752162 - 52414 116+22 U Y
11075792-7738449 166.99133 -77.64581 24280 - - 21821 612:12 G Y
11075809-7742413 166.99204 -77.71147 1231 3423116 0.90%0.012 19%34 50k10 G Y
11075993-7715317 166.99971 -77.25881 11%67 - - - 29@17 G Y
11080002-7717304 167.00008 -77.29178 12®7Z0 - - 574:18 1124 G Y
11080148-7742288 167.00617 -77.70800 18@®30 - - - - U Y
11080297-7738425 167.01237 -77.64514 1Z®S0 48131391 0.9550.009 3169 432+9 G Y
11081509-7733531 167.06287 -77.56475 14028 4798444 0.981%0.004 47934 384+2 G Y
11081648-7744371 167.06867 -77.74364 15(R26 340972 0.9140.005 58%4 114+3 G Y
11081703-7744118 167.07096 -77.73661 14®58 311466 0.93%0.014 55%20 112:4 G Y
11082237-7730277 167.09321 -77.50769 131783 - - 39318 4139 G Y
11082410-7741473 167.10042 -77.69647 120.80 - - 58444 1235 G Y
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Cname RA DEC RY Teit P EW(L) Hael0% Inst® memt§
(J2000)  (J2000) (kmd) (K) (mA)  (kms?)
11083905-7716042 167.16271 -77.26783 12007 4264303 0.9480.003 5643 474£10 G Y
11083952-7734166 167.16467 -77.57128 12084 - - 41416 318:8 G Y
11084069-7636078 167.16954 -76.60217 12M@Aa6 3874183 0.9180.003 6336 202+14 G Y
11084296-7743500 167.17900 -77.73056 - - - - -
11085090-7625135 167.21208 -76.42042 14084 325%75 0.9450.011 41323 3087 G Y
11085242-7519027 167.21842 -75.31742 1428 3558161 0.9280.004 5646 275:11 G N
11085367-7521359 167.22363 -75.35997 14097 3533280 0.9380.004 3234 376:0 G Y
11085422-7732115 167.22592 -77.53653 1301836 - - 56321 1124 G Y
11085464-7702129 167.22767 -77.03692 1529 4025275 0.9160.005 40947 466:20 G Y
11090512-7709580 167.27133 -77.16611 124083 - - 64444 238t82 G Y
11090915-7553477 167.28813 -75.89658 14m32 3614100 0.89%0.009 5588 120+3 G N
11091172-7729124 167.29883 -77.48678 14780 3905117 - 64617 1195 U Y
11091297-7729115 167.30404 -77.48653 12286 3763110 0.8940.004 6164 131+4 G Y
11091380-7628396 167.30750 -76.47767 14@95 329445 - 61424 28120 G Y
11091769-7627578 167.32371 -76.46606 15Ma0 454%171 - 55910 1334 U Y
11091812-7630292 167.32550 -76.50811 16086 390341 0.9780.016 51%37 3037 G Y
11092378-7623207 167.34908 -76.38908 - 30878 - 658 566+20 U Y
11092855-7633281 167.36896 -76.55781 - - - - -
11094006-7628392 167.41692 -76.47756 15206 3939219 0.90%0.005 6437 154+11 G Y
11094525-7740332 167.43854 -77.67589 128643 - - 41412 200:106 G Y
11094621-7634463 167.44254 -76.57953 14(R588 343%35 0.9020.015 32%14 3759 G Y
11095003-7636476 167.45846 -76.61322 12783 - - 14:5 - G Y
11095340-7634255 167.47250 -76.57375 -5360.03 - - 2698 584+12 G Y
11095407-7629253 167.47529 -76.49036 1:0.60 - - 41919 32k14 G Y
11095873-7737088 167.49471 -77.61911 -63%52001 3376113 - 2416 465+1 G Y
11100010-7634578 167.50042 -76.58272 25MAE0 4979191 - 236-8 554+11 G Y
11100369-7633291 167.51538 -76.55808 15182 389145 0.93&¢0.012 28&%11 440:12 G Y
11100469-7635452 167.51954 -76.59589 15®B26 4088227 0.946:0.003 4829 4379 G Y
11100704-7629377 167.52933 -76.49381 1440 4624-168 - 46412 448:9 U Y
11101141-7635292 167.54754 -76.59144 170.35 447174 0.9750.006 55%6 438:13 G Y
11101153-7733522 167.54804 -77.56450 12041 330246 0.9150.008 54924 122:4 G Y
11102852-7716596 167.61883 -77.28322 14@28 328471 0.9330.007 60620 10713 G Y
11103481-7722053 167.64504 -77.36814 141787 - - 57222 - G Y
11103801-7732399 167.65838 -77.54442 1236 4842377 - 3994 701+14 G Y
11104959-7717517 167.70663 -77.29769 -4352009 3324198 - 25219 498:10 G Y
11105076-7718032 167.71150 -77.30089 14@®38 333216 0.884:0.013 61%19 1195 G Y
11105333-7634319 167.72221 -76.57553 49@R97 3284171 - 644 425+9 G Y
11105597-7645325 167.73321 -76.75903 181022 - - 32%10 2548 G Y
11112260-7705538 167.84417 -77.09828 12@81 334266 0.923:0.008 5847 124+11 G Y
11113474-7636211 167.89475 -76.60586 14®@25 3943258 0.9050.002 6632 150+18 G Y
11113965-7620152 167.91521 -76.33756 160A.25 3468205 0.9490.002 22333 3097 G Y
11114632-7620092 167.94300 -76.33589 16(R&0 4614207 - 46110 3738 U Y
11115400-7619311 167.97500 -76.32531 15®A5 373880 0.90%0.002 65323 225+4 G Y
11120327-7637034 168.01362 -76.61761 12@85 324415 - 556109 1647 G Y
11120984-7634366 168.04100 -76.57683 15260 327551 0.962-0.005 4065 338t7 G Y
11122441-7637064 168.10171 -76.61844 120.89 4899326 - 4145 389+8 G Y
11124210-7658400 168.17542 -76.97778 15M26 4365235 0.9550.003 5024 180:7 G Y
11124268-7722230 168.17783 -77.37306 14080 519681 - 3807 - U Y
11124299-7637049 168.17912 -76.61803 142180 4706221 - 47%9 1076 U Y
11130450-7534369 168.26875 -75.57692 1%a.50 332150 0.9290.011 58331 2919 G N
11132446-7629227 168.35192 -76.48964 15227 337490 0.8720.006 6229 23310 G Y
11132737-7634165 168.36404 -76.57125 13@25 3775106 0.8740.002 55911 15116 G Y
11132971-7629012 168.37379 -76.48367 167 333267 0.913-0.006 6336 106£3 G Y
11133356-7635374 168.38983 -76.59372 16@63 329947 - 52267 25414 G Y
11141565-7627364 168.56521 -76.46011 16@22 3384124 - 5987 248+5 G Y
11142454-7733062 168.60225 -77.55172 161008 - - 342-29 396t15 G Y
11145031-7733390 168.70962 -77.56083 142125 3729100 0.88%0.003 6363 1374 G Y
11182024-7621576 169.58433 -76.36600 13@®20 4314127 - 53918 116:12 U Y
11213079-7633351 170.37829 -76.55975 14®@30 3632102 0.91@0.005 6285 147:16 G N
11242981-7554237 171.12421 -75.90658 11®60 330046 - 495:10 1635 G Y




A&A—Chal, Online Material p 18

Table 1. continued.

Cname RA DEC RY Teit P EW(L) Hael0% Inst® memt§
(J2000)  (J2000) (kmd) (K) (mA)  (kms?)
11291261-7546263 172.30254 -75.77397 1:a0 481896 - A47H12 1305 U Y

@
For spectra with a signal-to-noise ratio lower than threaigenot report any velocity.
® Empirical gravity indicator defined by Damiani ef al. (2014)
© Width at 10% of the peak of thedline.
@ The letters "G" and "U" indicate GIRAFFE and UVES, respeatijy
© The letters "Y" and "N" indicate the star is a known memberatr respectively
@ This star is likely a member of theCha association.
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Table 2. Known cluster members from the literature and new membaet tesstudy the structural properties of the cluster.

RA DEC Tetf Log(Lga/Lo) prov Mass
(J2000) (J2000) (K) Mo

161.65812 -77.60097 7200 0.95 L 1.64
163.15392 -74.67464 3161 -1.00 L 0.14
163.41575 -77.20939 3451 -1.49 L 0.30
163.79017 -77.51500 3198 -1.08 L 0.15
163.99887 -77.41108 3640 -0.36 G 0.37
163.99887 -77.41108 3640 -0.36 G 0.37
164.06825 -76.51472 3044 -1.51 L 0.09
164.12683 -77.19425 4350 0.06 G 0.85
164.42579 -76.99322 3451 -0.33 G 0.28
164.47400 -77.41375 3426 -0.94 G 0.28
164.52487 -77.19725 3091 -1.66 L 0.10
164.56987 -77.28806 5250 0.28 L 1.43
164.75450 -77.37797 4135 -0.04 G 0.68
164.77912 -77.02789 4980 0.66 G 1.71
165.16758 -76.32444 3306 -1.11 L 0.20
165.30708 -77.37742 3091 -1.60 L 0.10
165.32812 -76.45069 3940 -0.24 G 0.56
165.58029 -75.61600 3198 -1.21 L 0.15
165.60379 -77.55992 4519 0.22 G 1.01
165.60875 -75.04464 3161 -1.12 L 0.14
165.63604 -77.48692 3610 -0.73 G 0.40
165.67429 -77.40681 3125 -1.31 L 0.12
165.92442 -77.44778 3058 -1.44 L 0.10
165.94850 -77.33231 3125 -0.74 L 0.13
165.98675 -77.35914 3442 -0.56 G 0.29
166.01771 -76.65911 3234 -1.35 L 0.16
166.03787 -76.45536 4350 -0.02 L 0.88
166.09479 -77.30222 4060 -1.89 L -
166.17742 -77.69919 3270 -1.03 L 0.19
166.21250 -76.42333 4571 -0.26 G 1.01
166.22021 -76.43094 4031 -0.51 G 0.72
166.28133 -78.20175 3161 -1.11 L 0.14
166.31113 -77.19139 3433 -0.49 G 0.28
166.34467 -77.15806 3161 -1.46 L 0.13
166.35300 -76.43914 3576 -0.90 G 0.38
166.42917 -77.44769 3223 -0.93 G 0.17
166.46921 -76.30708 4405 -0.23 G 0.96
166.49083 -76.13022 13500 1.99 L 3.00
166.50042 -75.12367 3198 -1.33 L 0.14
166.56417 -77.36575 5770 1.20 L 2.53
166.60642 -76.56161 3091 -1.28 L 0.11
166.66437 -77.60144 3091 -2.13 L 0.10
166.67417 -76.59692 3273 -0.81 G 0.19
166.68108 -77.44286 3415 -0.38 L 0.26
166.68792 -77.45064 4343 0.12 G 0.83
166.73888 -77.70294 3435 -0.65 G 0.29
166.74608 -77.31486 3234 -0.96 L 0.17
166.74746 -75.51553 3091 -1.92 L 0.10
166.76667 -76.52917 3198 -1.24 L 0.14
166.79783 -77.77761 3708 -0.40 G 0.42
166.79921 -76.43058 3091 -1.74 L 0.10
166.80025 -76.53978 3979 -0.31 G 0.62
166.82979 -76.05133 3606 -0.53 G 0.38
166.83425 -77.63642 3399 0.28 G -
166.83500 -77.49453 3295 -0.88 G 0.20
166.83642 -77.63536 5860 1.08 L 2.20
166.85179 -77.73025 3024 -1.44 L 0.09
166.86771 -76.86997 3452 -0.56 G 0.29
166.89663 -77.58036 3397 -1.03 G 0.26




Table 2. continued.
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RA DEC Tetf Log(Lgo/Leo) pro® Mass
(J2000) (J2000) (K) Mo

166.90967 -77.78800 3316 -1.08 G 0.21
166.91000 -75.88108 3161 -1.47 L 0.13
166.92687 -77.56647 3091 -0.96 L 0.11
166.94208 -77.66914 3024 -1.43 L 0.09
166.94400 -76.25483 3024 -1.89 L 0.08
166.96771 -77.61581 3058 -1.15 L 0.10
166.99971 -77.25881 3024 -1.24 L 0.09
167.00617 -77.70800 3955 0.48 L -
167.01371 -77.65483 10010 1.85 L 2.70
167.06287 -77.56475 4798 0.83 G -
167.06867 -77.74364 3409 -0.65 G 0.27
167.07096 -77.73661 3113 -1.02 G 0.12
167.07900 -77.65472 3058 -1.26 L 0.10
167.08075 -77.53117 3161 -3.21 L -
167.09325 -77.50769 3125 -1.06 L 0.12
167.10042 -77.69647 3058 -1.09 L 0.10
167.11042 -77.26528 3024 -1.72 L 0.09
167.16467 -77.57128 3024 -1.24 L 0.09
167.21208 -76.42042 3250 -1.30 G 0.17
167.21842 -75.31742 3558 -0.41 G 0.34
167.22363 -75.35997 3538 -0.50 G 0.33
167.22587 -77.53653 3091 -1.18 L 0.11
167.22767 -77.03692 4024 -0.35 G 0.67
167.22904 -76.54472 3058 -1.46 L 0.10
167.27133 -77.16611 3161 -1.17 L 0.13
167.28813 -75.89658 3614 -0.90 G 0.41
167.29883 -77.48678 3905 -0.17 G 0.52
167.30125 -77.48667 3560 -0.48 L 0.34
167.30125 -77.48667 3415 -0.58 L 0.27
167.30404 -77.48653 3762 -0.69 G 0.51
167.30750 -76.47767 3294 -1.16 G 0.19
167.32371 -76.46606 4541 0.24 G 1.03
167.34908 -76.38908 3990 0.19 G -
167.37138 -76.98833 3091 -1.62 L 0.10
167.41692 -76.47756 3939 -0.15 G 0.54
167.43854 -77.67589 3024 -1.24 L 0.09
167.44254 -76.57953 3430 -0.52 G 0.28
167.45492 -77.52214 3058 -1.44 L 0.10
167.45846 -76.61322 10500 1.76 L 2.80
167.46925 -77.67633 3415 -2.54 L -
167.47887 -76.58614 3024 -2.85 L -
167.49471 -77.61911 3376 0.15 G -
167.51954 -76.59589 4087 -0.20 G 0.68
167.52933 -76.49381 4623 0.30 G 1.12
167.54804 -77.56450 3301 -0.88 G 0.21
167.61883 -77.28322 3286 -1.12 G 0.19
167.70663 -77.29769 3327 -0.22 G -
167.71150 -77.30089 3338 -0.88 G 0.23
167.72221 -76.57553 3287 -0.72 G 0.20
167.73321 -76.75903 3024 -0.89 L -
167.79513 -76.69928 3488 -2.52 L -
167.84417 -77.09828 3341 -0.98 G 0.23
167.89475 -76.60586 3942 -0.54 G 0.65
167.91521 -76.33756 3467 -0.23 G 0.28
167.94300 -76.33589 4617 0.47 G 1.10
167.97500 -76.32531 3738 -0.44 G 0.45
168.01362 -76.61761 3246 -1.11 G 0.17
168.01462 -77.43358 3161 -1.52 L 0.12
168.04100 -76.57683 3275 -0.64 G 0.20
168.10171 -76.61844 4898 0.42 G 1.49
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Table 2. continued.

RA DEC Tetf Log(Lgo/Leo) pro® Mass
(J2000) (J2000) (K) Mo

168.11550 -76.73953 5410 0.70 L 1.97
168.12883 -76.74003 3705 -0.41 L 0.42
168.17542 -76.97778 4364 -0.33 G 0.93
168.17783 -77.37306 5196 0.62 G 1.88
168.17912 -76.61803 4706 -0.08 G 1.13
168.20254 -76.78517 3270 -1.28 L 0.18
168.26875 -75.57692 3321 -1.10 G 0.21
168.33383 -77.01789 3451 -0.74 L 0.30
168.35192 -76.48964 3373 -1.05 G 0.25
168.36404 -76.57125 3775 -0.52 G 0.49
168.37379 -76.48367 3338 -0.97 G 0.23
168.38983 -76.59372 3299 -1.08 G 0.20
168.56521 -76.46011 3383 -0.73 G 0.26
168.60225 -77.55172 3270 -0.96 L 0.19
168.60879 -77.55117 3024 -1.38 L 0.09
168.62108 -76.42775 3161 -1.43 L 0.13
168.70962 -77.56083 3728 -0.49 G 0.45
168.84083 -77.40117 3161 -1.02 L 0.14
168.99279 -77.48461 3198 -1.24 L 0.14
169.01196 -76.41481 3955 -2.47 L -
169.40417 -77.07725 3778 -0.41 L 0.47
169.40800 -76.77203 3024 -1.89 L 0.08
169.46712 -76.49422 3198 -1.06 L 0.15
169.58154 -76.36703 3524 -0.82 L 0.34
169.58433 -76.36600 4317 -0.11 G 0.88
169.64079 -76.71781 3125 -1.01 L 0.12
169.64883 -79.59856 3161 -0.68 L -
169.92558 -76.39239 3125 -1.48 L 0.11
170.37829 -76.55975 3632 -0.65 G 0.40
171.04942 -76.51181 3125 -1.33 L 0.12
171.12421 -75.90658 3299 -0.70 G 0.21
173.34696 -76.36922 3198 -0.70 L 0.17
173.45525 -76.31108 3198 -1.24 L 0.14
175.20696 -74.99428 3024 -1.57 L 0.09
175.86121 -78.07928 3125 -1.02 L 0.12

Notes. @ The letters G and L indicate that the data used for derivimgstiellar mass are retrieved from the literature and the GESve,
respectively.
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