INAF

ISTITUTO NAZIOMNALE

2 ASTROFISICA

MATIRAL INSTITLITE
FOR ASTROFHYSICS

Publication Year 2016

Acceptance in OA 2020-09-11T13:25:59Z

Title The Gaia-ESO Survey: Dynamical analysis of the L1688 region in Ophiuchus

Authors RIGLIACO, ELISABETTA, Wilking, B., Meyer, M. R., Jeffries, R. D., Cottaar, M., FRASCA,

Antonio, Wright, N. J,, Bayo, A., Bonito, Rosaria, DAMIANI, Francesco, Jackson, R. J.,
Jiménez-Esteban, F., Kalari, V. M., Klutsch, A., Lanzafame, Alessandro Carmelo, SACCO,
GIUSEPPE GERMANO, Gilmore, G., Alfaro, E. J., BRAGAGLIA, Angela, Costado, M. T.,
FRANCIOSINI, Elena, Lardo, C., Monaco, L., MORBIDELLI, LORENZO, PRISINZANO,
Loredana, Sousa, S. G., ZAGGIA, Simone, RANDICH, Maria Sofia

Publisher's version (DOI) 10.1051/0004-6361/201527253

Handle http://hdl.handle.net/20.500.12386/27321

Journal ASTRONOMY & ASTROPHY SICS

Volume 588




A&A 588, A123 (2016)
DOI: 10.1051/0004-6361/201527253
© ESO 2016

A&stronomy
Astrophysics

The Gaia-ESO Survey:
Dynamical analysis of the L1688 region in Ophiuchus

E. Rigliacol, B. Wilkingz, M. R. Meyerl, R. D. Jeffries?, M. Cottaar', A. Frasca*, N. J. Wrights, A. Bayoﬁ,
R. Bonito”®, F. Damiani®, R. J. Jackson?, F. Jiménez-Esteban®!?, V. M. Kalari'!, A. Klutsch*, A. C. Lanzafame!2*,
G. Sacco’?, G. Gilmore'4, S. Randich'3, E. J. Alfaro!’, A. Bragagliam, M. T. Costado!’, E. Franciosini!3, C. Lardo!’,
L. Monaco'8, L. Morbidelli!3, L. Prisinzano®, S. G. Sousal!®, and S. Zaggia20

! Institute for Astronomy, Department of Physics, ETH Ziirich, Wolfgang-Pauli-Strasse 27, 8046 Ziirich, Switzerland

e-mail: elisabetta.rigliaco@phys.ethz.ch

2 Department of Physics and Astronomy, University of Missouri-St. Louis, 1 University Boulevard, St. Louis, MO 63121, USA

Staffordshire ST5 5BG, UK

Astrophysics Group, Research Institute for the Environment, Physical Sciences and Applied Mathematics, Keele University, Keele,

INAF-Osservatorio Astrofisico di Catania, via S. Sofia 78, 95123 Catania, Italy
Centre for Astrophysics Research, University of Hertfordshire, Hatfield AL10 9AB, UK

Dipartimento di Fisica e Chimica, Universitd di Palermo, Piazza del Parlamento 1, 90134 Palermo, Italy

4
5
¢ Instituto de Fisica y Astronomifa, Universidad de Valparaiso, 1111 Gran Bretana, Playa Ancha, Chile
7
8
9

INAF-Osservatorio Astronomico di Palermo, Piazza del Parlamento 1, 90134 Palermo, Italy
Centro de Astrobiologia (INTA-CSIC), Departamento de Astrofisica, PO Box 78, 28691 Villanueva de la Cafiada, Madrid, Spain
19 Suffolk University, Madrid Campus, C/ Valle de la Vifia 3, 28003 Madrid, Spain

" Armagh Observatory, College Hill, Armagh BT61 9DG, UK

12 Dipartimento di Fisica e Astronomia, Sezione Astrofisica, Universitd di Catania, via S. Sofia 78, 95123 Catania, Italy

13 INAF-Osservatorio Astrofisico di Arcetri, Largo E. Fermi, 5, 50125 Firenze, Italy

14 Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 OHA, UK

15 Instituto de Astrofisica de Andalucia-CSIC, Apdo. 3004, 18080 Granada, Spain

16 INAF-Osservatorio Astronomico di Bologna, via Ranzani 1, 40127 Bologna, Italy

17" Astrophysics Research Institute, Liverpool John Moores University, 146 Brownlow Hill, Liverpool L3 5RF, UK

18 Departamento de Ciencias Fisicas, Universidad Andres Bello, 220 Republica, Santiago, Chile

19 Tnstituto de Astrofisica e Ciéncias do Espaco, Universidade do Porto, CAUP, Rua das Estrelas, 4150-762 Porto, Portugal
20 INAF-Padova Observatory, Vicolo dell’Osservatorio 5, 35122 Padova, Italy

Received 26 August 2015 / Accepted 9 January 2016

ABSTRACT

The Gaia ESO Public Spectroscopic Survey (GES) is providing the astronomical community with high-precision measurements of
many stellar parameters including radial velocities (RVs) of stars belonging to several young clusters and star-forming regions. One of
the main goals of the young cluster observations is to study their dynamical evolution and provide insight into their future, revealing
whether they will eventually disperse to populate the field rather than evolve into bound open clusters. In this paper we report the
analysis of the dynamical state of L1688 in the p Ophiuchi molecular cloud using the dataset provided by the GES consortium. We
performed the membership selection of the more than 300 objects observed. Using the presence of the lithium absorption and the
location in the Hertzspung-Russell diagram, we identify 45 already known members and two new association members. We provide
accurate RVs for all 47 confirmed members. A dynamical analysis, after accounting for unresolved binaries and errors, shows that the
stellar surface population of L1688 has a velocity dispersion o ~ 1.14 +0.35 km s~! that is consistent with being in virial equilibrium
and is bound with a ~80% probability. We also find a velocity gradient in the stellar surface population of ~1.0 km s~ pc™' in the
northwest-southeast direction, which is consistent with that found for the pre-stellar dense cores, and we discuss the possibility of

sequential and triggered star formation in L1688.

Key words. stars: pre-main sequence — open clusters and associations: individual: L1688 — stars: kinematics and dynamics —

stars: formation

1. Introduction

The majority of stars form in groups or clusters inside molecu-
lar clouds. After 5-10 Myr, 90% of the embedded clusters do
not evolve to become bound open clusters, like the Pleiades,
but rather disperse into the field (Lada & Lada 2003). This hap-
pens because the cluster forms in an unbound state or becomes
unbound during a ~10 Myr timeframe from the dynamical

Article published by EDP Sciences

evolution of stars within the cluster (Clark et al. 2005; Carpenter
2000; Adams & Myers 2001; Lada & Lada 2003), because of the
expulsion of residual gas left over from star formation (e.g., Hills
1980; Lada et al. 1984; Goodwin & Bastian 2006), because of
the tidal heating from nearby giant molecular clouds (Elmegreen
& Elmegreen 2001; Kruijssen 2014), or because of the photoion-
izing radiation from O stars in massive clusters (Dale & Bonnell
2011; Walch et al. 2012; Dale et al. 2015). The fate of the cluster

A123, page 1 of 12


http://dx.doi.org/10.1051/0004-6361/201527253
http://www.aanda.org
http://www.edpsciences.org

A&A 588, A123 (2016)

also affects planet formation because of frequent stellar encoun-
ters in crowded regions (e.g., Adams & Laughlin 2001; Parker &
Quanz 2012), stellar multiplicity through dynamical interactions
and the orbital separation distribution of binary systems (Parker
& Meyer 2014), and mass segregation towards the cluster core
(Parker & Reggiani 2013). A detailed study of dynamical states
of clusters in a variety of environments is needed in order to
understand the evolution of stellar clusters and the relative im-
portance of these processes.

In recent years, a great deal of effort has been made to deter-
mine precise radial velocities (RVs) and studies of the dynamical
states of young clusters are gaining new momentum. In this pa-
per, we focus on results obtained with the Gaia-ESO large spec-
troscopic survey (GES), which is providing astronomers with
high-resolution optical spectra of stars in star-forming regions
and clusters, and in the halo, bulge, and thick and thin disk of the
Milky Way (Gilmore et al. 2012; Randich et al. 2013). The GES
data are acquired with the FLAMES multi-object spectrograph
mounted on the Very Large Telescope, with both the GIRAFFE
and UVES spectrographs. One of the main aims of the young
cluster observations is to study their kinematics and dynami-
cal evolution through the measurement of accurate radial veloci-
ties (Lanzafame et al. 2015). The high-quality of GIRAFFE and
UVES spectra also allows us to study their metallicities and ele-
mental abundances, rotational velocities, chromospheric activity,
and accretion rates (e.g., Spina et al. 2014; Frasca et al. 2015).
So far, the dynamical properties of several young clusters have
already been observed and analyzed. Using GES data, Jeffries
et al. (2014) analyzed y Velorum, a ~10-20 Myr old cluster.
They found two different kinematic populations: the first has an
intrinsic dispersion of 0.34 + 0.16 km s~ that is consistent with
virial equilibrium and the second has an intrinsic dispersion of
1.60 +0.37 km s~! that is composed of a scattered population of
unbound stars. Sacco et al. (in prep.) is studying the dynamics
of the ~2 Myr old Chamaeleon I star-forming region; they find a
velocity dispersion of ~1.02 + 0.14 km s~

Other radial velocity surveys are exploring this field. Foster
et al. (2015) have analyzed the dynamical state of the young
(1-2 Myr) cluster NGC 1333 using measurements of the RV
carried out with the APOGEE (Apache Point Observatory
Galactic Evolution Experiment) infrared spectrograph (Wilson
et al. 2012). They have found that the velocity dispersion of
~0.92 + 0.12 km s~! is consistent with the virial velocity of the
region and the diffuse gas velocity dispersion. Using APOGEE
data, Cottaar et al. (2015) have analyzed the dynamical state
of the 2-6 Myr old cluster IC 348. The velocity dispersion of
0.72 +0.07 km s~! implies a super-virial dynamical state. More
massive clusters such as Westerlund I, NGC 3603, and R136
have been studied by Cottaar et al. (2012), Rochau et al. (2010),
and Hénault-Brunet et al. (2012), respectively. Kinematic stud-
ies for the Orion Nebula Cluster (ONC) and NGC 2264 also ex-
ist (Furesz et al. 2006; Furesz et al. 2008; Tobin et al. 2015),
together with studies of Cyg OB2 (Wright et al. 2014; Parker
et al. 2014). The analysis of the dynamical states of several
clusters within their first Myr shows that they can be either
bound or unbound, depending on their properties such as the star
and gas density, star formation efficiency (SFE), and gas expul-
sion timescale (see, e.g., Baumgardt & Kroupa 2007). The role
and importance of different environmental conditions and phys-
ical processes in determining the dynamical state of the clus-
ter (bound or unbound) as a function of its age will be made
clearer at the end of the GES, when observations for ~30 young
(<100 Myr) clusters will be completed.
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In this paper we present an analysis of the dynamical state of
the L1688 star-forming region in the p Ophiuchi molecular cloud
complex. We refer to Wilking et al. (2008) for a complete review
of this well-known star-forming region. In summary, it is located
at ~135 pc (Mamajek 2008), has over 300 members, and has
a surface population median age between 2—5 Myr. The main
cloud is L1688 with its ~1 X 2 pc centrally concentrated core.
It has been the focus of numerous surveys in the near-infrared
(e.g., Greene & Young 1992; Cutri et al. 2003), mid- to far-
infrared (e.g., Bontemps et al. 2001; Evans et al. 2005), X-ray
(e.g., Gagné et al. 2004; Ozawa et al. 2005), and submillime-
ter/millimeter continuum (e.g., André & Montmerle 1994; Pattle
et al. 2015). Analysis of the proper motions in the cluster has
also been recently conducted (Wilking et al. 2015). Although it
is one of the closest regions of active star formation, optical sur-
veys of this region are not numerous because of the high visual
extinction in the cloud core (Ay ~ 50—100 mag, e.g., Wilking
& Lada 1983). The most complete extinction-limited optical
spectroscopic survey of young stellar objects (YSOs) in L1688
identified 135 candidate members (Wilking et al. 2005, here-
after WMROS5; Erickson et al. 2011, hereafter E11). However,
dynamical studies of this surface population have not been con-
ducted because of the lack of precise RV measurements. The
analysis of pre-stellar cores within L1688, conducted using the
N,H* molecule, has shown that they are either bound or virial-
ized (Pattle et al. 2015) with a subvirial velocity dispersion of
~0.4 km s~! (André et al. 2007).

We have conducted the GES observations in the direction of
L1688 to analyze the radial velocity distribution of the stellar
surface population, and to compare the latter to the pre-stellar
core velocity dispersion. In Sect. 2 we summarize the Gaia-ESO
observations in the direction of L1688 and the data reduction
and data analysis procedures. In Sect. 3 we describe the candi-
date member selection and in Sect. 4 we present the analysis of
the radial velocity measurements and discuss the dynamical state
of the star-forming region. We outline the main findings arising
from our analysis in Sect. 5.

2. Gaia-ESO survey: L1688

This work is based on the results of the analysis of the spectra ob-
served with GIRAFFE and UVES. The products were released
to the Gaia-ESO consortium as internal data release iDR2iDR3.
Moreover, the GES consortium re-analyzed archival data col-
lected from the ESO Archive which we add to our analysis.

2.1. Target selection and observations

The Gaia-ESO target selection in the direction of L1688 is
based on the photometric survey of Wilking et al. (1997, com-
plemented with unpublished data) and the location of the tar-
gets in the (R — I) vs. I color—magnitude diagram. The selec-
tion criteria for all the clusters analyzed within the GES are
summarized in Bragaglia et al. (in prep.). In L1688, the tar-
gets have been selected among the stars with the following
selection criteria: i) they have an estimated I-band magnitude
I < 17.5 mag for GIRAFFE targets and / < 14.0 mag for
UVES targets and ii) they are located within the L1688 star-
forming cloud in Ophiuchus (i.e., 16"30™ < RA < 16M24m,
—25°12" < Dec < —23°48’, Ridge et al. 2006).

The observations were performed with the FLAMES fiber-
fed spectrograph in Medusa feeding mode, allowing the simul-
taneous allocation of UVES high-resolution (R = 47 000) and
GIRAFFE intermediate resolution (R = 17000) fibers. The
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Table 1. Log of the FLAMES pointings in the direction of L1688.

Date RA Dec No. of fibers
Field centre (J2000) GIRAFFE/UVES/sky
2012-Jun-22  16:27:57.71 —24:03:18.0 29/2/21
2012-Jun-22  16:26:57.60 —24:05:48.0 28/3/24
2012-Jun-24  16:25:40.03 —23:58:27.4 32/1/25
2012-Jun-24  16:29:00.09 —-24:28:14.0 21/5/22
2012-Jun-25 16:25:18.07 —24:40:04.0 37/1/28
2012-Jun-25 16:25:55.93 -24:25:07.0 16/1/20
2012-Jun-25 16:29:11.49 —24:55:05.1 29/4/22
2012-Jun-25 16:25:40.43 —-24:57:25.9 36/4/30
2012-Aug-30  16:26:56.61 —24:53:13.2 15/4/15

Notes. The last column gives the number of fibers allocated in each
FLAMES field on GIRAFFE targets, UVES targets, and sky targets.

Medusa system allows for the allocation of 132 fibers per point-
ing with GIRAFFE, including the sky and 8 simultaneous UVES
fibers. The fiber allocation performed during the L1688 obser-
vations never reached more than a few tens of fibers assigned
owing to the crowded environment, the limitation of 11 arc-
sec of separation between allocated fibers to avoid fiber colli-
sions, and other instrumental limitations (e.g., guide star selec-
tion, Pasquini et al. 2002). The log of the observations, carried
out on the nights of 22, 24, and 25 June 2012 and 30 August
2012 is reported in Table 1, along with central position and
number of fibers allocated during each pointing on GIRAFFE,
UVES, or sky targets. Owing to the overlap between fields of
view we observed 30 objects twice. As shown in Fig. 1, nine
FLAMES pointings have been used to cover the region around
L1688, avoiding the central region of the cluster where the ex-
tinction is very high and the density of visible sources very low
(Ay = 50-100 mag, Wilking & Lada 1983). The GIRAFFE ob-
servations were performed using the HR15N setup covering the
wavelength range 6470—-6790 A, while the Red 580 setup (cen-
tered at 5800 A) was used to acquire UVES spectra. Altogether,
200 GIRAFEFE targets and 23 UVES targets were observed for a
total of 223 objects.

We include in our analysis data contained in the ESO
Archive for which FLAMES observations were available in the
same region. In total, 90 objects observed with GIRAFFE with
the same setup as the GES data have been re-reduced and re-
analyzed by the GES team (green squares in Fig. 1). These ob-
jects belong to the 075.C-0256 ESO program (PI Pallavicini) and
were observed in 2005.

Considering GES and archival data, we thus conduct our
analysis on a total sample of 313 objects.

2.2. Data reduction and analysis

A summary of the data reduction process is reported in Sacco
etal. (2014) and Lewis et al. (in prep.) for UVES and GIRAFFE
spectra, respectively. A summary of the GIRAFFE data reduc-
tion is also reported in Jeffries et al. (2014). The detailed proce-
dures adopted to retrieve the fundamental parameters (e.g., Tef,
log g, vsin i), as well as the raw measurements of observed quan-
tities (e.g., the equivalent widths of the Ha line at 6562.8 A and
the lithium line at 6707.8 A (W(Li))) for pre-main-sequence stars
have been reported in Lanzafame et al. (2015).

Throughout this manuscript we mainly use the recom-
mended derived parameters for W(Li), Teq, and radial velocity.
In the following sections, we briefly describe how each of these

—-24

DEC
—-24.5
T

0
oV =
\

247.5 246

RA

Fig. 1. Map of the nine FLAMES fields of view observed with GES in
the direction of L1688: blue open circles show the GIRAFFE targets,
red dots represent the UVES targets, and green filled squares represent
the GIRAFFE data collected from the ESO archive. Dotted lines outline
25 arcmin diameter fields of view. The orange star shows the median
location of the star positions and the orange dashed line represents the
northwest-southeast direction that is introduced in Sect. 4.3. The dashed
box marks the location of the dense molecular cloud containing the pre-
stellar cores.

parameters was determined by the GES consortium and refer to
specific papers for further details.

2.2.1. Lithium equivalent width

The GES employed three independent methods to measure
W(Li) in the GIRAFFE spectra: DAOSPEC (Stetson & Pancino
2008), direct profile integration using the SPLOT task within
IRAF!, and a semi-authomatic IDL? procedure developed for
the GES. The second and third methods were also employed to
measure W(Li) in the UVES spectra. The final recommended
W(Li) values (actual detection or upper limit) are the average
among the estimates derived by different methods after discard-
ing values that were inconsistent (those with a difference at a
20% level). We refer to Lanzafame et al. (2015) for a detailed ex-
planation of the measurements of the lithium equivalent width.
Out of 313 targets, the Gaia-ESO consortium recommended a
W(Li) value for 155 objects, an upper limit in this parameter
for 146 objects, and no recommended W(Li) for the remaining
12 objects.

2.2.2. Effective temperature T

The parameter T.; and other fundamental parameters such as
logg and vsini are derived for all the objects with a signal-to-
noise ratio (S/N) greater than 20. We again refer to Lanzafame
et al. (2015) for a detailed explanation of the method used to de-
rive Te. Among the 313 total objects analyzed by the GES team
in the direction of L1688, 265 have an estimate of the effective
temperature (244 GIRAFFE and 21 UVES targets). For the re-
maining 48 objects (46 GIRAFFE targets and 2 UVES targets),
T is not provided owing to the low S/N, and we discuss these
objects at the end of the next section.

! Image reduction and analysis facility.

2 Interactive data language.
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2.2.3. Radial velocities

Radial velocities for UVES targets were obtained following the
techniques detailed in Sacco et al. (2014), while for GIRAFFE
targets we refer to Jeffries et al. (2014), Jackson et al. (2015),
and Koposov et al. (in prep.). Briefly, a cross-correlation method
with a grid of synthetic spectra has been employed to give an ini-
tial estimate of the stellar radial velocity. Then a multiparameter
fit of each spectrum with a template produced the adopted radial
velocity value and corresponding uncertainty. The RV measure-
ments are provided for all 313 objects. In the following anal-
ysis we adopt the uncertainties on the RV measurements em-
pirically determined using the prescription provided by Jackson
et al. (2015), where they use the differences in RV measured
between repeated observations to determine the underlying dis-
tribution of measurement uncertainties. The RV determinations
have a mean precision <0.27 km s~!. We note that for this sam-
ple of objects, the uncertainties provided by the GES and the one
retrieved with this method are similar.

3. Membership selection

One of the aims of the Gaia-ESO survey is to provide the as-
tronomical community with reliable membership lists of stars in
open clusters. The selection criteria we adopted to reach this goal
imply that a large number of non-members are also observed. In
this section, we identify members among the objects analyzed by
GES in the direction of L1688, making use of both the spectro-
scopic information (equivalent widths of the lithium line) and the
position of the stars in the Hertzsprung-Russell (HR) diagram.

Absorption by photospheric lithium is a good proxy for
youth in late-type stars. In fact, lithium rapidly burns once the
base of the convection zone or the core temperature in fully
convective stars reach ~3 x 10% K. The timescale for signifi-
cant lithium depletion depends on the stellar mass (hence lumi-
nosity and temperature): M-type stars with lithium are younger
than 10—20 Myr, K-type stars reach the lithium burning temper-
atures after ~100 Myr, and G-type stars much later (~1 Gyr) (see
Soderblom 2010, for a review). The presence of Li excludes the
vast majority of main sequence K- and M-dwarfs, while contam-
ination by Li-rich field giants is still possible as only ~1-2% of
G/K giants might show photospheric lithium (e.g., Brown et al.
1989; Smith et al. 1995, among many others).

Figure 2 shows W(Li) as a function of the T compared with
the upper envelope of lithium depletion for the Pleiades (Stauffer
et al. 1998). The latter is meant to represent the lithium equiva-
lent width of stars as old as ~125 Myr spanning a similar range
of T.s to that of our sample. Among the 265 objects with an
estimate of Te and W(Li), 140 have a recommended value for
W(Li) while 125 have only an upper limit. The upper envelope
of lithium for the Pleiades marks the threshold for detecting can-
didate members. For stars with 7.5 < 4000 K, we set the thresh-
old to ~150 mA. Based on this criterion, we define 47 candidate
members.

These lithium-selected targets are then tested against their
location on the HR diagram. The purpose is to exclude both
lithium-rich field objects that exhibit photospheric lithium at
a level that matches our threshold and objects lying below
the zero age main sequence (ZAMS) that are likely more dis-
tant than L1688. We computed bolometric luminosities from
the I-band magnitudes, dereddening the observed magnitudes
using the R — I color excess and the Cohen et al. (2003)
reddening law. The intrinsic colors and bolometric correc-
tions were derived from Pecaut & Mamajek (2013). Following
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Fig. 2. Lithium equivalent width (W(Li)) versus T.q. Symbols as in
Fig. 1. The upper boundary of lithium depletion for the Pleiades is
shown as a dotted line, together with the threshold at 150 mA for stars
with T < 4000 K.

Wilking et al. (2005), the uncertainty on logL is estimated to be
0.12 dex owing to a combination of errors in R and I photome-
try, the distance, and the bolometric correction. Figure 3 shows
the resulting HR diagram for the 47 objects analyzed within the
GES. Among the 47 stars selected through the W(Li) thresholds,
one located above the 1 Myr old isochrone is likely a Li-rich
field giant and one lies well below the ZAMS. We therefore do
not consider these objects in the following, basing our analysis
on the remaining 45 objects, 28 and 5 observed with GIRAFFE
and UVES, respectively, as part of the Gaia-ESO survey, and
12 collected from the ESO/GIRAFFE archive . The stellar prop-
erties of these 45 candidate members are listed in Table 2.

Of these 45 objects, 43 were previously known mem-
bers from the literature (WMRO5 and E11), and two objects
(J16251469-2456069° and J16244941-2459388) are identified
here as new members.

Finally, we consider the objects for which the GES does not
provide all of the fundamental parameters (48 out of the 313 to-
tal), mainly due to low S/N (<20). Four of these objects were
previously proposed as candidate members by WMROS5. We list
these objects in Table 3 with the stellar parameters as derived by
WMRO5 and the radial velocity obtained by the GES. In the fol-
lowing analysis, we include the two objects with W(Li) matching
our lithium thresholds.

In summary, the membership analysis based on the W(Li)
thresholds and location on the HR diagram gives a total of
47 objects as candidate members of the L1688 region around
the p Ophiuchi molecular cloud in a mass range between
~0.2—1.7 M. Accurate RV values have been released by the
GES consortium for these objects.

3 This object was identified as X-ray source by Martin et al. (1998).
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Table 2. Gaia/ESO candidate members of L.1688.

CNAME RA (J2000) Dec (J2000) Ly, Mass Tog RV W(L) RV, Tracer
hh:mm:ss e Lo M, K kms™! mA
16244941-2459388" 16:24:49.41 -24:59:38.8 0.05 0.28 3398 -3.45 179.8
24) 0.40) (554

16245974-2456008 16:24:59.74  -24:56:00.8 0.13 027 3356 —-6.01 464.1 -5.18 12CO
71 029 (7.8

16251469-2456069"  16:25:14.69 -24:56:06.9 0.50 1.04 4303 -2.53 5963 -534 '2CO
(109)  (0.48) (40.3)

16252243-2402057 16:25:22.43  -24:02:05.7 1.08 129 4560 -7.54 5272 -7.37 Bco
(109)  (0.25) 4.0)

16252429-2415401 16:25:24.29 -24:15:40.1 0.04 0.16 3195 —4.61 789.8 -8.01 "3CO*
42)  (1.82) (94.0)

Notes. The numbers in parentheses represent the errors on the measured quantities.  Candidate binary system because of their measured RV.
™ New association members. ) The gas tracer is self absorbed.

Table 3. Confirmed members without stellar parameters recommended by GES.

CNAME RA Dec Ly Mass®  Tog” RV? W(Li)’ Source name*
hh:mm:ss ° Lo M, K km s~! mA
16253958-2426349  16:25:39.58 -24:26:34.9  0.18 0.31 3499  -9.27 (2.00) 457.1(20.0) WLY 2-3
16263416-2423282  16:26:34.16  —24:23:28.2 1580 5.00 18967 -2.37(2.71) Oph S1
16282480-2435434  16:28:24.80 —-24:35:43.4  0.03 0.14 2999 [WMR2005](3-39)
16284304-2422522  16:28:43.04 -24:22:52.2  0.06 0.15 3033 -0.01 (3.53) 757.6(20.0) [WMR2005](2-23)

Notes. The numbers in parentheses represent the errors on the measured quantities. ” Parameters from WMROS5 (the values for the luminosity
listed assumed a distance of 150 pc). * Parameters from GES. © Identification number as used by WMROS5 in their Table 4.

Ll ‘
3.6 3.4
log T

3.8 3.7

Fig. 3. HR diagram of the members selected as candidates because of
their lithium content. The evolutionary tracks for 0.2, 0.5, and 1.0 M,
from D’Antona & Mazzitelli (1997, 1998) are drawn as dashed lines.

Solid lines show the isochrones and the zero age main sequence, as
labeled.

4. Analysis and results
4.1. Radial velocity distribution of L1688

The observed distribution of the radial velocities is shown in
Fig. 4. All but one object has a RV in the range —20 < RV <
0 km s~!. The only star outside this range is likely a close binary
system, and it is not included in the following analysis.

We modeled the observed radial velocity distribution us-
ing a maximum likelihood technique, as developed by Cottaar
etal. (2012) and Cottaar & Hénault-Brunet (2014). In summary,

they assumed that the observed RVs (as shown in Fig. 4) were
drawn from an intrinsic distribution that is further broadened
by unresolved binary orbital motions at large separations and
by the uncertainty in the RV measurements. They assumed a
universal companion mass ratio and period distribution appro-
priate for FGK stars, which dominate our sample (Reggiani
& Meyer 2013; Raghavan et al. 2010, respectively). The un-
certainties in the parameters are computed by Markov chain
Monte Carlo (MCMC) simulations, as explained in Cottar et al.
(2012) and Cottaar et al. (2015). The resulting intrinsic dis-
tribution, shown as a blue profile in Fig. 4, is centered at
URVine = —7.03 £ 0.24 km s~! with a velocity dispersion of
ORV.inr = 1.14 £0.35 km s~!, and a corresponding binarity frac-
tion of ~0.56. We also performed the fit where we kept the frac-
tion of binaries fixed at 0.5. The mean velocity and dispersion of
the cluster obtained in this case (ury ingy = —7.00 £ 0.24 km s7L,
ORy,nr = 1.17 £0.33 km s~1) were consistent with the results
found when the binary fraction was left free to vary.

4.2. Stellar dynamics of L1688

The dynamical state of L1688 can be understood by comparing
our measurements of the RV dispersion (ory inir) With the veloc-
ity dispersion expected for a cluster in virial equilibrium (o)
with mass Mgy, and half-mass radius r,,. The value of oy is
obtained by assuming that the region is gravitationally bound,
with isotropic velocities and no mass segregation (Parker et al.
2012), and is defined by Binney & Tremaine (1987) as

2 Mdyn G

17 "'hm

)]

vir

The total dynamical mass of the p Ophiuchi molecular cloud
is dominated by the total gas mass which was estimated by
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Fig.4. RV histogram for the L1688 candidate members. The data are
binned to 0.27 km s~!, which corresponds to the median RV uncer-
tainty. The best fit model to the data accounting for unresolved binaries
(with binary fraction 0.56) and uncertainties in the radial velocity mea-
surements is shown as a blue dashed profile.

Loren (1989) from '*CO emission lines to be ~3050 M (as-
suming a distance of 135 pc). Over half of it is concentrated
around L1688. We estimated the dynamical mass Mgy, of L1688
by summing the '*CO integrated intensity contained within the
1.3 deg? area centered on L1688 (the dashed box in Fig. 1 of
E11). We computed Mgy, by converting the 13CO integrated in-
tensity to column density assuming Tex = 25 K and then to H,
column density assuming H,/'3CO ~ 4.0 x 10° (Pineda et al.
2008). The uncertainties on Mgy, are given by errors in the Bco
column density of 20— intervals, a 25% error in the Hy/ 13CO ra-
tio, and a distance uncertainty of +10 pc. Accounting for these
uncertainties and assuming a mean molecular mass ~2.33 X my,
Mayn =~ 1750 £ 600 My, inside the dashed box. We did not con-
sider the total mass of the stars in L1688 in our analysis. The
total mass of the 135 confirmed optically visible members ana-
lyzed by El1 is ~85 M. Consequently, the total mass in stars
is probably less than ~15% of the error in Mgy, and will be ne-
glected in our calculation.

The half mass radius r,, is approximated by fitting an ellipse
to the molecular gas distribution containing half of the mass of
the molecular gas. The projected mean half mass radius of the
ellipse is ~0.60 pc, with semi-major axis a ~ 0.81 pc and semi-
minor axis b ~ 0.44 pc. To account for the 3D structure of the
region and the errors on the projected r,,, we assumed an ellip-
soid with a dimension in the z-direction equal either to the semi-
minor axis or the semi-major axis of the projected ellipse. As a
result, we have estimated a mean radius of 74y, = 0.64 = 0.09 pc.

The parameter 7 is a numerical constant that depends on the
density profile of the region (Portegies Zwart et al. 2010). The
most widely used n-value for clusters (7 = 9.75) corresponds to
the analytical result for a stellar volume density represented by a

Plummer sphere (Plummer 1911). Here 7 = 6 X ryi/reg 4 and the
—-v/2

2
surface density profile is given by X(r) = Z (1 + (2) ) , with

a being a scale parameter and y the slope of the surface-density
profile (Elson et al. 1987). In order to investigate the dynamical

4 rer is defined as the projected half-light radius, see also Portegies
Zwart et al. (2010). ry;; is the virial radius defined as GM?/2|U|, with M
being the total mass of the cluster, and U the total potential energy.
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Fig.5. Black dashed histogram represents the distribution of the ve-
locity dispersions obtained from Eq. (1) for 10000 realizations, when
errors on Myy, and 7y, and the uncertainty on the 17 parameter are taken
into account. The corresponding distribution needed for the cluster to be
unbound is shown as a blue histogram. The distribution of the intrinsic
radial velocity dispersion for L1688 is shown as a red dashed profile.

state of L1688, we also considered the upper and lower limits
of the iy parameter. For y < 2 the Elson et al. (1987) profile has
infinite mass, requiring 7 > 6. The 7 upper limit for this profile
is obtained when y ~ 2.8 and corresponds to 7 ~ 11 (see Fig. 4
in Portegies Zwart et al. 2010).

Given the values of Mgy, mmm and 7 and their measure-
ment errors, we computed o and its associated error using
a Monte Carlo approach. We calculated o for 10000 real-
izations, where for every realization we added a normally dis-
tributed error to Mgy, and 7y, and considered a random value
for n7 between 6 and 11. The final value for o;; was given by
the mean and standard deviation of the 10000 realizations and
corresponded to ~1.50 + 0.57 km s~! (see Fig. 5). Using the
same approach we also constrained the radial velocity disper-
sion expected for the cluster if it were unbound (0yppound)- In
this case the kinetic energy had to be bigger than the gravita-
tional value, resulting in a velocity dispersion V2 larger than
expected in virial equilibrium. Running 10 000 realizations, we
found that the mean o ynpound Was ~2.13 +0.76 km s~!.

We then employed a Bayesian analysis to measure the prob-
ability that the cluster is unbound (or bound) to the remnant lo-
cal gas given the intrinsic radial velocity distribution. Figure 5
shows oy ine (red Gaussian profile) compared to the radial ve-
locity distribution oyi; and o yppound from the simulations, when
the cluster is consistent with being in virial equilibrium or un-
bound, respectively. We defined P(Ulintr) as the probability that
the cluster is unbound and P(B|intr) as the probability that the
cluster is bound given the observed intrinsic radial velocity dis-
tribution. The Bayesian evidence approach (e.g., Knuth et al.
2015) considers the Bayes factor (the odds ratio) given by

P(Ulintr) _ P(intr|lU)P(U)
P(Blintr) ~ P(intr|B)P(B)’

2
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Fig. 6. Spatial distribution of the stellar surface population as a function
of the radial velocity. The objects are divided in velocity bins. The black
line represents the PA ~ 160° direction of the gradient in the projected
radial velocities.

where P(U) and P(B) are the prior probabilities the cluster is un-
bound or bound. We define P(U) = 0.9 and P(B) = 0.1, given
that by an age of 5—-10 Myr 90% of the clusters are unbound (see
references in the introduction). The probabilities P(intr|U) and
P(intr|B) of observing the intrinsic RV distribution given that
the cluster is unbound or bound were derived from the probabil-
ity density function of the unbound Gaussian distribution using
the gauss_pdf.pro function in IDL. We found that the probabil-
ity that L1688 is currently unbound from the remnant local gas
given the intrinsic radial velocity distribution is 0.20, and hence
the probability for the cluster to be bound is 0.80. The priors
used here are quite conservative. Recently, Kuhn et al. 2015 sug-
gested that in star forming regions with 500—10 000 stars more
than half of clusters are bound before gas expulsion.

4.3. Stellar velocity gradient

To investigate further the dynamics of the L1688 cluster, we
checked for a gradient in the radial velocity of the stellar sur-
face population. A 3D representation of the stellar distribution
is shown in Fig. 6 where the z-dimension represents the ra-
dial velocity of the YSOs. In order to discover whether there
is a gradient, and because we do not know the distances of the
YSOs, we projected the stellar surface population onto the plane
of the sky. We first divided the plane of the sky into two sec-
tions centered on the median location of the YSOs’ positions
(RA = 16:27:06.48 Dec = —24:22:40.8) and along a position
angle (PA) = 0° (north-south). We then rotated the PA counter-
clockwise, from 0° to 180° in steps of ~9° (0.16 radians), cor-
responding to the minimum angle over which at least one object
was included in or removed from the following/previous sec-
tion. For every angle we measured the difference between the
mean intrinsic radial velocity of the two sections (Augry). For
PA ~ 160°, Aury = MRV section] — MRV section2 ~ 0+0.6 kms™!
meaning that along this direction the objects in the two different
sections are moving on average with the same radial velocities.
We found that there is a gradient of increasing radial velocities
of the members along this PA moving from the northwest to the

5

: MRV,intr(binS)
—7.72+0.32 km/s

: MRv,inLr(binz)
{ —6.92+0.39 km/s i

[ HRv,imr(binU
[ —5.60+0.60 km/s

—15

projected distance along the P.A.

Fig.7. Confirmed members as a function of the projected direction
along the PA ~ 160°. The blue solid line represents the least squares
fitting of the data. The red dashed line and gray shaded area are the
mean of over 500 realizations where the data have been randomly dis-
tributed and the 30~ confidence level, respectively. The vertical dotted
lines divide the three bins we selected along the rotation angle. The
mean radial velocity for each bin is indicated.

southeast (identified by the black line in the 3D representation
in Fig. 6 and by the orange line in Fig. 1). To test whether this
gradient is real, we randomly assigned the RV of each object
to another object in another position, and repeated this opera-
tion 500 times. Each time we measured the correlation between
the RV and the projected distance (the gradient in RV). Figure 7
shows the mean (red line) and standard deviation (gray area) of
the 500 realizations. We concluded from this test at a 30~ con-
fidence level that the observed trend between RV and projected
distance (blue line in Fig. 7) is caused by a physical gradient. To
explore this gradient further, we divided the confirmed members
into three bins along the rotation axis containing about the same
number of objects (see Fig. 7). The intrinsic mean RV in each
bin displays the same behavior, and increases as we move from
the northwest to the southeast along the rotation axis, with a gra-
dient in RV of ~1.1 km s~! bin~!. Since the area under consid-
eration is ~1.4 deg? in total, we find that the projected velocity
gradient is ~0.4 km s~! deg™!, or ~1.0 km s~! pc! at a distance
of 135 pc.

A overall gradient across the cloud has also been found in
the past for dense gas tracers (N;H* and DCO*, André et al.
2007; Pattle et al. 2015; Loren et al. 1990) and low-density gas
tracers (1*CO, Loren 1988; Nutter et al. 2006). In particular, for
L1688 as traced by NoH* (red box in Fig. 1), André et al. (2007)
found a gradient of ~1.1 km s~ pc™! in the northwest to south-
east direction, with a PA ~ 120°. This PA is consistent with the
value found in this work through the radial velocity of the stellar
surface population.

In general, a gradient in the velocity of the members has been
attributed to sequential and triggered star formation. Preibisch &
Zinnecker (1999) suggested a picture in which the massive stars
in Upper Centaurus-Lupus triggered the star formation in Upper
Scorpius in the same way as Upper Scorpius was triggering star
formation in the p Ophiuchi cloud complex. New age determina-
tions of the low-mass members of the Upper Sco OB Association
(Herczeg & Hillenbrand 2015) estimate an age of ~4 Myr. If
the age of Upper Sco is 4 Myr, then there would have been
enough time for a supernova event from a massive star formed
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at about the same age as the lower mass members to trigger the
star formation in L.1688. Such an event ~3 Myr ago would rule
out the scenario proposed by Hoogerwerf et al. (2001) involv-
ing the runaway star ¢ Oph in which the supernova explosion
occurred only 1 Myr ago. Alternatively, given the similarity in
ages between the YSOs in this study and Upper Sco, a common
triggering event from massive stars in Upper Centaurus-Lupus is
also plausible. Taking into account the ~1.0 km s~! pc™! (1D de-
celeration) gradient in velocity, the shock wave produced by the
supernova event could have had time to trigger the star formation
in L1688 and then initiated the formation of 2—3 Myr old stars.
This scenario should be further investigated with detailed mod-
els in which the initial gas in L1688 is shocked and compressed
to initiate the strong star formation activity.

The observed gradient in the mean radial velocity might
also be attributed to the rotation of the cloud around the
cluster center, with the southeastern side moving away from
the observer and the northwestern end moving toward us.
We associated the velocity of the rotation (v.) as the pro-
jected gradient velocity found previously in this section, in
km s~! arcmin~!. Considering this as a solid-body rotation,
we defined pRrv de—projectea @S the radial velocity of each star
around the cluster center when the rotation is taken into
account,

MRV de—projected = Urot I cos(f — ) + MRV intr» 3)

where r and 6 are the polar coordinates of each star and « is the
angle of the velocity gradient. The values for ury de—projected Were
within the errors of gy in and the slope of the trend shown in
Fig. 7 is not affected. We then conclude that the trend of increas-
ing radial velocities along the PA ~ 160° from the northwest to
the southeast is a real gradient.

4.4. Stellar, dense-cores, and diffuse-gas velocity
dispersions

The molecular gas in the cloud is accurately traced by '>CO and
13CO emission lines. Using the COMPLETE survey (Ridge et al.
2006), we determined the velocity of the local gas at each stellar
position, as reported in Table 2. We have found that there is no
correlation between the stellar radial velocity and the diffuse gas
velocity, as also found by Foster et al. (2015) for NGC 1333.

We also compared the stellar radial velocity dispersion with
the velocity dispersion of the dense cores’. Based on NoH*(1-0)
observations, André et al. (2007) analyzed the kinematics of
starless condensations® in L1688, finding that they are gravita-
tionally bound and pre-stellar in nature. Their data showed that
very dense pre-stellar cores exhibit a subvirial velocity disper-
sion (~0.4 km s~!) relative to the mean of the ensemble. A sim-
ilar relationship between the velocity dispersion of the YSOs
and dense cores has been observed in other star-forming regions
(e.g., Myers 1983; Goodman et al. 1998; Caselli et al. 2002;
Tafalla et al. 2004; Kirk et al. 2007; André et al. 2007; Lada
et al. 2008; Foster et al. 2015; Sacco et al., in prep.).

The inconsistency between subvirial pre-stellar cores and
virial or supervirial stars has been investigated in recent years.
One of the current ideas is that dense cores form in velocity-
coherent filamentary clouds formed from converging turbulent

> We emphasize that we always consider 1D velocity dispersions.

6 Starless cores are concentrations of molecular gas and dust without
embedded stars. They can either evolve into pre-stellar cores (denser,
self-gravitating, and more centrally concentrated) or they will eventu-
ally disperse and never form stars.
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flows (e.g., Elmegreen 2007; Gong & Ostriker 2011). It has
been proposed that the higher velocity dispersion of the YSOs
could arise owing to magnetic fields constraining the dense cores
(Foster et al. 2015), or the global collapse of the cluster that
would convert gravitational potential energy into kinetic energy
and thereby increase the probability of stellar encounters (André
et al. 2007; Foster et al. 2015). While it is not clear that mag-
netic fields have sufficient strength in L1688 to affect core dy-
namics (e.g., Troland et al. 1996), it is plausible that a global
collapse is occurring, perhaps the result of an external trigger as
discussed in Sect. 4.3 (see also André et al. 2007). Alternatively,
if dense cores fragment and form multiple stars (e.g., Guszejnov
& Hopkins 2015) then the shorter crossing time for a typical
core (10° years) could enable 2—3 Myr old YSOs to experience
multiple stellar encounters that would pump up their velocity
dispersion. This last scenario would, however, be more valid if
the spatial distribution of YSOs and dense cores were co-spatial,
as in NGC 1333 (Foster et al. 2015). A similar interpretation
was previously proposed by Bate et al. (2003), who suggested
that a difference between the velocity dispersions of dense cores
and stars might be due to dynamical interactions between young
stars that will disperse (or eject) them in random directions from
the core where they formed. In particular, Bate et al. (2003) an-
alyzed the collapse of a 50 M, turbulent molecular cloud with
a free-fall time (tg) of 1.90 x 103 yr. After an initial period of
chaotic interactions and ejections (~1.40 fg), the velocity dis-
persion settled to a 1D value of ~1.2 km s~!, roughly a factor of
three greater than the initial velocity dispersion of the gas. They
also compared their simulation with dense cores in L1688, find-
ing that it produces dense cores comparable to those in L1688.
Later, Bate (2009) also investigated the kinematic structure of
the gas of a collapsing cloud with a steeper spectrum for the
initial turbulent velocity field, finding a slightly bigger velocity
dispersion (~1.7 km s~!), but indistinguishable statistical prop-
erties of the formed stars. Their result suggests that the evo-
lution of the stellar population is mainly due to the effects of
competitive accretion and dynamical interaction and ejection,
and is almost non-dependent on the initial kinematic structure of
the gas.

We have estimated the crossing and relaxation timescales
for the stellar surface population observed with GES. Given
the intrinsic velocity dispersion of ~1.14 km s~! we have
found that the crossing time iS fcrossstars = Reluster/T1D =
0.9 x 10° yr. The relaxation timescale is defined as frejax stars =
Leross stars XN/ (8 In(N/2)), where N is the number of stars (Binney
& Tremaine 1987). The relaxation time is estimated to be
frelax stars = 3-1 X 100 yr, where N = 110. The ratio between the
crossing time and the age of the cluster (#.0ss/age) can be used
to separate bound clusters from unbound associations (Gieles &
Portegies Zwart 2011). For L1688, f.oss/age < 1 suggesting the
cluster is gravitationally bound, although through the binding
mass of the molecular gas.

Finally, we have investigated the impact of drastic gas ex-
pulsion in L1688. Several theoretical investigations have been
made in the past years showing that if the gas is lost instan-
taneously and the SFE is below ~35%, then the entire cluster
should be disrupted with all the stars leaving the cluster’s poten-
tial well and dispersing into the field (e.g., Hills 1980; Lada et al.
1984; Kroupa et al. 1999; Bastian & Goodwin 2006; Baumgardt
& Kroupa 2007; Dale et al. 2015, among many others). We
made the same calculation for L1688, assuming a SFE ~ 10%
(Jorgensen et al. 2008). An instantaneous drastic removal of gas
will leave the stars in a supervirial state, causing them to expand
and disperse into the Galactic field.
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5. Summary

We have carried out a spectroscopic study of the dynamical prop-
erties of the L1688 star forming region in the p Ophiuchi cloud
complex using the dataset provided by the Gaia-ESO survey.
The main findings of this work can be summarized as follows:

— Membership selection of the L1688 cloud has been made
based on the presence of the lithium absorption line in the
spectra and by the location of the stars in the HR diagram. A
total of 47 objects were identified, with 45 already known
as members (WMROS5 and E11) and 2 as new candidate
members. Given the high extinction of the central region of
L1688, the observed members can be considered representa-
tive of an older surface population of the young cluster.

— The radial velocity distribution of the YSOs is represented
well by a single Gaussian. An intrinsic radial velocity dis-
persion of ORyiner = 1.14 = 0.35 km s~ is obtained after
accounting for undetected binaries and errors in the RV mea-
surements.

— The velocity dispersion of the L1688 cluster is consistent
with virial equilibrium, and the cluster is currently bound
to the remnant gas with a ~80% confidence level.

— A gradient in the radial velocities of the stellar population
of ~1.0 km s~ pc™! has been identified along a northwest-
southeast direction. This gradient may be related to the trig-
gering of star formation by a supernova explosion in the Sco-
Cen OB association. We exclude the possibility that the ob-
served gradient is due to cloud rotation.

— We compared the stellar radial velocities to the velocity of
the molecular gas in the cluster, traced by '>CO and '*CO
emission lines, and with the velocity dispersion of the dense
cores. Pre-stellar dense cores exhibit a subvirial velocity dis-
persion that is a factor of three smaller than the stellar veloc-
ity dispersion. Despite the wealth of information obtained
through accurate radial velocity measurements in L1688, the
reason why dense gas cores have lower velocity dispersions
than the YSO surface population is still not totally under-
stood; however, a likely explanation is the dynamical inter-
actions between YSOs as proposed by Bate et al. (2003).

By the end of the Gaia-ESO survey, when observations for about
30 young clusters will be completed, a comparison between stel-
lar clusters with precise information on the stellar radial veloc-
ities and the velocity dispersions of dense pre-stellar cores can
be made. The goals of this comparison are to gain a broader
understanding of the fraction of star clusters that remain bound
after gas dispersal rather than dissolving into the field, and how
cluster properties (such as density, mass segregation, and mass)
might affect their future behavior.
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Appendix A: Additional table

Table A.1. Gaia/ESO candidate members of L1688.

CNAME RA (12000) Dec (J2000) Ly, Mass Ty RV W(L) RV, Tracer
hh:mm:ss ° Lo M, K km s~! mA

16244941-2459388"  16:24:49.41  —24:59:38.8 0.05 028 3398 -345 179.8 - -
4)  (040) (55.4)
16245974-2456008  16:24:59.74 —24:56:00.8 0.13 027 3356 -6.01 4641 -5.18 2CO
(71)  (029) (7.8
16251469-2456069"  16:25:14.69 —24:56:06.9 0.50 1.04 4303 -2.53 5963 -534 12CO
(109)  (0.48) (40.3)
16252243-2402057  16:25:22.43  —24:02:05.7 1.08 129 4560 -7.54 5272 -737 1CO
(109)  (0.25)  (4.0)
16252429-2415401  16:25:24.29 —24:15:40.1 0.04 0.16 3195 -461 7898 -8.01 13CO*
42)  (1.82) (94.0)
16254767-2437394  16:25:47.67 —24:37:39.4 0.12 032 3473  -6.02 6247 -736 2CO
(52)  (029) (8.1
16255893-2452483  16:25:58.93 —24:52:483 0.09 023 3298 -639 6182 -646 2CO
48)  (0.54) (14.6)
16255965-2421223  16:25:59.65 —24:21:22.3 023 027 3299 -690 533.1 -7.80 '2CO
(52) (031  (5.2)
16260544-2355408  16:26:05.44 -23:55:40.8 0.14 026 3313 -7.71 6328 -7.03 '2CO
@7 (027) (25.0)
16261706-2420216  16:26:17.06 —24:20:21.6 074 1.19 4576 -641 5059 —-6.60 '2CO
(166)  (0.35)  (24.6)
16261877-2407190  16:26:18.77 —24:07:19.0 031 037 3518 —-10.66 598.5 —6.67 13CO
(57)  (0.19)  (25.1)
16262407-2416134  16:26:24.07 -24:16:13.4 1.18 130 4504 —6.15 4296 -6.87 2CO
(244)  (0.35) (18.6)
16263297-2400168  16:26:32.97 —24:00:16.8 0.07 023 3328 -751 5245 -686 '2CO
68)  (0.36) (27.4)
16264310-2411095  16:26:43.10  —24:11:09.5 029 0.68 3932 -877 491.1 -6.62 '2CO
(78)  (026) (4.1
16264429-2443141  16:26:44.29 —24:43:14.1 0.16 032 3444 -877 6540 -6.70 13CO
(37 (044) (6.8
16264441-2447138  16:26:44.41 -24:47:13.8 0.09 026 3355 -697 6104 -652 12CO
@45 (025 (4.9
16264705-2444298  16:26:47.05 —24:44:29.8 0.12 029 3402 -7.02 5997 -6.66 13CO
(14)  (029) (8.9
16264864-2356341°  16:26:48.64 —23:56:34.1 047 0.79 4053 -78.57 511.6 -685 '2CO
(790 (026) (3.3)
16265048-2413522  16:26:50.48 —24:13:52.2  0.09 029 3424 -7.63 618.1 -6.61 1BCO
(30)  (0.76)  (24.9)
16265850-2445368  16:26:58.50 —24:45:36.8 3.01 172 5128 -8.19 38388 -672 13CO
86)  (0.33) (2.7
16270405-2409318  16:27:04.05 -24:09:31.8 0.19 0.3 3797 -898 517.8 -6.83 1CO
(114)  (028) (111
16270451-2442596  16:27:04.51 —24:42:59.6 033 090 4301 -6.99 5643 -6.65 1CO
(130)  (027) (12.7)
16270456-2442140  16:27:04.56  —24:42:14.0 023 060 3866 -697 5375 -6.53 1BCO
(25  (030) (9.2)
16270659-2441488  16:27:06.59 —24:41:48.8 0.03 008 3038 -636 5049 -6.58 13CO
(107)  (0.45) (30.5)
16271513-2451388  16:27:15.13  —24:51:38.8 0.17 042 3648 -6.19 6128 —-641 2CO
(118)  (0.75)  (30.4)
16271836-2454537  16:27:18.36  —24:54:53.7 0.08 030 3456 -7.97 4343 -643 2CO
(73)  (026) (13.4)
16272297-2448071  16:27:22.97 -24:48:07.1 023 031 3411 -5.18 5478 -6.56 '2CO
(83)  (024) (4.8)
16273311-2441152  16:27:33.11  —24:41:15.2  2.03 1.57 4923 -436 4396 -6.80 1CO
(134)  (0.92) (14.8)
16273526-2438334  16:27:35.26  —24:38:33.4 021 028 3335 -542 6051 -6.80 !3CO*
G (039 (12.1)

Notes. The numbers in parentheses indicate the errors on the measured quantities. ’ Candidate binary system because of their measured RV.
™ New association members. ) The gas tracer is self absorbed.
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CNAME RA (J2000) Dec (J2000) Lyy Mass Ty RV W(L) RVg, Tracer
hh:mm:ss e Lo M, K km s™! mA
16273797-2357238  16:27:37.97 -23:57:23.8 0.16 038 3568 -6.78 653.6 —6.55 2co
67) (075 (14.4)
16273832-2357324  16:27:38.32 -23:57:324 1.17 130 4535 -7.63 546.1 —6.55 2co
(187)  (0.16) (32.7)
16273833-2404013  16:27:38.33  -24:04:01.3  0.67 1.09 4363 -6.97 551.6 —6.54 2co
(133)  (0.27) (6.4)
16273901-2358187  16:27:39.01 -23:58:18.7 0.91 1.24 4517 -7.06 471.0 -6.67 2CO
(184) (0.39) (28.3)
16274187-2404272  16:27:41.87 -24:04:27.2 0.26 039 3567 -7.73 520.2 -6.85 2co
(56)  (022) (18.7)
16275996-2448193  16:27:59.96  -24:48:19.3 0.22 0.25 3250 -1.93 6164 -6.62 2CO*
(61) 0.61) (29.6)
16280011-2453427  16:28:00.11  -24:53:42.7 0.23 027 3307 -6.49 578.0 —-6.23 2co
(64) 0.25) (17.6)
16280080-2400517  16:28:00.80  —24:00:51.7 0.12 030 3435 -6.56 687.2 —6.55 B3co
30) 0.59) (10.2)
16281099-2406177  16:28:10.99 -24:06:17.7 0.13  0.27 3350 -7.87 600.1 —-6.46 3co
(18) 0.52) (14.0)
16281673-2405142  16:28:16.73 -24:05:14.2 0.84 120 4563 -9.79 5289 -6.53 Bco
(103)  (0.29)  (6.9)
16281922-2457340  16:28:19.22  -24:57:34.0 0.14 035 3523 -5.01 646.3 - -
@47 (024) (135
16282151-2421549  16:28:21.51 -24:21:549 0.11 036 3563 -9.09 583.3 —-6.44 13CO*
(26) 0.38) (16.7)
16282333-2422405 16:28:23.33  —24:22:40.5 038 092 4510 -1049 463.1 -645 13CO*
(151) (041 9.6)
16282430-2409316  16:28:24.30 -24:09:31.6  0.23  0.55 3806 -7.27 619.8 —6.58 B3co
(22) 0.32) (329
16290288-2427494  16:29:02.88 —-24:27:494 0.10 0.19 3178 -5.28 525.1 -6.17 B3co
41) (1.38) (17.3)
16290392-2451414  16:29:03.92 -24:51:41.4 0.07 0.21 3274 -6.15 576.1 -6.22 3CO
48)  (077) (14.8)

A123, page 12 of 12



