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ABSTRACT

Aims. We investigate the mass function in the substellar domaindo a few Jupiter masses in the youn@rionis open cluster (82 Ma, d

= 360" pc).

Methods. We have performed a deéjp-band search, covering an area of 790 arénoiose to the cluster centre. This survey was complemented
with an infrared follow-up in théd K- and Spitzer 3.6—8 m-bands. Using colour-magnitude diagrams, we have seld&eandidate cluster
members in the magnitude interval 16.1 mady) < 23.0 mag.

Results. Accounting for flux excesses at &t and previously known spectral features of youth, 30 objact bona fide cluster members.
Four are first identified from our optical-near infrared dd#even have most probable masses below the deuteriumniguliniit and are
classified as planetary-mass object candidates. The sfoipe gubstellar mass spectrutiN/AM ~ aM~®) in the mass interval 0.1,
<M < 0.006M, is @ = +0.6 = 0.2. Any opacity mass-limit, if these objects form via fragrtegion, may lie below 0.0081,. The frequency
of o~ Orionis brown dwarfs with circumsubstellar discs is4B %.

Conclusions. The continuity in the mass function and in the frequency setslisuggests that very low-mass stars and substellar eogeen
below the deuterium-burning mass limit, may share the sammedtion mechanism.

Key words. stars: low mass, brown dwarfs — open clusters and assawatiwividual:o- Orionis — planetary systems: protoplanetary discs

1. Introduction Roche 2000; Najita, Tiede & Carr 2000). They are sometimes
. . o . _ called isolated planetary-mass objects (IPMOs) tiedenti-

The increasing sensitivity of photometric searches in PUBte them from recently discovered PMOs orbiting stars and
open clusters and star-forming regions (1-10 Ma) has leieto brown dwarfs (Chauvin et al. 2004, 2005; Neuhauser et al.
direct detection O,f substell_ar objects Wit,h theoreticakaes 2005; Caballero et al. 2006b) and f;om ex’oplanets indiyectl
below the_ (_jeutenum.burnlng mass limit (0._(]%3 for SO° * detected via radial velocity, transit and microlensing moels

lar metallicity; Chabrier & Barfie 2000). This mass limit (e.g. Mayor & Queloz 1995; Charbonneau et al. 2000; Beaulieu
has been used by several authors as a boundary to Sep%?i? 2006). The first spectroscopic data on IPMOs obtaiged b
b_rown dyvarfs from planetary-mass Ob.JeCtS (PMO_S)' The flrﬁlpatero Osorio et al. (2000) confirmed the cool atmospheres
directly imaged PMOs were found as isolated objects in VelY several of these objects, which appear rather simildrdee
young open clusters (Zapatero Osorio et al. 2000; I'uc"’lso"?‘PMOs orbiting stars. Tr;e origin of both IPMOs and PMOs
around stars remains uncertain. It is likely that IPMOs faisn

a natural extension of the process that leads to the formatio
of low-mass stars and, probably, brown dwarfs, but theydoul

Send ¢@print requests to José Antonio Caballero (Alexander von
Humboldt Fellow at the Max-Planck-Institut fur Astronasii e-mail:
caballero@mpia.de


http://lanl.arXiv.org/abs/0705.0922v1

2 J. A. Caballero et al.: The substellar mass functiosr @rionis. |l

also originate in protoplanetary discs and be ejected tiroL
dynamical interactions (Boss 2000; Reipurth & Clarke 200
Bate, Bonnel & Bromm 2002).

It has been postulated that there is a minimum mass for fi
mation of objects via fragmentation in molecular cloudsg tt
so called opacity mass-limit (Rees 1976; Silk 1977; Tohlir
1980; Bate, Bonnel & Bromm 2003). This theoretical limit i
expected to be in the range 0.010-0.805 It is therefore cru-
cial to extend current surveys and identify objects with seas
as low as possible. The behaviour of the mass function at st
low masses will be valuable to establish the formation mect
nism of the IPMOs.

At higher masses than in the planetary domain, the me
spectrum gives important hints on how stars and brown dwa
form in a molecular cloud (e.g. Kroupa 2001). Following th
nomenclature by Scalo (1986), the mass spectrum can be
proximated by a power-law functiohN/AM ~ aM~* (where
a = —y andAN is the number of objects in the mass interve
AM). The substellar mass function in the brown dwarf doma
has been investigated in several open clusters, from the v
nearby relatively old Hyades cluster to much younger and d
tant star-forming regions (see e.g. Zapatero Osorio eB8l7;1

Bouvier et al. 1998; Luhman 2000; Barrado y Navascués etaly 1. Mosaic of thel-band images taken with WFIDIT
2004; Bihain et al. 2006 and references therein). These st FCO03). North is up and east to the left. The size of each

ies point out a decrease of the slope in the power law Whifi-c chip is about 1k 22 arcmirf. The glare of the OB star
lower masses are investigated. However, the deepest 88artsiom,- ori is clearly visible to the northeast of the vertical

suggest that the mass spectrum is still rising even below figector (ccD#2). The mosaic on to a DSS-2-IR image centred

deuterium burning mass limit (B&jar et al. 2001; Muench &f, ;- i can be found in Fig. 4 in Caballero (2005). See also

al. 2002; Greaves, Holland & Pound 2003; Oasa et al. 20Qfg f5)se_colour composite image in FIG.B.1, availabldina:
Gonzalez-Garcia et al. 2006).

The o Orionis cluster displays characteristics that are ad-
vantageous over other locations for the search and characte
sation of substellar objects. In particular, it is nearbyg aary
youngd. Here we adopt an age cf3Ma (Oliveira et al. 2002;
Zapatero Osorio et al. 2002a; Sherry, Walter & Wolk 200
and a heliocentric distance of 3§3pc (Brown, de Geus & de
Zeeuw 1994). The cluster is relatively free of extinctidy (<
1mag; Lee 1968; Béjar, Zapatero Osorio & Rebolo 200
and has a moderate spatial member density, solar composi
([Fe/H] = +0.0+0.1; Caballero 2005) and a large frequen
of intermediate-mass stars with discs £83%; Oliveira et al.

2006). A compilation of dierent determinations of the 2984 at gives the name to the Orionis cluster. TablE]1 lists the

distance and disc frequency atfdrent mass intervals is pro-,_ . ; . .
vided in Caballero (2007). The cluster contains severadadozbaSIC data of both optical and near-infrared campaigneat

brown dwarfs with spectroscopic features of youth and wiffPosure times, survey area and average seeing).
discs (Zapatero Osorio et al. 2002a; Barrado y Navascudls et The central coordinates of the survey (05:39:39 —02:44:40
2002a; Muzerolle et al. 2003; Kenyon et al. 2005; Caballéro #000) were chosen to take advantage of the asymmetric con-
al. 2006a). It is also the star forming region with the latgefiguration of the four WFC chips. Some of the brightest clus-
number of detected candidate IPMOs with follow-up speter stars, especially those of the centraDri system and HD
troscopy (Zapatero Osorio et al. 2000, 2002b, 2002c; Maiti 37525 AB, fell out of the field of view or in the gaps between
al. 2001; Barrado y Navascués et al. 2001; Martin & Zapatedetectors. With this configuration, we found a compromise to
Osorio 2003). study both the maximum area close to the cluster centre,evher
Our present study is a natural extension of the work liie spatial density of cluster members is larger, and thé-min
Béjar et al. (2001), who presented the first substellar iues mum area fiected by the glare of the central star system (see
tion in the o Orionis cluster. Here, we investigate the madsig.[d). The survey area is quite far from the location of the
function down to a few Jupiter masses and use recent data frioutk of objects of the group 1 in fleies et al. (2006), which
1 to 8um that provide information on the existence of circumhave an average radial velocityfidgirent from that adopted for
substellar discs. theo Orionis cluster (see also Caballero 2007).

9. The optical-near infrared search

| ewton Telescope (INT) and the Hawaii arm (SW) of ISAAC
Ca'?the 8.2-m Very Large Telescope (VLT) URhtuto obtain
\)//ery deepl- and J-band imaging. We studied a 0.22-dag-
gion to the southeast of the OB quintuple star systei®@ri

iy\ye used the Wide Field Camera (WFC) at the 2.5-m Isaac
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Table 1.Basic log of thd - andJ-band runs.

Telescope Instrument  Filter Dates Exp. time Area FWHM  CompLimit.
(s) (arcmif) (arcsec) (mag) (mag)
INT WFC RGOI 2000 Dec 30-2001 Jan 1 (WFCO00) 211500 970 1.2-1.3 234 24.0
2003 Jan 8 (WFCO03) 201200 970 1.0-11 233 24.1
Antu ISAAC J 2001 Dec 8,9,10,18 # 60 680 0.4-0.7 20.6 21.8
2001 Dec 8,9,10,18 2 607 110 0.4-0.7 20.2 21.4

a Areas along the borders of the ISAAC scans with shallowegration depth.

2.1. |-band data ing all the nights, with the FWHM measured in some images
below 0.5arcsec. Dark- and sky-subtraction, flat fieldind an
aligment and combination of the data blocks were performed

(4 x 4k x 2k, 0.333arcsecpi) and the RGO filter (see i |RAF. The overlapping area between optical (WFC) and
Table[1). Both datasets, named WFCO00 and WFCO3 after r-infrared (ISAAC) images was 790 archin

years of observa_tion (2000 and 2003), rpughly share the samerq . aasier handling, the individudrband frames were
depth and coordinates of the centre of field. The older dataﬁﬁgned and combined in long strips or scans, with sizes up

(_\NFCOO),_however, was taken with a 25_% Ior_lger EXPOSUE 22.0x 2.4 arcmin. Every region in the survey area except
time, leading to strong artefacts surrounding bright stare along the borders of the scans was observed during 240s. The

seeing conditions were also slightly worse, which made t%%rders (1.2¢ 2.4arcmif on each side) were exposed only
combination of both datasets impractical. The WFC03 SUIVEX £ of the time of the main survey area

supersede; WFCO.O' The_ night of 2003 Jan. 8 (WFCO3) was Near-infrared point sources were detected using
photometric, allowing to image several Landolt (1992) Staﬂoao.digiphot.daophot.daofind. Aperture and PSF

dard stars in thé-band. _ photometries were performed using other routines of the
We reduced the data using standard procedures j; 4igiphot.daophot package within the IRAF environ-

cluding bias subtraction and flat fielding, and performqﬂent’ in the same way as in the optical. We detected 11500
aperture and PSF photometry usingoao.imred and j.pand sources.

noao.digiphot.daophot routines within the IRAF environ-
ment, as described in Caballero et al. (2004). About 30000

optical sources were detected in each dataset. To avoidt spdr3. Photometric calibration and completeness
ous detections in subsequent steps of the analysis, wedkésta
sources with very large errors in their instrumental magies
(roughly those with errors larger than 0.2 and 0.5 mad fer
20 andl > 20 mag). Thus there remaine@5 000 reliable op-
tical sources for each dataset.

Two different optical datasets were obtained with the WWNT

We calibrated oud-band photometry to the Two-Micron All

Sky Survey Catalogue system (2MASS; Cutri et al. 2003) using
selected sources in common between our ISAAC images and
the 2MASS catalogue. The useful overlapping magnitude in-

terval between our deep images and the 2MASS data lies in the

The total covered field of view for each dataset Wa§eryal 14.5mage J < 15.5mag. Hence, we could only use
970arcmi. However, 3-4% (WFC00) and 1-2% (WFCO3),4t 4 dozen comparison stars in each ISAAC scan to estab-

of the area was useless due to bleeding lines by saturat brjigp, the zero-point calibration for our near-infrared dakhis
stars, their surrounding glares or incomplete correctf® 5.1 in turn led to calibration uncertainties twice largean typ-

dead columns during flat fielding. ~ical 2MASS errors. The standard deviation in thealibrations
Both datasets were also used to study the photometric Vafhs in general less than 0.09 mag.

ability of SOri 45 (Zapatero Osorio et al. 2003) and another The photometric calibration in the optical using photomet-
27 young brown dwarfs of the Orionis cluster (Caballero et ic standard stars from Landolt (1992) observed dtedint

al. 2004). zenith distances during the WFCO03 run provided accuracies
better than 0.05mag. We only observed in thieand filter,
22 J-band data so no colour-dependent term was used in the photometric cal-

ibration. As the Landolt standards are not very red, the pho-
We obtained 27 data blocks with ISAA@ntu (1k x 2k, tometry for the fainter (redder) objects mightffaur from un-
0.148arcsec piXx) and theJ filter during three consecutiveknown systematic féects. Each of the four WFC chips was
nights in Dec. 2001. Two more data blocks were obtained dalibrated independently. The WFCOO dataset was calitbrate
service mode one week later (2001 Dec 18; thidwand data using bright WFC03 sources in common as a reference. Except
blocks were missing to cover theband survey completely). for intrinsically variable cluster members and for veryntaip-
The sky was free of clouds except for the first night, that waisal sources with large Poisson photon errors, the agreeme
partially covered by thin cirrus. The seeing was excellemt d between the photometry of both WFC00 and WFCO03 datasets
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is of the order of the photometric calibration uncertairdgg After the positional cross match between near-infrared and
further details in Caballero et al. 2004). We also comparegtical sources, we got the mean coordinates knand J-

the photometric data of objects with magnitudes faintenthé#and magnitudes for9400 objects. About 2100 near-infrared

| = 16.5mag in common with other independent surveys sources were not correlated with any optical source. Among
the area (the photometry of brighter ones may fiecéed by them, a few hundred objects within the completeness of the
non-linear or saturationféects in our WFC images). Within J-band images and without optical counterparts (i.e. with ex
the uncertainties, there is no appreciablfedence between pected red — J colours) were visually inspected on the WFC
the I-band magnitudes in our study and those of Béjar et ahages, since they could be very low-mass cluster members
(1999, 2004). However, Kenyon et al. (2005), based on Slofainter than the completeness of the optical data. Aftes thi
Gunni’- and HarrisR-band photometry, providddband mag- analysis, we concluded that the vast majority were not dedec
nitudes for objects in common with our survey that are almastthe | -band images because they weigdpuble or multiple
0.3mag fainter. Thus this flerence in magnitudes is probabackground stars or galactic nuclei only resolved in theASA
bly due to the dierent filter systems used godthe absence data, (i) faint sources in the glare of bright stars in the opti-
of colour-dependent terms in our photometric calibratibime cal, (ii) artefacts in the ISAAC framesiyj multiple detections
photometry from Béjar et al. (2001) must not be used for coraf saturated bright stars ov)(extended sources of extragalac-
parison, since it has been found to be incorrect. The phototic-nature. Some promising near-infrared sources withptit o
etry from this work has been re-calibrated, using data takeal counterpart were followed up with de&{K imaging (see
the same night as the one we are using to calibraté-tmand Sectiorf 3.3.2).

survey, and some systematic errors due to variation of titee ze

points between the WFC chips have been found (V. J. S. Béjar . )
etal., in prep.). . Cluster member selection and the infrared

o . ) follow-up
Completeness and limiting magnitudes in theand J-

bands are shown in the last columns of Tdble 1. As complet&d. Known objects in the survey area

ness we take the point at which the number of detected SOUrEeS o siudied area and magnitude intervals (16.1mag

per magnitude interval stops increasing with a fixed powser Ie\ <24.1mag and 14.2 magJ < 20.6 mag) there are 50 cluster
of the magnitudeN(m) «« mP (wherepis an arbitrary realnum- _~ " ° \ N : )

members and cluster member candidates reported in the-liter
ber). The measured number of sources departures 50 % from

the power law at the limiting magnitude. Our completenegure' They have been studied in the optical surveys by rigéja

L . : A (1999 —B€99—, 2001, 2004); Zapatero Osorio et al. (2000
and limiting magnitudes are roughly equivalent to therldnd ’quaballero et al. (2004 —Ca04-); Kenyon et al. (2005 —Ke05—

3o magnitudes, respe_ctively. The shallower borders "?"0”9 Gonzalez-Garcia et al. (2006), and in specific workshsuc
ISAAC scans led to brighter completeness and detectiondi . ! |, (1999, 2002a —Z002-): Barrado
by 25l0g 22 ~ 0.4mag. as: Zapa,tero Osorio et al. ( , ,. y
Navascués et al. (2002a-ByN02—, 2003 —-ByN03-); Muzerolle
Given the completeness limits of thandJ surveys and the et al. (2003 —Mu03-); McGovern et al. (2004 —McG04-);
expected colours of the objects of interest, ithend photom- Scholz & Eisldfel (2004); Burningham et al. (2005a —Bu05-
etry is constraining the survey at the fainter end. Our &t ); Caballero et al. (2006a —Ca06-); Franciosini, Pallawvi&
cluster member candidates are however brighter than the ca@@anz-Forcada (2006 —Fr06-).
pleteness limits in and J (see Sectio 3]2). The search is Out of these 50 objects, only one, S Ori 69, was not detected
also limited in the brightest magnitude interval by the ogltti on our images. This non-detection suggests that the isblate
data. The confirmed stellar cluster member S Ori 8, With planetary-mass object candidate is fainter than what whs pu
14.14+0.03mag and = 15.74:0.04mag (2MASS Cataloguelished in the literaturel(= 23.9+0.2mag,J = 20.2+ 0.4 mag;
and Béjar et al. 1999), was detected in the non-linear regim Zapatero Osorio et al. 2000; Martin et al. 2001). G. Bihain
the near-infrared images, but saturated in the optical @2l et al. (private comm.) have recently obtained new deep near-
is the only known cluster member in the area fainter than infrared imaging of S Ori 69, determining ilsband magnitude
14.0 mag that has not been studied here. at 21.61+ 0.16 mag. Two out of the 49 identified targets in the
area, S Ori 41 and S Ori J054004.9-024656, were classified as
probable non-members by Béjar et al. (2001, 2004) (the lat-
2.4. Astrometric calibration and combination of |- and  ter is a visual binary resolved in our ISAAC images, witlkg
J-band data 0.8 arcsec). Also, the M5:.5-type dwarf S Ori J053909.9—
022814 does not display signatures of youth in high-quality
First, we transformed the physical coordinates of the aptioptical spectra (Barrado y Navascués et al. 2003; Kenyah et
sources on the WFC chips and of the near-infrared sources2®®5). We do not consider these three objects as cluster mem-
the ISAAC scans to celestial coordinates using the USNO-ARrs.
and 2MASS astro-photometric catalogues as references (seelhere remain 46 cluster members and candidates reported
further details in Bihain et al. 2006). The accuracies indke in the literature in the survey area. Spectroscopic inferma
trometric solutions were about 0.1 and 0.2 arcsec forthand tion is available for 31 of them. For 11 of these objects, only
images and thd-band scans, respectively (about twice the agpectral types could be determined, while the other 20 mem-
erage catalogue errors). bers display spectroscopic features of extreme youth ¢age
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Table 2. Objects with signatures of extreme youth and cluster mesfiiiein the survey area compiled from the literature.

Name PEW(Li) pEW(Hz) lowg® VP Remarks References
A A)

S Ori J054000.2-025159 +0.25+0.09 yes bin. Ke05

S Ori J053848.1-024401 +0.53+0.10 yes yes Ke05

S Ori J053833.9-024508 +0.38:0.07 yes yes Ke05

S Ori J053911.4-023333 +0.33:t0.06 —-4.%21.0 yes yes ByNO03, Ke05

SOril4 +0.71+0.06 yes yes Ke05

S Ori J054014.0-023127 +0.47+0.08 broad yes yes var. Ca04, Ke05

S Ori J053847.2-025756 +0.53£0.10 broad yes yes var. Ca04, Ke05

S Ori J053838.6-024157 +0.55+0.06 —6:1 yes yes Ke05, Bu05, Ca06

S Ori 25 +0.53:0.10 -45.8¢1.0 yes yes var, He X  Bé&99, Mu03, Fr06

S Ori J053826.1-024041 +0.51+0.08 —42 yes yes ByNO03, Ke05

SOri 27 +0.74:0.09 -5.%15 yes yes Z002, Ke05

S Ori J053825.4-024241 —2680 yes var., nlR,He Ca06

SOri 28 +0.66:0.09 yes yes Ke05

SOri32 +0.46+0.09 yes yes Ke05

S Ori J054004.5-023642  <0.39 broad yes yes var. Ke05

S Ori 36 +0.45:0.15 yes bin. Ke05

SOri42 -8912 var. ByNO3, Ca04

S Ori 45 +2.4+1.0 [-60,—20] yes bin.? B&99, Z0O02

SOri51 -25: yes]) ByNO3, McG04

SOri71 —70@80 var.? Ca04, ByN02

a Low-gravity features.
b Radial velocity consistent with membership in cluster. $piribin.’ denotes possible binary according to Kenyon e{2005).

10 Ma). The considered features are1 16707.8 A in absorp- ter define the spectro-photometric sequence ofsth@rionis
tion, broad anfbr strong Hr emission, weak alkali absorptioncluster, that is redder than the location of field stars. Mifst
lines (i.e. low-gravity; from the pEW(N4@ in optical spectra, them are brighter thah = 18.0 mag, while only four brown
except in the case of S Ori 51 —fromJeband spectrum-), anddwarfs with spectroscopic features indicative of youth il
emission lines ascribed to accretion processes or outflegs (the interval 19.6< | < 20.5mag. Five brown dwarf and IPMO
[O 1] 16300.3A, Her 15875.8 A). Most of them have radialcandidates fainter than= 19.0 mag have low-resolution spec-
velocities, f, similar to the cluster systemic radial velocity atroscopy available in the literature and extrapolate tleesp-
about 30-35kms. Additionally, some of them display opti- photometric cluster sequence towards fainter magnitudds a
cal photometric variability with amplitude largerthan @fdag lower masses. The lower envelope of the confirmed candi-
(‘var)), Ks-band flux excess (‘nIR’), or X-ray emission (‘X’). dates froml = 16.0 to 20.5mag is indicated by a dashed
There is insfficient andor discrepant membership informadline in the diagram. Our adopted selection criterion forselu
tion on S Ori 20 (Barrado y Navascués et al. 2003; Kenyonter membershipgplid line in Fig[2) is the lower envelope of
al. 2005), SOri 47 (Zapatero Osorio et al. 1999; McGoveniuster membersdashedline) shifted to the blue to accom-
et al. 2004), and S Ori J053844.4—-024037 (Burningham et mlodate photometric uncertainties. To account for increpsi
2005a). We do not consider these three objects as spegirosphiotometric errors at fainter magnitudes, this envelopiss
ically confirmedyoung cluster members. The 20 confirmegdlaced by 0.05 mag at= 16 mag and 0.45 mag &t 25 mag.
cluster members together with their references and most ifrhere are 49 objects (45 previously known) to the right o thi
portant characteristics are given in Table 2. boundary, which is the final cluster list we will use through-
out the present paper. All previously reportedOrionis can-
didates, located within the survey area and magnitude lim-
its, lie to the right of the membership boundary — with the
exception of SOri J053948.1-022914, whose properties are
We have selected the cluster member candidates from SHfMarised in SectidnA.1. Identifications, J2000 coottefsia
WFCO03+ ISAAC data, using thé vs. | — J colour-magnitude WFCO3INT 1-band and ISAAANtu Jband magnitudes and
diagram shown in Fig]2. Among the 9400 sources with opticiif€ctral types when available of the 49 selected targetseare
and near-infrared information in our survey, we have setdectta”ed in Table B.IL. Conflrmeq cl_uster m_embe“rsnwnh at Iez_;\st
new photometric candidate cluster members based on their BBe _feat_ure of youth are 9'39 indicated with a *Y". The span_a
sition in the diagram with respect to the 20 spectroscojyicaf!Striution of the 4% Orionis members and member candi-
confirmed cluster members, indicated by filled stars. The I&2t€s is shown in Fig] 3.

3.2. Cluster member selection fromthe |l vs. | — J
diagram
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Fig.2. | vs. | — J colour-magnitude diagram from ourF19- 3. Pictogramme showing oud search. The incomplete

WFCO3INT-ISAAC/Antusurvey. The dferent symbols indi- COVerage of the survey is indicated with dashgd lines. _Code:
cate: probable fore- and background sources (small dots, filled cwck_es, our cluster members and candidates; big open
confirmed cluster members (filled stars,); cluster member Sterso Ori AB and E (at the centre of the cluster); small open
candidates with spectral type determination (encirclets,doSters. other young stars in the survey area more massive than
‘@); cluster member candidates without spectral type detér—z_MG from Caballero (2007). Note the increasing density of
mination (open circlese’); the four new cluster member can-OPjects towards the centre of the cluster.

didates (filled circles,s”); S Ori J053948.1-022914 (the open

fml?ng‘l‘(,a, é); :}hg thrZﬁ.dEtQCtgd cIusrt]er non—Tembisd(ast%[ﬁd the six stars saturated in the longer WFCO0O0 exposurés. Th
isks, ™). Dash-dotted lines indicate the completene e supports our selection of cluster candidates and provides e

tection limits of our survey. The dashed line is the IowereenvOlence for the fact that photometric optical variability domt
lope of confirmed cluster members with youth indicators. T@

fonificantly dfect our selection criterion.
solid line is the boundary considered. Colour versionslafua g 4
Figures are available in the electronic publication.

3.3. The infrared follow-up

Of the list of 49 objects, there are four identified for thdo discriminate foreground contaminants among the list
first time in our survey. They are marked with the label “Newof selected objects, we have taken infrared data from the
in Table[B1. For their identifications, we follow the serieRAC/SpitzerSpace Telescope archive and from 2MASS, and
started by Béjar et al. (2001), who used the nomenclatyrerformed new dee- andKs imaging.

S Ori Jhhmmss.s—ddmmss for their candidat®rionis clus-

ter members. The “S Ori” sources are, however, not assdcia.‘t)e
with the variable star S Ori (HD 36090), which is located sev-
eral degrees away in the constellation of Orion. The twoltirig We used the Infrared Array Camera (IRAC) deep image mo-
est new objects are red candidate brown dwarfs that were esaics centred orr Ori from the Spitzer Space Telescope
bedded in the glare ef Ori in the northwest corner of CCD#4 Archive at the 3.6, 4.5, 5.8, and &t bands (denoted here
(in the centre of the WFCO00 mosaic) in Caballero et al. (2004s [36], [4.5], [5.8], and [80]). We got the post-basic cali-
The other two new objects, with= 22—-23mag, fell in thé brated data with the todleopard performed 5-arcsec standard
vs.| — J diagram slightly to the left of the 10 Ma-old DustyOGaperture photometry with IRAF on sources witfNSatio >
isochrone (Chabrier et al. 2000), which was used by Calmalle, applied the corresponding aperture correction factomsd,

et al. (2004) to dierentiate candidate cluster members fromonverted the measured flux per pixel into calibrated magni-
probable fore- and back-ground sources. tudes in the Vega system using the zero-points for each chan-

Six bright sources in our final sample were saturated el of the IRAC instrument. We performed additional PSF pho-
the longer-exposure WFCOO images, too. All of ouDrionis tometry of some of the faintest sources. Neither arraytiona
members and member candidates have been selected fronddpendent nor colour corrections were applied. Up-to-thate
combination of the WFCO03 optical dataset and the ISARC formation on the photometry and absolute calibration of (RA
band images. The combination of the WFCOO optical datasktta is given shttp://ssc.spitzer.caltech.edu/irac
and the ISAAC data yields identical results in the magnitudéne completeness magnitudes of the mosaic images in the
interval common to the two epochs of WFC observations. T&6], [4.5], [5.8], and [80] bands are 17.2, 17.2, 15.0, and
exceptions are the two candidate brown dwarfs whose photatd-0 mag, respectively, with uncertainties of 0.3 mag. OCagm
etry was contaminated by the glarecoOri in the WFCO00 data nitudes deviate no more than 0.10 mag from the independently

3.1. IRAC/Spitzer follow-up


http://ssc.spitzer.caltech.edu/irac
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Table 3.Log of theHK-band follow-up campaigns.

Telescope Instrument  Filter(s) Date(s) Exp. time Area FWHM Compl. Limit.
(s) (arcmi)  (arcsec) (mag) (mag)
CFHT CFHT-IR H, K’ 2004 Feb 9,17,22 1800 85 0.7-1.0 20.0-20.5 21.0-21.5
3.5mCA Q2k H 2003 Oct 19,22 1200-7200 ~1100 >1.5 16.8 18.1
H,Ks 2005Jan27-Feb1 5100-11700 480 1.3-2.0 17.7-19.5 1806—-20.
TCS CAIN-II J H, Ks 2004 Apr 19 3600-7200 <100 ~1.2 18.5,18.0,17.5 19.5,19.0,18.5
Ks 2006 Oct 20-22 2400-3600 <100 ~1.0 ~17.5 ~18.5

calibrated magnitudes of objects in common with Hernamdezcounterpart was not automatically detected (see Sectidn A.
al. (2007). where we present four interesting red objects that probedsly
Of the 49 objects in our sample, three fall out of the IRA©QOt belong to ther Orionis cluster).
field of view and two, the most distant objects to the cluster For CFHT-IR, we took 30 individual frames of 60 s expo-
centre, are only in the [8] and [80] mosaics. Table Bl2 sum-sure time each per pointing and per filter, using a regulaedit
marises the available IRAC data for 46 cluster members aing pattern with a suitable shift. A bad-pixel mask and a dome
candidates. Typical errors of the IRAC photometry vary bdat-field image for each filter were used during the reduction
tweens 0.1 mag for the brightest targets £00.5 mag for the TheQ2k observations were similar to those with CFHT-IR, but
faintest ones. Non-detected objects are fainter than the caising shorter exposure times (1.6Ks—, 2 or 3s H-) and a
pleteness limit in each band. In particular, 8 and 15 objats random dithering pattern. For CAIN-II, the dithering patte
too faint to be detected in the .l and [80] bands, respec- was of 10 positions and the individual exposure times were of
tively. The fourth digitin the Flag column indicates the iben  10s ) and 6s Ks). Photometric calibration and astrometry
of IRAC channel mosaics in which an object is located. for CFHT-IR, Q2k and CAIN-Il were identical to those for the
ISAAC J-band images.

The availableJHKg magnitudes of the objects in our sam-
ple are provided in Table B.2. Apart from the 2MASS cata-

2MASS JHKs photometry is available for 33 targets (the 350gue and our ground-based follow-up, we have also taken the
brightest cluster member candidates, plus SOri 47). Sinfemagnitude of three candidate cluster members from the lit-
ISAAC images were calibrated with 2MASS, the agreeerature. The first three digits in the Flag column in the Table
ment between bottl-band magnitudes is excellenad = inform about the source of thé, H- and Ks-band photome-
J(ISAAC) — J(2MASS) = —0.03+ 0.11 mag). However, there try (0: no data available; 1: this paper; 2: 2MASS; 3: Magtn
are hints for the photometric variability of some targetsnir @l- 2001). The uncertainty in olKs magnitudes are in gen-
the 2MASS epoch (MJD= 51116.3) to the ISAAC epoch eral smaller than 0.1 mag, and are larger than 0.2 mag only in a
(MJD ~ 52 250) which require further studies. Some of the¥ery few cases.
are previously known variables like S Ori 42 (Caballero et al
2004) and S Ori J053825.4-024241 (Caballero et al. 2006a) . C
are found in this work for the first time (e.g. S Ori J053902. 5033 Blue interlopers and theoretical isochrones
023501;Jispac — Jomass = 0.25:0.12mag). To sum up, we have collected near-infrared follow-up phetom
To complement oud-band data and the relatively-shallowetry for 47 selected cluster member candidates (30 targtts w
HKs-band data from 2MASS, we performed deep grounghotometry in eight passbanddHK¢[3.5][4.5][5.8][8.0]; 45
based near-infrared imaging of most of the faintest targetith photometry in at least six passbands). We have plofted a
of our sample. The follow-up was performed using CFHThe possible colour-magnitude diagrams, in search fore'biu
IR at the 3.58-m Canada-France-Hawai'i Telescope Xlk terlopers”, i.e. possible contaminants that satisfyltheelec-
1k; 0.211arcsecpi®), Omega-2000 ¢2k) at the 3.50-m tion criterion, but display bluer colours than expecteddiis-
Calar Alto Teleskop (2k« 2k; 0.450 arcsec pix) and CAIN- ter members in other diagrams. In Hig. 4 we show three colour-
Il at the 1.52-m Telescopio Carlos Sanchez (266256; magnitude diagrams of our samplevé.l — J, 1 vs.| — Kg, J
1.00arcsecpix). Table[3 summarises the follow-up camyvs.J — Kg). We cannot determine if the two faint objects with
paigns. Each of the CFHT-IR and CAIN-II pointings imagednly |- and J-band photometry available, S Ori J054008.5—
a single target, whereas several targets were imaged aimul24551 (previously classified as high-probability clustem-
neously in the large field of view aR2k. The first run with ber in thei’Z-band search witli-band follow-up by Gonzalez-
Q2k, not as deep as the second, was performed only iltheGarcia et al. 2006) and S Ori J054011.6—025135, are blue con
band, but covering 95 % of the overlapping area between tianinants or not. Two possible blue-interloper candidate®
WFC and ISAAC images. The pointings with CFHT-IR werdeen identified. From thd — Kg vs. | — J colour-colour di-
devoted to the follow-up of foud-band sources whodeband agram in the bottom right panel of Figl. 4, SOri 91 J =

3.3.2. Ground-based HK-band follow-up
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Fig.4.1 vs.1 = J (top left),| vs.| — Kg (bottom left), and] vs. J — K (top right) colour-magnitude diagrams, ahd Kgvs. | —J
colour-colour diagram (bottom right).is from WFCO03,J from ISAAC andHKs from the ground-based follow-up data. The
symbols are as in Fi@l 2. Objects with discs from IRAC excassdle marked with big circles. Solid and dash-dotted lines a
the Dusty00 and Cond03 3 Ma-old isochrones at 360 pc of th@ byoup. Dotted lines in the colour-colour diagram mark the
approximate sequence of field ultracool dwarfs (Dahn etG22. The very red object with— J = 1.75:0.11 mag and — K¢ =
2.08:0.11mag is S Ori J053902.1-023501, whose spectral enesgibdtion (Fig[6.) shows evidence for a circumstellacdis
(Sectiori 4.R).

3.16:0.13mag;J — Ks = 0.93:0.16 mag) displays d — Ks al. 2005a; Caballero et al. 2006b). We keep both S Ori 51 and
colour that is marginally blue if compared to those of othe® Ori J053922.2—024552 in the sample.

o Orionis cluster members and field ultracool dwarfs with sim-

ilar I — J colour (e.g. Dahn et al. 2002). In contrast, its po-

sition matches the spectro-photometric cluster sequenaé i i .

the colour-magnitude diagrams and &sband spectrum dis- We have compared our select_lon crlterlon_and the cluster
plays low-gravity features, which support cluster membigrs sequence from our data_ with available evolutlongry tradks a
(McGovern et al. 2004). The second one, S Ori J053922 YLy young ages. In particular, we have used the |sochrq‘nes 0
024552 ( = 17.04:0.03mag] — Ks = 2.63:0.09 mag), without the Lyon group (Barie et al. 1998 — NextGen98; Chgbrler et
spectroscopic information, has &r Ks colour that is slightly &l 2000 — Dusty00; Bafée et al. 2003 — Cond03) atfterent
bluer than the confirmed cluster members of the same madtfi€S and the most probable hehoce_ntnc d|s_tancze Gfionis.

tude in our survey. It has, however, similar colours and mag- e used magmtudes were those directly given by the mode_ls.
nitudes to SE 70, & Orionis brown dwarf with lithium in ab- he Dusty00 isochrone at 3 Ma also acts as a good separation

sorption, X-ray flares, and low-gravity features (Burniaghet I|_ne atl <20 mag in the vs. | - K, diagram. Both W'th rgla-
tion to the empirical cluster sequences and model isoclsrione

Fig.[4, no blue outliers have been identified.
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4. Results and discussion

4.1. Individual masses

Modelling ultracool atmospheres is a complicated issue, L + —&—
cause it strongly depends on the chemical compositionibed 15} jj hig +

content, the amount of condensation and the size of thegre ED
(Tsuji et al. 1996; Allard et al. 2001; Bdfa et al. 2002). To
determine the masses of our objects, we will rely on the ma:
luminosity relations predicted by theoretical models dofith
interior rather than on derived magnitudes in each passbaﬂ

.6]-[8.0] (mag
-

Hence, we have derived the masses, M, of@@rionis mem- o5f Lr e
bers and candidates from their luminositiés,In particular, BT %ﬂﬁﬁi}fw .
we have used the M-log relations of the Lyon group and the i i e

basic properties of- Orionis provided in Sectionl 1 (age, dis-
tance, metallicity). The mass-luminosity relations givgrthe
NextGen98, Dusty00, and Cond03 models are identical.

The luminosity for each target was computed from the _
bolometric magnitudeVlpo = Myl — 2.5 IOgL_L@ (whereMpo,  F19-5:[3.6] -[8.0] vs.J - Ks colour-colour diagram. The sym-

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
J-Ks (mag)

= 4.74 mag; Cox 2000). The bolometric magnitude is: bols are as in Figs|2 afd 4. The dotted line marks the boundary
between objects with and without discs. Field ultracool dsva
Mpoi = MS + BC; (1) Wwith spectral types in the range M3.0-L5.0 from Patten et al.

(2006) are shown with open (black) squares.
WhereMg = M;(J,d, A; = 0) is the absolutd-band magnitude
assuming no extinction ariC; is the bolometric correction in
the J band. Caballero (2006) compiled from the literatlire uncertainty or the use of tHBC,(l — J) relation are compara-
and J-band photometry, parallax measurements and lumindisely smaller. Theoretical models may also be a source ®f sy
ity determinations for all ultracool dwarfs known at the ém tematic uncertainty at very young ages (Bbegeet al. 2002).
from which he computed a bolometric correction in theand Although there is reasonable criticism on the validity obev
depending on thé — J colour. The functional expression oflutionary tracks at very low masses and very young ages (less
BC,(l — J) was a cubic polynomial: than 10 Ma), the observational determination of the mass-ag
luminosity triplet at dfferent ages in the substellar domain is
BCy(I - J) = as(l = )% +ax(l - J)? +as(l —J) +ao (2) in agreement with theoretical predictions (Bouy et al. 2004
Zapatero Osorio et al. 2004; Stassun, Mathieu & Valenti 2006
with ag = +0.091 mag?, a, = —0.875mag’, a; = +2.486, We give in the last columns of Tatlle B.1 the pair M-lbg
ao = —0.140mag. The standard deviation of the mean of th& the 49 cluster members and member candidates. The corre-
fit was o-(BC;) = 0.15mag. The bolometric correcti®dC, is  sponding errors in mass and luminosity account for the prop-
not strongly dependent on the- J colour. It varies between agation of uncertainties in th&band magnitude, and the age
1.75:0.15and 2.0€0.15mag inthe 1.5mag | -J <4.0mag and distance of- Orionis. The theoreticalfiective tempera-
interval. The input data for this relation are the same as fgjres derived from the |Oé--Teff relation (between 3030120
other relations betweeBCy, M, 1 -J, J-K, K- L’ and spec- and 174@70K) roughly match the expectedfective temper-
tral type of ultracool dwarfs found in the literature (Dahrak  atures of objects with spectral type determination. Fiviects
2002; Golimowski et al. 2004; Vrba et al. 2004). Recent meRave most probable masses larger than the hydrogen burning
surements of the bolometric magnitudes of ultracool dwasfs mass limit and they are thus very low-mass stars. Among the
ing IRYSpitzerspectra support previoldy, determinations other 44 substellar objects, 11 are planetary-mass okjedic
(Cushing et al. 2006). By using thBC;(I — J) relation, we dates and 33 are brown dwarf candidates. The masses of some
assume that the spectral energy distribution in field ultohc of our objects have been previously determined in indepeinde
dwarfs and very young cluster members is similar. The derigorks (Zapatero Osorio et al. 2000; Béjar et al. 2001; Qatmal
tion of theMy, from the J-band magnitude minimises possiblet al. 2006a; Gonzalez-Garcia et al. 2006), arftedby less
contributions to the total error by flux excesses at longefewa than 10 % from our values.
lengths or photometric variability at bluer wavelengths i@
the case of T Tauri stars and substellar analogs). )
The adopted distance modulus for theOrionis cluster 4-2- Infrared excesses and discs
ism- M = 7.78:0.42mag (Brown et al. 1994). The uncery 5 1 pPetection of infrared excesses
tainty of 20 % in the determination of the cluster distarte: (
36018 pc), together with the uncertainty in the ageefMa), Brown dwarfs in very young regions have circum(sub)stellar
are the most important contributors to the final error in tteessn discs in the same way as T Tauri stars (Wilking, Greene &
of each target (the uncertainties in the distance may be ewayer 1999; Natta & Testi 2001; Fernandez & Comerdn 2001;
larger; Caballero 2007). Errors coming from the photomsetrdayawardhana, Mohanty & Basri 2003; Furlan et al. 2005).
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Fig. 6. Spectral energy distributions from théand to the [8)] band of nine representative substellar objects @rionis (filled
stars). The open squares indicate the SEDs of ultracooldie#dfs of similar spectral type, normalised at theand.

With our follow-up, we have been able to measure flux excesses Of the 30 cluster members and candidates with IRAC de-
redwards of 2um in some of our targets, which are very probtection at [36] and [80], 15 have colours [8] — [8.0] >
ably associated with the presence of circum(sub)stellrsdi 0.90 mag, which we classify as objects with discs. Given the
Objects with discs are extremely young 10 Ma), which con- extremely reds—[8.0] colour of the confirmed cluster member
firms membership ir Orionigl. We have investigated filer- S Ori J053847.2—025756, of 2.8@.09 mag, we will also clas-
ent ISAAG2MASYIRAC colour-colour magnitude diagramssify it as an object with disc, although it has only IRAC pho-
to search for infrared excesses in our cluster members arrd dametry at [45] and [80]. The 16 probable objects with discs
didates. The [®] - [8.0] vs. J — Ks diagram (Fig[h) illus- are marked with a “D” in Tabl€Bl1. Our criterion is consis-
trates the dference in the colour between objects without dis¢snt with other disc selections in the literature based ohdR
(0.0 mags [3.6]-[8.0] £ 0.5 mag) and those that very probablylata. In a very recent paper, Hernandez et al. (2007) study
harbour discs ([®] — [8.0] = 1.0 mag). The latter display flux the spectral energy distributions (SEDs) of most of ourdtsg
excesses in the [8] and [80] bands with respect to the. brighter thanJ = 16.0 mag. They classify the objects accord-
band that are not found in any of the about 60 ultracool fieidg to theirKs — [24] colours as brown dwarfs without excess,
dwarfs earlier than T3V studied with IRASpitzerby Patten with optically-thick discs, and with “evolved discs”. We rco
et al. (2006). firm all their disc detections for brown dwarfs brighter than
= 16.0mag, and find a new one surrounding S Ori J053847.2—
025756, which is not in their investigated area. They also
1 Jefries et al. (2006) and Caballero (2007) have discussed thd a transition disc around S Ori J053954.3-023719 (eviden
spatial overlapping of dierent young populations of the Ori OB 1b
Association in the direction af Orionis.
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Table 4. Estimate of ultracool field dwarf contaminants.

Al M3-5 M5-7 M7-9 M9-L1 L1-3 L3-5 L5-7 L7-TO TO-2 T2-8 All
(mag) Sp.T.
16.1-17.1 0 0.45 0.00 0 0 0 0 0 0 0 0.45
17.2-18.2 0 0.25 0.03 0 0 0 0 0 0 0 0.28
18.3-19.3 0 0 0.14 0.01 0.00 0 0 0 0 0 0.15
19.4-20.4 0 0 0.60 0.04 0.01 0.00 0 0 0 0 0.65
20.5-21.6 0 0 0.74 0.17 0.05 0.01 0.00 0 0 0 0.97
21.7-22.7 0 0 0.43 0.68 0.23 0.05 0.01 0.00 0 0 1.40
22.8-23.8 0 0 0 0.86 0.78 0.22 0.06 0.01 0.01 0 1.94
23.9-24.9 0 0 0 0 0.09 0.28 0.13 0.02 0.02 0.01 0.5

All intervals® 0 0.70 1.94 1.76 116 056 0.20 0.03 0.03 0.01 6.39

@ Assuming an incompleteness factor of 0.5 in the magnitutienvial 23.9—-24.9 mag.

only at theSpitzefMIPS 24um band) — marked with “(D)” in 4.2.3. Frequency of brown dwarfs with discs

TableB.1. . . .
According to the masses listed in TableB.1, there are 2 stars

and 14 brown dwarfs with discs (as indicated by an excess
emission at 8.@m). Taking into account the completeness
magnitude at [8] and that objects with discs have colours
[3.6] — [8.0] > 0.90mag, our 3.6-8m IRAC photometry

is complete down te-0.015M,, i.e. over most of the brown

) , dwarf mass interval. We have derived the frequency of brown
In Table[2, there are six cluster members that display Strofi%arfs with discs ino- Orionis at 4715 % (14 brown dwarfs
andor broad Hr emission. Three satisfy the accretion criterio

. > . With infrared excess among 30 cluster members and candidate
of Barrado y Navascués & Martin (2003) (S Ori J053825.

. ) ) o ‘b\ﬂth masses 0.07®l, >M > 0.015M, and detection in the
024241, SOri 42 and S Ori 71), while for the remaining thregi
t

4.2.2. Properties of the disc harbours

I . ) ur IRAC channels). If we consider S Ori J053954.3-023719
there are only qualitative estimates of the broadening ef

ith a transition disc according to Hernandez et al. 2G0W)

line. The width of the Id line at 10% of the peak has beeréome possible foreground ultracool contaminants, thefdisc
only measured for S Ori 25 and S Ori 45, so the White & Bas

) o ' , r%'uency could exceed 50 %.
(2003) accretion criterion cannot be applied here. S Oris71 The value of 4215% is comparable to or slightly larger
one of the strongestddemitters close to the deuterium-burninqha

o ! : . n other determinations of the frequency of discs sudimgn
mass limit. S Ori J053825.4-024241 displays forbidden em : )
sion lines and is a very red object ¢ K. — 1.38:0.08 mag, Ktars and brown dwarfs in the cluster. For example, the spec

[3.6] - [8.0] = 1.46:0.11mag). There are hints for opticafrOSCOplca”y derived ratio of classical T Tauri stars toake

. R, - ine T Tauri star ino Orionis is 30-40% (Zapatero Osorio
photometric variability in all six cases (Caballero et £02). 7 6 (Zap

S Ori J053825.4-024241 and S Ori 42 are also variable in { tet";‘]'é E?_%ii)d z:;)'; i':ftrs;e&%f&ﬁg;g;ft’;\gsa‘l‘:gaeﬁggsses
J band, as discussed in Section 3.3.2. All these ObJ-eCtSp‘EXCSIiveira et al. (2006) and Hernandez et al. (2007) foundtelu,

S 0riJ054014.0-023127, which is not in the IRAC survey are

. dsc frequencies of 27-39% in the mass range 1.04d04
have flux excesses atf and [80] (and at [24]; Hernandez GtHernémdez et al. (2007) did not observe any significant de-

al. 2007). SOri J054014.0-023127 is a photometric Variatf’.]?ease in the disc frequency towards the brown dwarf domain.

Snddhas am_t—(\j] cologr of 2'6]_t0'||1ol;na% mt IS red 'f<0r it Our result, which is among the first disc frequency determi-
and magnitude, and a marginaily bro ission (Kenyon nations in the mass interval 0.075-0.0d5 (see the survey

et al. 2005). There are pod-rneasurements for the remaininqn Taurus by Luhman et al. 2006), combined with the clus-
cluster members with discs. ter stellar data from the literature, suggests little dejeemce
of the disc frequency with mass, from solar masses down to

The SEDs of nine representative confirmed brown dwarf$015Mo. This supports theoretical scenarios where brown
six with discs, are shown in Fi§] 6. The flux excesses at lofg/arfs form as a result of an extension of the low-mass star
wavelengths with respect to the expected fluxes from ultlacdormation process (see references in Jameson 2005).
dwarfs of roughly the samé — J colours are evident in the
six disc harbours. The comparison field dwarfs, whose iaftar o
data have been taken from Patten et al. (2006), are GJ 1(1)10%' Contamination by fore- and background sources
(M5.5), DX Cnc (GJ 1111; M6.5), V1054 Oph E (vB 8, M7.0);Taking together the 20 confirmed cluster members in Table 2
and 2MASS J12043038212595 (M9.0). and the 18 cluster member candidates with discs in Table B.1,



12 J. A. Caballero et al.: The substellar mass functiom @rionis. Il

from which eight are also previously confirmed cluster men 12
bers, then 30 objects of our 49 candidate cluster memb
exhibit signatures of extreme youth and, therefore, areabor
fide cluster members. Out of the remaining 19 candidate clt
ter members without known youth features, nine have lo\
resolution spectroscopy and ten have no spectroscopic-ini  8f
mation or indications of discs from the IRAC photometry. Fc
two very faint objects there is no near-infrared follow- t@th z of

There could be contamination by red giants, galaxies a
field dwarfs among our targets awaiting membership conf
mation. All our cluster member candidates are far from tt
Galactic planelf = —17.3deg) and have point-like PSF (i.e
they are non-extended), thus contamination by red giants 2}
galaxies is unlikely. Besides, the 47 objects with nearairgd
follow-up display colours that match the dwarf sequence in
colour-magnitude diagram (e.d.— Ks vs. | — J in Fig.[4). T 15 4 18 19 20
Therefore, we have estimated the back-/antbreground con- (mag)
tamination in ourlJ survey only by non-member field-dwarfFig. 7. Luminosity function in thel-band. Note the scarcity of
contaminants of very late spectral types (intermediatd{a@e- objects atl ~ 16.0 mag.

M, L, and T). Up-to-date models and data from the literature

have been usedi)(@a model of the Galactic thin disc by an ex-

ponential law (Phleps et al. 2005; Ryan et al. 2005; Karagahvarfs (0.073-0.03®l;), low-mass brown dwarfs (0.032—
2006); i) the length and height scales for late-type dwarfs ®013M,) and planetary-mass objects (0.013—-0.8RQ8. The

the Galaxy (Chen et al. 2001)ii{ the spatial densities, absodeast-massive interval is complete down to 0.806for the

lute magnitudes and colours of ultracool dwarfs for eacltspanost probable age of the cluster. These three mass intemeals
tral type (Kirkpatrick et al. 1994; Dahn et al. 2002; Cruz ket acontaminated by 1, 1, and 4 field ultracool dwarfs, respebtiv
2003; Vrba et al. 2004; Nakajima 2005). (see Sectiolm _413). On the contrary, the stellar mass domain

Tablel2 shows the resulting possible contaminants listed(fy11-0.073s) has no appreciable contamination. However,
approximately 1 mag-wide bins. Since the last magnitudeint@S mentioned in Sectidn 2.3, th_e survey is not complete at the
val (23.9-24.9mayg) is fainter than our completeness liwet, stellar mass en(_j due to saturatl(ﬂ;e(_ats. The survey area and
have used an incompleteness factor (in particular, e&% the magnitude interval corresponding to very-low-masessta
of the sources in this interval are detected in the WFC dat8five been intensively investigated by other authors (&#jal.

The total number of possible field ultracool-dwarf contamit299, 2001; Scholz & Eisléel 2004; Sherry et al. 2004), and
nants in our survey is6. Most of them are M7-L4V dwarfs they dlq not find any additional target fainter thar 14.2 mag.

in the magnitude interval = 20-24 mag. The contribution to Ve estimate that up to one cluster star between Bld and the
contamination by dwarfs later than L5 is very small. The figlydrogen burning limit may have been missed.

ures reasonably match other determinations of the number of The best fit for the four de-contaminated intervals and for
contaminants along the line of sightdoOrionis (e.g. Béjar et the most probable age and distance gives gower index of

al. 1999; Zapatero Osorio et al. 2002c; Gonzalez-Gatcsh e ~0-65 AN/AM ~ aM™). Varying the widths of the mass bins,
2006). Our contamination calculations prediet foreground thea index changes between 0.4 and 0.8. We will assume

ultracool dwarfs at the magnitudes of the PMOs in the clustet0.6+0.2 as the slope of the mass spectrumin the interval 0.11—-
0.006M,,. This value is similar to other determinations of the
slope in the low-mass star and substellar domais @rionis

4.4. The mass function in the substellar domain (@ = +0.8 + 0.4, Béjar et al. 2001¢ = +0.6%)3, Gonzalez-

_ . _ Garcia et al. 2006). An extrapolation of the mass spectritm w

In Figs.[1 and B, we show the luminosity functiondrband nqey, = +0.6 + 0.2 predicts 3-4 objects with masses 0.005—

and the normalised cumulative number of objects as a fuRenoawm, in the area of our survey. Taking into account only
tion of mass. There is an abrupt discontinuity in the distib o three substellar mass intervals, the slope decreases do
tion of magnitudes of brown dwarfs dt~ 16.0magl —J ~ 5 , — 104+ 0.2. It is equal within the error bars to the

2.5mag, which translates into a break in the mass distriil o proposed by Kroupa (2001) between 0.080 and (MALO
tion at ~0.03M, for an age of 3Ma. In fact, there are only,, _ .53, 0.7).

two cluster members with-band magnitude between 15.7 an Photometric variability, mass-segregation or unresohied

16.7 mag. narity corrections have not been applied in any mass interva
The number of objects within each mass interval and the

mass spectrum\(N/AM) from our data with and without con- — Ourl andJ images were not taken simultaneously, so pho-

tamination correction are shown in Fid. 9. The three mass in- tometric variability can potentiallyféect the selection pro-

tervals in the substellar regime are of the same width in log- cedure in the sense that variable objects may be missed be-

arithmic scale, and classify our objects in high-mass brown cause they lie to the blue of our selection criterion. Non-

10F
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Fig. 8. Normalised cumulative number of objects;(/N) vs.
mass. Filled circles indicate the most probable masseshtar 3
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1 e taken on two dterent occasions, and the resulting sam-
e ple of o Orionis candidates is not changed. Furthermore,
: e in Caballero et al. (2004) and in Scholz & Eifl (2004)
| : e ] it was found that the amplitude of the short- to long-term
% B il g N
e photometnc variations of- _Or|on|s brown dwarfs is typ-
o5 : IO ically less than 0.15mag in thieband (only one source
' e é was observed with larger amplitude). Our selection crite-
— z . . ™
et : rion can account for such small variability, but does not
04 — g | consider larger photometric variations, like the one palssi
- observedin S Ori J053948.1-022914 (see SeCfioh A.1). We
—— estimate the ?ncomplgt_eness of our sample at about 2_% due
o2l = : l to photometric variability fects. This rather small fraction
. . ,
— does not seem to have a relevf';mt impact on the study of
g the cluster substellar mass funtion (see Burningham et al.
o . . (2005b) for a discussion on apparent age spreads in OB as-
0.2 0.1 0.05 0.02 0.01 0.005 0.002 .. . . . -
M) sociation colour-magnitude diagrams and variability).
— No significant mass-dependentfdrence between the spa-

tial distributions of cluster members belowg, has been
found ino Orionis (Béjar et al. 2004; Caballero, in prep.).

and 360 pc. The error bars indicate the masses for the extremeOnly the most massive stars (M 5My) are preferen-
cases of a younger closer cluster (1 Ma and 300 pc) and of antially found towards the centre of the cluster. In particu-

older farther cluster (5Ma and 430pc). Dotted vertical $ine
denote the hydrogen (left) and deuterium (right) burningsa

lar, the four most massive stars én Orionis are in the
multiple stellar system that gives the name to the cluster
(Caballero 2007). Hillenbrand & Hartmann (1998) found

limits.
no evindence for mass segregation belo2M,, in the

simultaneous photometric surveys in young regions in gen- Orion Nebula Cluster (age: 1Ma). Given the extreme

eral, and in our survey in particular, may yield incom- Youth of the star-forming regions in Orion, there may not

plete lists of candidates. However, as noted previously, N@ve been enough time for mass segregation as in older

our J-band images have been combined withand data  Well-known open clusters, as the Pleiades or the Hyades

(Pinfield et al. 1998; Perryman et al. 1998), or in very old

globular clusters.

— Little is known about binarity ino- Orionis, especially at
substellar masses. Only a few works have found multiple

25

20fF
15} 1 systems in the cluster with low-mass components (Lee et
3 b ; | al. 1994 and Kenyon et al. 2005: spectroscopic binaries;
] Caballero 2005 and Caballero et al. 2006b: wide binaries

and companions). Unresolved binaries of mass ratio close
- to 1 are~0.7 mag brighter than single objects, which leads
% to higher derived masses. Some currently considered sin-

o

10} : PP T gle low-mass stars could really be tight brown dwarf pairs.
: i ________ o However, more radial-velocity investigations and high-spa

__________ E tial resolution imaging are needed to quantify the binary

LaemmtT frequency ino- Orionis (see Kohler et al. 2006 for a study

N of binary frequency in the Orion Nebula Cluster).

AN/AM

e s, M Our list of cluster members may also be incomplete be-
0.100 0.050 0.020 0.010 0.005 . . . . .
cause the regions around very bright stars within the field of

M(MSGI)
view of the survey are not well surveyed due to rather ex-

Fig. 9. Number of objects within each mass interval (top panegnsive glare that occupies several times the typical FWHM
and mass spectrum (bottom panel) from 0.110 to OMS6 of the I-band images. However, the total lost area because
Dotted vertical lines denote the hydrogen (left) and deuer of this efect is less than 2% (see previous Sections). Given
(right) burning mass limits. The values not corrected fan-cothe spatial density of free-floating: Orionis members in
tamination are shown with thin lines (top panel) and open cihe investigated magnitude intervals (49 in 790 arémire.

cles (bottom panel), while the values corrected for contami 0.062 objects arcmiik), we estimate the number of missed
tion are shown with thick lines (top panel) and filled circlesluster members to be less than one.

(bottom panel). The fits of the mass spectrum in the three sub- our mass spectrum goes to mass regimes not well cov-

stellar bins (thin dashed line) and the four bins (thick d@shered in the literature. Thus, it can only be compared with
few mass spectra from previous works, like those of Lucas &

line) are also shown.
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Roche (2000), Najita et al. (2000), Muench et al. (2002), atat clouds. At lower masses, our luminosity function is eath
Slesnick, Hillenbrand & Carpenter (2004). Given the low runsmooth with no evidence for a theoretically predicted ofyaci
ber of studied objects per mass bin (only a few times over theass-limit. We derived a most probable mass of 0Jag&or
Poissonian errors), the mass spectrum ofath@rionis cluster our least massive cluster member candidate. Besides,dhere
is consistent with the mass spectra of other regions studiecseven IPMO candidates with most probable masses in the in-
the literature. terval 0.008-0.0081,. This is a relatively large number, even
The sharp drop observed &t~ 16 mag (M~ 0.03M) in  accounting for possible contamination. If there were arciipa
the o Orionis luminosity function of Figl17 is not explainedimit just below the deuterium-burning mass limit, we would
by any theoretical evolutionary model currently availalle expect a lower number of cluster member candidates in that
the literature (Burrows et al. 1997; Béifm et al. 1998, 2003; mass interval, which would lead to a steep drop in the last bin
Chabrier et al. 2000). Similar drops or breaks at comparmaf-the mass spectrum in Figl. 9. Thus, if these objects form via
ble magnitudes are also found in the near-infrared lumiposifragmentation, any possible mass ctit-af the mass function
functions of some recent deep searches conducted in varibes below 0.008M, (6 Mjyg). The smooth continuity of the
young clusters and star-forming regions (Muench et al. 2003substellar mass spectrum towards masses below the denteriu
IC 348; Pinfield et al. 2003 in the Pleiades and the Praesepetning limit may indicate that the formation of IPMOs with M
Lucas, Roche & Tamura 2005 in the Orion Nebula Clustes;0.006M,, is merely an extension of that of brown dwarfs. To
Bihain et al. 2006 in the Pleiades). Muench et al. (2002) didetermine the existence of the hypothetical opacity-licoit-
cussed an apparent break from a single power-law declof both ultra-deep imaging with high sensitive facilities/eo
of the Trapezium brown dwarf mass function around 0.0Z¢ing from 1 to &m and intermediate-resolution spectroscopy
0.03M,, (K = 15.5mag). It stayed with a secondary peak @fre needed to detect fainter isolated-planetary masstslujta
the mass function near the deuterium-burning limit, fokalv few Jupiter masses and assess their membership in thercluste
by a rapid decline to lower masses. Both the Trapezium and
o Orionis clusters possess similar characteristics (age,
tance, metallicity, environment). It is likely that Muenehal.
(2002)'s break and ours share a common origin. Dobbie et e performed a 790 arcniiswide survey close to the centre of
(2002) also found that the luminosity functions of stamfiorg theo Orionis cluster (22 Ma; 360:28 pc) in thel - andJ-bands,
regions, open clusters and the field show a drop between smaman to limiting magnitudes ~ 24.1 mag andl ~ 21.8 mag.
tral types M7 and M8, which corresponds to colours J ~ We selected 49 objects from thess. | — J diagram. Of them,
2.2-2.5mag. As is apparent from Hig. 2, the sharp drop of tB8 are brown dwarfs and 11 are planetary-mass objects at the
o Orionis luminosity function also lies in this colour intaly most probable age and distance of the cluster. Twenty abject
Dobbie et al. (2002) speculated that this is caused by thiabeglisplay spectroscopic features of youth. Two brown dwants a
ning of dust formation in cool, “neutral” atmospheres. Toega two planetary-mass object candidates are reported hetlkdor
no satisfactory explanation exists to account for thisufiemat  first time.
Finally, we have investigated thdfects of the uncertain-  The infrared follow-up from théi-band to 8.Qum with the
ties in the cluster age and distance on the mass spectrum2MASS catalogue, deep ground-based near-infrared imaging
particular, the slope of the mass spectrum is highly semsitiwith 2- and 4-m-class telescopes, éitzerSpace Telescope
to age variations, which prevents us from deriving the eémor archival infrared images did not allow us to detect any blue
thea index with an accuracy better than 0.2. The break at Minterlopers in our sample. However, it allowed us to idgntif
0.03M,, did not dfect our firste determination, since we used18 objects with flux excess at 8:6h that are likely to harbour
0.032Mg, as the boundary between high- and low-mass browliscs. Some of them are T Tauri substellar analogs with discs
dwarfs in the mass spectrum. However, the break is dispkaced he frequency of brown dwarfs with discsdnOrionis is esti-
the middle of the intervals in the mass spectrum for the exg¢re mated at 47215 %.
cases of the cluster being younger and closer (1 Ma and 300 pc)Taking into account the spectroscopic information and the
and older and farther (5 Ma and 430 pc). For these cases, ontR#HC photometry, 30 targets are confirmed as very young low-
the two brown dwarf intervals is almost empty, and the lineanass objects members of the cluster. Among the remaining 19
fit becomes meaningless. Using more mass intervals doescloster candidates, up to 6 could be foreground contangnant
solve the problem. A diagram with the normalised cumulatiespecially &ecting the faintest magnitude interval in our sam-
number of objects as a function of mass, like the one shownglte).
Fig.[8, is free of the subjectiveness in the choice of mass-int  We find a rising mass spectruml/AM o« M~?) in the
vals in the mass spectrum and appears useful to comparerttass interval 0.11 and 0.006,. Thea index is+0.6+0.2 for
distribution of masses of stars and substellar objectsflerdi the whole mass interval considered, an@d.4+0.2 if we re-
ent young clusters. There is an apparent change of slope indhrict it to the substellar domain between 0.073 and 0M©6
cumulative distribution of Fid.]8 at masses between 0.026 aA break in the luminosity function is apparent at abdut
0.040M,,. This is likely related to the sharp drop observed ih6.0 mag £0.03M; at the most probable age of the clus-
the cluster luminosity function. ter). Within the mass interval covered by our survey, there i
Our main goal was to investigate whether there is any fe@e direct evidence for the presence of an opacity-mass limit
ture in the mass function that could be linked to the opacifgr objects formed via fragmentation and collapse of molecu
mass-limit for objects forming via fragmentation in molecular clouds. Any possible mass cuffevould lie below 6 My,

dé. Summary
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(0.006M,). Both brown dwarfs and IPMOs seem to form as aBéjar, V. J. S., Zapatero Osorio, M. R. & Rebolo, R. 1999, A1,

extension of the low-mass star formation process.
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Scholz & Eisldftel (2004) detected a non-periodic photo-
metric variability with arms of 0.139mag in the red-optical
light curve of S Ori J053948.1-022914. The averhgeagni-
tude measured by them, 18.10 mag, consideraltfgrdi from
other measurements in the literatute=( 18.92 mag in Béjar
et al. 1999;1 = 18.6740.07mag in Béjar et al. 2004; =
18.50 mag in this work). It might be a photometrically-véta
cluster member. Further studies are needed to assess its mem
bership ino- Orionis.

A.2. New probable cluster non-members

In Table[A.]l we provide the coordinates ahtHKg magni-
tudes of four interesting red objects that probably do net be
long to theo Orionis cluster. They are bluewards of our selec-
tion criterion. Two of them, with identifications 1 and 2 ireth
Table, are likely L-type field ultracool dwarfs in the foregnd.
TheirJ — Ks andl — J colours match the sequence of the ultra-
cool field dwarfs depicted in the colour-colour diagram ie th
bottom right panel in Fid.J4. The sources with identificai@n
and 4 are likely of extragalactic nature. Interestingle, ¢iject

Id. 3 is located at only 1B1.0arcsec to the radio source TXS
0537-029 (Douglas et al. 1996). Given the low spatial dgnsit
of radio sources towards Orionis, it is possible that Id. 3 and
the radio source are associated with a non-cataloguetelip
galaxy 6.2 arcsec to the southeast of Id. 3.
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Table A.1.New probable cluster non-members.

Id. 2000 §72000 I +6l (mag) J+6J(mag) H+6H (mag) Ks=+oKs(mag) Remarks
1 0539254 022943 23.10.18 20.080.10 19.430.07 19.040.07 Early L-type field dwarf?
2 053844.6 024440 238.5 20.64-0.08 19.980.09 19.220.10 Late L-type field dwarf?
3 053959.3 -025256 238.3 20.82-0.09 19.60.2 18.65-0.07 Radio galaxy?
4 054004.7 -022927 >24.5 21.560.10 20.0%0.12 18.520.13 Extremely red galaxy?

Fig. B.1. False-colour composite image of the northern part of suarea corresponding to the detector CCD#2 of the WFC
(11 arcmin wide; north is up, east is left). Blue is for phatgghicl (from the Canadian Astronomy Data Centre), green is for
IRAC 3.6um and red is for IRAC 5.8m. The two very low-mass stars and the eleven brown dwarfssimtea are marked with
white circles. The brightest blueish star is HD 294278, aty§# foreground dwarf. The remaining bright greenish arahge
stars are known classical T Tauri stargritOrionis, like TX Ori and V505 Ori. NOT SHOWN IN THE ASTRO-PH \HESION.



J. A. Caballero et al.: The substellar mass functioor @rionis. Il 19
Table B.1.Basic data of ous- Orionis cluster members and candidates.

Name 72000 §72000 | (mag) J (mag) Iogi Mass (M,) Sp.Type Remarks
S Ori J054000.2-025159 054000.15-025159.4 16.190.04 14.040.08 -1.430.18 0.1;8:3(5’ Y
S OriJ053848.1-024401 0538 48.19-0244 00.8 16.150.03 14.090.08 -1.450.18 0.1@8:82 Y,D
S Ori J053833.9-024508 053833.88-024507.8 16.150.03 14.240.07 -1.5%0.18 0.09552 Y,D
SO0riJ053911.4-023333 053911.40-023332.8 16.360.04 14.380.11 -1.5%#0.18 0.0788:8§ M5.0+£0.5 Y
SOril4 053937.60 -024430.5 16.410.04 14.480.08 -1.580.18 0.0768182 Y
SOrill 053944.33 —023302.8 16.280.04 14.580.12 -1.6@0.18 0.0715%5 M6.0+0.5
SO0riJ054014.0-023127 054013.96-023127.4 17.120.03 14.5%0.10 -1.680.18 0.0718:83 Y
SOriJ053847.2-025756 0538 47.15-025755.7 16.740.02 14.540.08 -1.630.18 0.0668185 Y,D
SOri J053838.6-024157 053838.59-024155.9 16.380.03 14.560.07 -1.630.18 0.06750: M5.5£1.0 Y
SOril6 053915.10 -024047.6 16.680.03 14.6%0.10 -1.660.18 0.0628:818
SO0riJ053902.1-023501 053901.94-023502.9 16.440.03 14.690.11 -1.6#0.18 0.06381817 D
SOri25 053908.95 -023958.0 16.950.03 14.760.10 -1.7@0.18 0.0583%7, M6.5+0.5 Y
SO0riJ053954.3-023719 053954.33-02 37 18.9 16.790.03 14.7#0.07 -1.720.18 0.05681825 M6.0+1.0 (D)
S Ori J053844.4-024037 053844.48-024037.6 17.1¥0.03 14.780.08 -1.720.18 O.OS@S:%E5 D
SOri J053826.1-024041 0538 26.23-024041.4 16.950.02 14.8%:0.07 -1.740.18 0.0542%5° M5.0+2.0 Y
SOri 20 053907.58 -022905.6 16.880.03 14.830.10 -1.750.18 0.051}8:8§4 M5.5+0.5
S OriJ053829.0-024847 053828.97-024847.3 16.840.02 14.840.09 -1.750.18 0.05381824 M6.0+£0.5 D
SOri 27 053817.42 -024024.3 17.080.03 14.920.08 -1.720.18 0.0500%, M6.5+0.5 Y
SO0riJ053825.4-024241 0538 25.44-02 42 41.3 16.8¥0.02 14.950.07 -1.790.18 0.05()8:(%2 M6.0+1.0 Y,D
SOri 28 053923.19 -024655.8 17.140.03 15.120.16 -1.860.18 0.04681822 Y
SOri31 053820.88 —024613.3 17.280.02 15.180.09 -1.820.18 0.0443%! ~ M7.0+0.5
SO0riJ053922.2-024552 053922.25-024552.4 17.040.03 15.2¢0.15 -1.830.18 0.0448:8‘1‘1
SOri 30 053913.08 -023750.9 17.290.03 15.2@0.07 -1.960.18 0.044818‘1‘1 M6.0+£0.5 D
SOri32 05394359 -024731.8 17.380.03 15.340.05 -1.950.18 0.04135} Y
SO0riJ053855.4-024121 05 3855.42-024120.8 18.580.04 15.380.10 -1.880.18 0.0458:821 D,New
S OriJ054004.5-023642 054004.54-023642.1 17.580.03 15.390.07 -1.9%#0.18 0.039813‘1'0 Y,D
S Ori 36 053926.85 -023656.2 17.680.03 15.480.07 -1.9%0.18 0.039%%:, Y,D
S Ori J053854.9-024034 0538 54.92-02 40 33.8 18.740.04 15.690.10 -2.020.18 0.03'2’8:839 D,New
SO0riJ053918.1-025257 0539 18.13-025256.3 18.640.04 16.120.08 -2.250.18 0.0288:%% D
SOri42 05392341 -024057.6 19.080.03 16.490.10 -2.320.18 0.0250%5% M7.5:0.5 Y,D
SOri45 0538 25.58 -024837.0 19.480.02 16.730.07 -2.4%40.18 0.0238:828 M8.5+0.5 Y
S Ori J053929.4-024636 05 3929.38-0246 36.5 19.760.03 16.960.16 -2.560.18 0.021_;8:823
SOris1 053903.22 -023020.7 20.220.03 17.060.12 -2.5%0.18 0.021)%% M9.0+0.5 Y
SOri71 053900.30 -023706.7 20.080.03 17.230.07 -2.6#0.18 0.0198:823 L0.0+£0.5 Y,D
S OriJ053849.5-024934 05 38 49.59-02 49 33.3 20.080.02 17.3@0.08 -2.760.18 0.0188:823 D
S Ori 47 053814.62 -024015.4 20.490.02 17.320.08 -2.6&0.18 0.0192%%° L1.5+0.5
SOri50 053910.81 -023715.1 20.480.03 17.5@0.07 -2.750.18 0.01'2’8:883 M9.0+0.5
SOri53 053825.12 -024802.7 20.980.02 17.920.06 -2.920.18 0.0143%> M9.0+0.5
S OriJ053944.5-025959 0539 44.55-025958.9 20.740.04 18.040.08 -3.080.18 0.01353%
S Ori J054007.0-023604 0540 06.95-02 36 04.7 21.140.03 18.220.07 -3.050.18 0.0128:883
S Ori J053956.8-025315 053956.83-025314.4 21.260.04 18.240.08 -3.060.18 0.01203%
SOri J053858.6-025228 053858.55-025226.7 22.190.05 18.6%0.08 -3.120.18 0.011)3%
SO0riJ053949.5-023130 05 3949.52-02 3129.8 22.040.04 18.830.10 -3.290.18 0.0088:882 New
S Ori 60 053937.50 -023041.9 22.520.05 19.050.10 -3.3%0.18 0.0083%; L2.0+1.0
SOri62 053942.05 -023032.3 22520.05 19.180.10 -3.380.18 0.00825° L2.0+1.5
SO0riJ053844.5-025512 0538 44.56-025512.4 22.740.06 19.3%0.08 -3.420.18 0.00'2’8:882
S Ori J054008.5-024551 0540 08.49-024550.3 22.880.07 19.430.16 -3.480.18 0.00735%5
SOriJ053932.4-025220 0539 32.42-025220.3 22.880.07 19.540.08 -3.530.18 0.00753%%
SO0riJ054011.6-025135 054011.58-025134.6 22.950.07 19.690.09 -3.590.18 0.0068:88‘3‘ New

& Entries for which there is a clear spectroscopic youth igidicor evidence of disc, or are firstly identified in this warke marked by “Y”,
“D”, and “New”, respectively.
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Table B.2.Near-infrared follow-up photometry of our Orionis cluster members and candidates.

Name J (mag) H (mag) Ks (mag) [36] (mag) [45] (mag) [58](mag) [80](mag) Flag

S Ori J054000.2-025159 144@.03 13.440.02 13.150.04 12.830.08 12.860.10 12.630.11 12.5%0.14 2224
SOriJ053848.1-024401 1460.03 13.580.03 13.190.03 12.5%0.07 12.3#0.08 11.890.08 11.080.07 2224
S OriJ053833.9-024508 14£6.03 13.680.03 13.350.04 12.8%:0.08 12.640.09 12.330.10 11.440.09 2224
S0riJ053911.4-023333 1446.03 13.930.03 13.540.04 13.280.10 13.1@0.11 12.950.13 13.040.19 2224
SOril4 14.380.03 13.820.03 13.380.03 13.020.09 12.920.10 12.780.12 12.830.17 2224
SOrill 14.290.03 13.720.03 13.360.04 13.2%0.10 13.05%0.11 12.920.13 12.790.17 2224
S Ori J054014.0-023127 1480.03 13.980.03 13.5#0.04 - - - 2220
SOriJ053847.2-025756 14582.03 13.940.04 13.460.04 - 12.620.09 - 11.420.08 2222
S OriJ053838.6-024157 14586.03 13.960.03 13.650.04 13.330.10 13.2@0.10 13.250.15 13.190.21 2224

SOril6 14.64£0.03 14.040.04 13.660.04 13.230.10 13.550.12 13.040.14 13.050.20 2224
SOriJ053902.1-023501 144d.04 13.380.03 12.6%0.03 11.450.04 10.990.04 10.520.04 9.750.04 2224
SOri25 14.660.03 14.140.04 13.740.05 13.250.10 13.180.11 13.220.15 13.0%:0.18 2224

SOriJ053954.3-023719 14¥#6.03 14.2%0.04 13.8@0.05 13.360.10 13.3@0.12 13.360.16 13.250.20 2224
SOri J053844.4-024037 1480.03 14.2%0.04 13.940.05 13.450.14 13.060.11 12.630.11 12.290.15 2224
SOriJ053826.1-024041 1490.04 14.280.04 13.920.06 13.6@0.12 13.440.13 13.280.15 13.140.20 2224

SOri 20 14.960.04 14.340.04 13.9@¢0.05 13.520.11 13.490.13 13.240.15 13.480.23 2224
SOriJ053829.0-024847 148204 14.280.04 13.880.06 13.160.09 12.850.10 12.460.10 11.820.10 2224
SOri 27 14.830.03 14.3%0.04 14.090.05 13.6@&0.12 13.420.13 13.540.17 13.430.22 2224
SOriJ053825.4-024241 1488.03 14.160.04 13.540.03 12.720.08 12.380.08 11.960.08 11.260.08 2224
SOri 28 15.330.04 14.780.04 14.340.07 13.9%0.13 13.840.16 13.8@¢0.20 13.8@0.27 2224
SOri3l 15.190.04 14.5#0.05 14.160.08 13.820.13 13.630.14 13.580.16 13.5%:0.24 2224
S0riJ053922.2-024552 1582.04 14.840.05 14.4%0.08 14.230.16 13.9920.16 13.940.21 13.830.28 2224
SOri 30 15.240.04 14.750.04 14.3%0.07 13.7£#0.12 13.520.14 13.220.15 12.540.14 2224
SOri 32 15.340.05 14.7&0.06 14.3#0.08 13.9@¢0.13 13.860.16 13.650.18 13.850.19 2224

SOriJ053855.4-024121 156Q.10 14.840.05 13.940.06 12.880.08 12.520.08 12.080.09 11.150.08 2224
SOri J054004.5-023642 1580.05 14.8%0.05 14.240.07 13.640.12 13.3%#0.12 12.830.12 12.140.12 2224
SOri 36 15.460.04 14.840.05 14.490.06 13.7%0.12 13.480.13 13.040.13 12.360.14 2224
SOri J053854.9-024034 158206 15.140.06 14.7%0.11 13.790.13 13.420.13 12.9%0.13 12.4%40.14 2224
SOriJ053918.1-025257 1646.08 15.550.10 15.140.13 14.4#0.17 14.2@0.18 13.860.20 13.140.20 2224

SOri42 16.720.13 15.920.13 15.550.21 14.820.21 14.4%0.20 14.150.23 13.220.20 2224
SOri 45 16.6£0.11 16.020.13 15.590.21 14.750.37 14.760.23 14.820.33 >14.8 2224
SO0ri J053929.4-024636 1696.16 16.520.11 16.030.07 15.1%40.24 15.180.28 15.380.49 >14.8 1114
SOri51 17.060.12 16.420.09 16.130.10 15.440.27 15.3%0.30 15.160.41 >14.8 1114
SOri71 17.230.07 16.520.11 16.1%0.05 15.360.26 14.930.25 14.620.30 13.5%0.24 1114
SOri J053849.5-024934 17:80.08 16.7@0.05 16.2@0.07 15.380.26 15.2@0.29 14.430.26 13.940.30 1114
S Ori 47 17.530.24 16.220.17 15.8%0.08 14.940.21 14.960.26 14.750.30 >14.8 2234
SOri 50 17.580.07 17.120.14 16.180.05 15.6&0.29 15.7%0.36 15.040.40 >14.8 1114
SOri53 17.920.06 17.360.05 16.760.07 15.940.34 15.96.0.41 >15.8 >14.8 1114
S 0OriJ053944.5-025959 1868.08 17.140.32 16.980.12 - 16.6%0.20 - >14.8 1102
S Ori J054007.0-023604 1822.07 17.490.16 16.880.12 16.040.20 16.1@0.20 >15.8 >14.8 1104
SOri J053956.8-025315 1820.08 17.660.05 17.180.07 16.550.20 16.4%0.20 >15.8 >14.8 1114
S Ori J053858.6-025228 1860.08 18.040.06 17.290.07 16.290.20 15.960.20 15.880.60 >14.8 1114
SOriJ053949.5-023130 1889.10 18.180.09 17.420.20 16.540.30 16.620.20 >15.8 >14.8 1114
S Ori 60 19.050.10 18.0&¢0.50 17.3@0.10 16.520.45 15.520.41 >15.8 >14.8 1134
S Ori 62 19.180.10 18.0@0.50 17.860.10 16.920.34 16.830.48 >15.8 >14.8 1134
SOriJ053844.5-025512 19:80.08 18.4@0.30 17.990.07 16.820.51 16.790.54 >15.8 >14.8 1114
S Ori J054008.5-024551 1948.16 - - - - - - 1000
S0OriJ053932.4-025220 1958@.08 18.7@0.06 17.860.07 16.120.37 16.230.46 >15.8 >14.8 1114
SOri J054011.6-025135 19:60.09 - - - - - - 1000

@ Source of the infrared photometry. Three first digil$1{s): 0 — not available; 1 — this work; 2 — 2MASS; 3 — Martin et &02. Fourth
digit (IRAC passbands): 0 — object in any IRAC channel areapBject in two IRAC channel areas; 4 — object in four IRAC afelrareas.
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