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Resumen

Los objetos subestelares (masas M < 0.075 Mg) tienen temperaturas centrales demasiado
bajas para producir una fusién estable del hidrégeno. Esto implica que progresivamente
se van contrayendo y enfriando. Centenares de enanas marrones (M =~ 0.013 — 0.075 M)
y otros centenares de objetos de masa planetaria (M < 0.013 M) o candidatos han sido
descubiertos en los dltimos quince anos. Las enanas marrones han sido caracterizadas por
tipos espectrales ultra-frios M, L, y T. Debido al progresivo debilitamiento de su luminosi-
dad — especialmente rapido a edades <0.1 Ga, los objetos subestelares se detectan mejor
cuando son jévenes. Los cimulos abiertos cercanos con edades y metalicidades bien deter-
minadas son regiones idéneas para identificarlos y comprobar las predicciones de los modelos
tedricos. En esta tesis doctoral presentamos la busqueda, identificacion y caracterizacion
de nuevos objetos subestelares en los ciimulos abiertos de las Pléyades y ¢ Orionis, y con
masas tedricas de ~35-25 y ~4 veces la masa de Jupiter (Myyp), respectivamente.

El ctiimulo abierto de las Pléyades ha recibido gran atencién en la literatura, gracias a
su riqueza en objetos, cercania al Sol (~120 pc), juventud (~120 Ma), notable movimiento
propio y baja extincién interestelar. Debido a que su poblacién de enanas marrones mas
débiles y de tipo espectral L. era poco conocida, hemos realizado una busqueda de estos
objetos. Hemos analizado datos fotométricos del dptico e infrarrojo cercano (bandas RI.J)
en un area de 1.8 deg? y hemos identificado 18 candidatos. Posteriormente hemos real-
izado un seguimiento de ellos en el infrarrojo cercano (bandas H Kjy), obteniendo medidas
fotométricas y espectroscopicas para comprobar su pertenencia al cimulo y determinar
sus caracteristicas espectrales. Confirmamos nueve miembros por movimiento propio, que
nos permiten mejorar la determinacién del espectro de masas subestelares de las Pléyades
dN/dM (ndimero de objetos por unidad de masa). En el rango ~0.5-0.026 Mg, el espectro
de masas puede ser ajustado por una ley de potencias M ~% con un indice o = 0.5 + 0.2.
Este indice es similar al de otros cimulos abiertos mucho més jévenes, lo que sugiere que
la evaporacion diferencial de las enanas marrones de baja masa respecto a los objetos mas
masivos no es significativa. Este resultado apunta a la existencia de objetos subestelares
aun menos masivos en las Pléyades. Los espectros obtenidos para seis miembros del cimulo
muestran tipos espectrales desde L temprano a L medio. Al menos dos de ellos tienen rasgos
espectrales que pueden ser relacionados con baja gravedad superficial, polvo, y juventud.
Las enanas marrones de tipo L de las Pléyades parecen ser intrinsecamente tan débiles como
las enanas de tipo L del campo con paralaje trigonométrico conocido, en desacuerdo con las
predicciones de luminosidad de los modelos tedricos. Es posible que las enanas marrones de
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tipo L de las Pléyades se hayan contraido mas rapidamente de lo que indican los modelos.

En el cimulo abierto ¢ Orionis, de edad ~3 Ma, baja extincion, y relativa cercania
(~360-440 pc), hemos buscado candidatos a masa planetaria y de tipo espectral T, adi-
cionales a los ya conocidos SOri 69 y SOri 70. Hemos obtenido y analizado datos fo-
tométricos desde el rojo lejano hasta el infrarrojo medio en un drea de ~840 arcmin?.
Hemos descubierto tres nuevos candidatos a masa planetaria que por sus colores tendrian
tipos espectrales L, transiciéon L/T, y T medio, respectivamente. El candidato de tipo L
estd situado cerca de una estrella de tipo solar perteneciente al ctimulo (separacién angular
de 11.8 arcsec). Las masas tedricas estimadas de estos nuevos candidatos estan en el rango
2-7 Mjyp, teniendo en cuenta las incertidumbres en la edad, distancia y fotometria. De
confirmarse como miembros del cimulo serian algunos de los objetos de masa planetaria
menos masivos identificados por imagen directa fuera del Sistema Solar. No obstante, es
probable que algunos de ellos sean enanas del campo (mucho més viejas y cercanas) o
galaxias contaminantes, en cuyo caso el espectro de masas tendria un fuerte cambio en la
pendiente, que podria ser evidencia del llamado limite de opacidad para la fragmentacién
de nubes moleculares.



Abstract

Substellar objects (mass M < 0.075 M) have core temperatures too low to produce sta-
ble hydrogen fusion. Therefore, they progressively contract and cool down. Hundreds
of brown dwarfs (M =~ 0.013 — 0.075 M) and fewer hundreds of planetary-mass objects
(M < 0.013 Mg) or candidates have been discovered in the last fifteen years. Brown dwarfs
have been characterized by ultra-cool spectral types M, L, and T. Due to their progressive
dimming — especially rapid at ages $0.1 Gyr, substellar objects can be better detected when
they are young. Nearby open clusters of well determined age and metallicity are idoneous
regions to find such objects and test the predictions of theoretical models. In this PhD
thesis we present the search, identification, and characterization of new substellar objects
in the Pleiades and o Orionis open clusters, and with theoretical masses of ~35-25 and ~4
times the mass of Jupiter (Mjyp), respectively.

The Pleiades open cluster has receaved great attention in the litterature, due to its
richness in objects, its proximity to the Sun (~120 pc), youth (~120 Myr), notable proper
motion and small interstellar extinction. Because its population of fainter, L-type brown
dwarfs was poorly known, we performed a search for these objects. We analyzed optical and
near infrared imaging data (RI.J bands) in an area of 1.8 deg? and we found 18 candidates.
Subsequently, we performed a follow-up of these candidates in the near infrared (HKj
bands), obtaining photometric and spectroscopic measurements to verify membership to
the cluster and determine spectral characteristics. We confirm nine cluster members by
proper motion, which allow us to improve the determination of the Pleiades substellar mass
spectrum dN/dM (number of objects per unit of mass). In the range ~0.5-0.026 Mg,
the mass spectrum can be fit by a power law M~ with an index a = 0.5 &£ 0.2. This
index is similar to those of open clusters about thirty times younger, suggesting that the
differential evaporation of the low mass brown dwarfs relative to the more massive objects
is insignificant. This result points to the existence of substellar objects of even lower mass
in the Pleiades. The spectra obtained for six cluster members show early- to mid L spectral
types. At least two of them have spectral features which can be related to low surface
gravity, dust, and youth. The Pleiades L-type brown dwarfs appear to be intrinsically as
faint as field L-type dwarfs of known trigonometric parallax, which disagrees with luminosity
predictions of theoretical models. A possible explanation could be that the Pleiades L-type
brown dwarfs may have contracted faster than what the models indicate.

In the ~3 Myr old, extinction free, and relatively nearby (~360-440 pc) o Orionis
open cluster, we searched for additional T-type planetary-mass candidates to S Ori 69 and
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S Ori 70. We collected and analyzed photometric data from the far red to the mid infrared
in an area of ~840 arcmin®?. We discovered three new planetary-mass candidates whose
spectral types based on their colours would be L, transition L/T, and mid T, respectively.
The L-type candidate is located near to a solar-type star belonging to the cluster (angular
separation of 11.8 arcsec). The estimated theoretical masses of these candidates are in the
range 2-7 Mjyp, accounting for age, distance, and photometric uncertainties. If confirmed as
cluster members, they would be some of the least massive planetary-mass objects identified
by direct imaging outside the Solar System. Nevertheless, some of them are probably
contaminating field dwarfs (that are much older and nearby) or galaxies, in which case the
cluster mass spectrum would have a strong change in the slope, which could be evidence of
the so-called opacity limit for the fragmentation of molecular clouds.
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Introduction

Puedes decir que el mundo es porque tui eres con tus sentidos. El mundo no es otra cosa que vista, oido,
olfato, gusto, tacto. Pero después de la percepcion directa, superpones un concepto a la sensacién para
calificar el mundo; la percepcién cesa entonces porque percepcién y concepto no pueden existir
simultdneamente. Una vez se detiene la conceptualizacién, queda la quietud, el silencio, la conciencia, la
percepciéon pura. Todas estas palabras apuntan al Ser.

Jean Klein (La sencillez de ser, 1986)

In 1963, Kumar presents models of very low-mass stellar structure and evolution, show-
ing that young contracting stars less massive than 0.07-0.09 Mg (high—low metallicity)
“cannot reach the main sequence stage, because the temperature and density at the center
are too low for hydrogen-burning to start”. Instead, they cool down, mainly, and become
completely degenerate. These objects are called “brown dwarfs” (Tarter 1975) or “sub-
stellar objects”, designating thus self-gravitating objects that do not have enough mass
to maintain a sufficiently high temperature in their cores for stable hydrogen fusion. A
recent theoretical estimate of the stellar—substellar boundary mass at solar metallicity is of
0.075 Mg (Chabrier & Baraffe 2000). Substellar objects with masses below the theoreti-
cal minimum for deuterium burning (~0.013 My, Saumon et al. 1996) are usually called
“planetary-mass objects”, or planets if they orbit around stars.

1.1 Searches for substellar objects

After about three decades of observational efforts, two brown dwarfs are found: Teide 1,
member of the ~120 Myr Pleiades open cluster (Rebolo et al. 1995) and G1229B, companion
to the nearby M2-type star G1229 (Nakajima et al. 1995). The same year, the giant planet
51 Pegasi b is found in a 4.2 days-period orbit around the G5V-type star 51 Pegasi (Mayor
& Queloz 1995). This discovery follows that of three low-mass planets around the pulsar
PSR 1257+12 (Wolszczan & Frail 1992) and the confirmed early identifications of giant
planets orbiting in periods of years the K0-2 ITI-V-type stars v Cep, € Eri, and § Gem
(Campbell et al. 1988; Hatzes & Cochran 1993; Hatzes et al. 2003; Benedict et al. 2006;
Hatzes et al. 2006; Walker 2008). As of June 2010, numbers of discovered brown-dwarfs
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and planets reach both several hundreds!. We note that the substellar nature of several
candidates remains unconfirmed, such as the companion of the F9V-type star HD 114762
(Latham et al. 1989; Mazeh et al. 1996).

Most of the brown dwarf candidates are discovered by wide-field imaging in star-forming
regions and young stellar clusters (molecular clouds, associations, and open clusters) and
the field (e.g. Kelu-1, by Ruiz et al. 1997 using the DENIS survey; see Table 1.1). Some
brown dwarf candidates are discovered as companions to stars, by wide- or narrow-field
imaging (e.g. G196-3B, by Rebolo et al. 1998; see also White et al. 1999; Burgasser et al.
2000; Close et al. 2002, 2003; Gizis et al. 2003; Bouy et al. 2003; Chauvin et al. 2005¢; 7). In
smaller numbers they are discovered indirectly, as by monitoring of stellar radial velocities
or proper motions (e.g. HD29587B y HD 127506B, Halbwachs et al. 2000; Frankowski
et al. 2007). In particular, a “hot brown dwarf” companion (CoRoT-3B) in a 4.26 days
orbit has even been discovered by photometric and radial-velocity monitoring of a F3V-
type star (i.e. by the transit- and radial velocity methods; Deleuil et al. 2008). Stellar
clusters are advantageous relative to field single or multiple systems, because their age can
be determined more precisely, for instance by the methods of upper—main-sequence turn-off
or lithium-depletion boundary (Stauffer et al. 1998). But the first are located at distances
greater than a few tens of parsecs to the Sun (cf. the nearby AB Doradus- and Ursa
Major associations and the Hyades open cluster). The general field, on the other hand,
provides very nearby, large proper-motion, isolated-or-bound, faint, and mostly evolved
substellar candidates. The nearest known brown dwarf is a T-type? binary, in a wide orbit
(physical separation of 1500 AU) around the star Epsilon Indi, at 3.6 pc (Scholz et al. 2003;
McCaughrean et al. 2004; King et al. 2009).

Most of the exoplanet candidates are discovered around “solar type” stars (FGK V-
type stars) by the radial velocity method (e.g. with the CORALIE, ELODIE, and HARPS
searches of the Geneva group, see Mayor et al. 2004, and the HIRES, HAMILTON, and AAT
searches of the California group, Marcy et al. 2005). In smaller numbers, they are discovered
around giant stars (Hatzes et al. 2005; Sato et al. 2007; Lovis & Mayor 2007; Han et al. 2010)
or low-mass stars via radial velocity (Marcy et al. 1998; Bonlfils et al. 2005; Charbonneau
et al. 2009), around pulsars via timing (Wolszczan & Frail 1992; Rasio 1994), low-mass stars
via gravitational lensing (Bond et al. 2004; Udalski et al. 2005; Gould et al. 2006; Beaulieu
et al. 2006), and solar type stars via transiting (Charbonneau et al. 2000; Alonso et al. 2004;
Dvorak et al. 2009; Shporer et al. 2009; Anderson et al. 2010) or direct imaging (Neuh&user
et al. 2005; Chauvin et al. 2005b; Kalas et al. 2008; Lafreniere et al. 2008; Marois et al.
2008). A planetary-mass object has even been found as a companion to a brown dwarf
(2M1207) by direct imaging and proper motion (Chauvin et al. 2004, 2005a). We note that
the acquisition of images resolving planetary-mass objects at very small angular separations
of stars or brown dwarfs remains still a technical challenge, due to the large flux contrast of
the objects. Finally, free-floating planetary-mass candidates are discovered among brown
dwarfs and stars in star-forming regions, such as ¢ Orionis (Zapatero Osorio et al. 2000;
Caballero 2006), Trapezium (Lucas & Roche 2000; Lucas et al. 2005), IC 348 (Najita et al.
2000), Chamaeleon I (Luhman et al. 2005b,a), and Taurus (Luhman et al. 2009; Barrado

1See e.g. the Dwarf Archives at http://www.dwarfarchives.org and J. Schneider’s Extrasolar Planets
Encyclopaedia at http://exoplanet.eu/, and the references in Table 1.1.
2In Sect. 1.2, we describe the spectral types later than O, B, A, F, G, K, and M.
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Table 1.1: Examples of brown dwarf wide imaging searches.

Type of region Examples

Molecular Chamaeleon (Neuh&user & Comerén 1999),

cloud IC 348 (Luhman 1999),
p Ophiuchus (Williams et al. 1995; Wilking et al. 1999),
Taurus (Briceno et al. 1998),
Trapezium (Hillenbrand 1997)

Association TW Hydrae (Gizis 2002),
Upper Scorpius (Lodieu et al. 2007),

Open cluster o Orionis (Béjar 2000; Zapatero Osorio et al. 1999a, 2000),
a Persei (Barrado y Navascués et al. 2002)
Pleiades (Zapatero Osorio et al. 1997a,b; Bouvier et al. 1998),
Praesepe (Magazzu et al. 1998; Chappelle et al. 2005)
Hyades (Bouvier et al. 2008; Hogan et al. 2008)

Field DENIS project (Delfosse et al. 1997; Phan-Bao et al. 2003),
2MASS project (Kirkpatrick et al. 1999a; Burgasser et al. 1999;
Kirkpatrick et al. 2000; Cruz et al. 2003; Burgasser et al. 2003a),
SDSS project (Strauss et al. 1999; Hawley et al. 2002;
Schneider et al. 2002),
UKIDSS project (Lawrence et al. 2007; Kendall et al. 2007),
CFBDS project (Delorme et al. 2008)

et al. 2009). One of the least massive free-floating candidates is SOri 70 in the o Orionis
open cluster (Zapatero Osorio et al. 2002a, 2008; Martin & Zapatero Osorio 2003). It has
an estimated theoretical mass of 2-7 My, (1Myup = 0.00095M¢), 1Mg ~ 1047Mj,p,) and
a spectral type T6. SOri 70 is the precursor of other T-type planetary-mass candidates
recently discovered in stellar clusters (Bihain et al. 2009; Burgess et al. 2009; Marsh et al.
2010).

While the precision of radial velocity measurements increases and the detection of ob-
jects with the mass of Neptune (McArthur et al. 2004) down to a few Earths (Rivera et al.
2005; Mayor et al. 2009) is reached, there appears a clear paucity of brown dwarfs orbiting
at less than 4-5 AU of solar type stars (Marcy & Butler 2000; Jorissen et al. 2001; Marcy
et al. 2005). Also, there appears a paucity at distances larger than 50 UA, by direct imag-
ing searches (Oppenheimer et al. 2001; McCarthy & Zuckerman 2004). These paucities
are called “short and wide deserts of brown dwarfs”, respectively. However, brown dwarfs
appear more frequently in tight orbits around low-mass stars and brown dwarfs, at sep-
aration of semi-major axis of ~4 UA (Bouy et al. 2003; Gizis et al. 2003). They appear
thus more as binaries (high mass ratio ¢ = mg/m; ~ 1, where m; and mgy are the masses
of the primary and secondary, respectively) than as substellar companions to stars (low
mass ratio q). Finally, the binary fraction is found to decrease continuously from 50% for
the G-type dwarfs (Duquennoy & Mayor 1991) to ~10% for the T-type dwarfs (Burgasser
et al. 2003b). This points to the possibility that the separation of semi-major axis and the
fraction of binaries would decrease with the mass of the primary, from the stellar- to the
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substellar domain (Siegler et al. 2005).

1.2 Photometric and spectroscopic properties

The observation of low-mass stars and substellar objects has allowed to extend the classi-
fication of spectral types (O, B, A, F, G, K, M) with L and T, corresponding to effective
temperatures Teg ~2300-1400 K y ~1400-700 K, respectively (Martin et al. 1997, 1999;
Kirkpatrick et al. 1999b; Burgasser et al. 2002; Geballe et al. 2002; Dahn et al. 2002). In
comparison with the M-type dwarfs (Fig. 1.1), the L-type dwarfs are characterized in the
optical by the weakening of the metal-oxide TiO y VO bands due to the condensation of the
metals Ti and V in dust grains (that can affect significantly the atmospheric structure and
the emerging spectrum; cf. DUSTY models of Chabrier et al. 2000). The metal-hydrides
CrH, FeH, and CaH bands begin to be more intense, as well as the neutral alkali metal Na,
K, Rb, and Cs lines (Chabrier & Baraffe 2000; Basri 2000). In the near-infrared (Fig. 1.2),
the water bands at 1.3-1.51, 1.75-2.05, and 2.3-3.2 pm intensify, and also the FeH bands
at ~1.0, 1.2, and 1.6 um. Finally, the appearance of CH4 bands at 1.1-1.24, 1.6-1.8, and
2.15-2.5 pm characterizes the T-type dwarf sequence. From M- to early L-type, the Na I
resonance doublet at ~1.14 pym and the K I resonance doublets at 1.17 and 1.25 pm in-
tensify, and then from early L- to T-type they weaken. CO bands at 2.294, 2.323, and
2.352 pm are present at spectral types M to mid-L, and progressively disappear at later
types.

These ultra-cool atmospheres are thus characterized by strong molecular line-blanketing
(or “greenhouse” effect) and condensation of species with decreasing effective temperature,
which change the chemical equilibrium composition. The formation and evolution of dust
cloud patterns could be related with the observed temporal variability in L- and early-T-
type dwarfs (Bailer-Jones & Mundt 2001; Koen 2003; Littlefair et al. 2008).

As shown in Fig. 1.3 and in Fig. 1.4, the colours of late M-type dwarfs are bluer than
I1—-J~33,1-K~47 J—-K; ~ 14, and J — H ~ 0.8 mag. L-type dwarfs have
redder colours, which increase from early to late spectral subclasses and are related to
the formation of dust in the atmospheres (Chabrier et al. 2000). The colours J — K and
J — H appear to saturate at ~ 2.0 and ~ 1.3 mag, respectively, for spectral types L4-LS.
For T-type dwarfs, these two colours become bluer, reaching even negative values. This
effect is attributed to the gravitational settling of some dust grains below the photosphere
(Chabrier et al. 2000). From L6 to T8, the I — J colour increases from ~4.0 to ~5.6 mag
(see also Table 1.2), whereas the I — K colour increases up to ~6.0 mag for L6-T2 and
then decreases to ~5.0-5.5 mag for ~T8 (Caballero et al. 2008).

1.3 Formation and evolution

From stars to free-floating brown dwarfs and planetary-mass objects, observations indicate
accretion discs (Barrado y Navascués et al. 2003; Mohanty et al. 2005; Luhman et al.
2005c¢,a) and, at least in the o Orionis open cluster and the Chamaeleon I cloud, a continuity
of the mass function® (Béjar et al. 2001; Caballero et al. 2007; Luhman 2007). In the NGC

3See definition in Sect. 1.5.
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Figure 1.1: Comparison of line and band strength changes as a function of spectral type (or temperature)
for two feature-rich portions of the far-red optical spectrum. From Kirkpatrick et al. (1998).

1333 cloud, an apparent mass function cutoff at ~0.015 Mg has been found (Scholz et al.
2009) - previously suggested by (Greissl et al. 2007), which could be interpreted as due to
an opacity mass limit* for gravitational fragmentation of collapsing molecular clouds (Hoyle

4This study is relatively recent. It was accepted for publication about two weeks before that of Bihain
et al. (2009) on the same topic, in the o Orionis cluster.
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Figure 1.3: Optical-near-infrared I — J and I — K colours of ML-type field dwarfs. The numbers in the
x-axis correspond to the spectral subclasses (M8=8, L0=10). From Martin et al. (1999).

1953; Larson 1973; Low & Lynden-Bell 1976; Rees 1976; Silk 1977). Besides, observations
indicate a higher disc frequency for brown dwarfs than for stars (Caballero et al. 2007;
Zapatero Osorio et al. 2007; Luhman et al. 2008). All these observations suggest that
free-floating substellar objects could form as stars (fragmentation of collapsing molecular
clouds) or stellar embryos that are fragmented, photo-eroded or ejected before they can
accrete sufficient mass to become stars (Reipurth & Clarke 2001; Whitworth & Zinnecker
2004; Bate & Bonnell 2005; Whitworth & Goodwin 2005). The short desert of brown
dwarfs in Sun-like stars (Grether & Lineweaver 2006), as opposed to the higher proportion
of brown dwarfs around low-mass stars and brown dwarfs, may indicate that they would
form less similarly as planetary companions than as stellar binaries.

Planets are usually considered as secondary by-products of star formation, resulting
from accretion of planetesimals and then of gas in the disc surrounding the proto-star
(Hayashi et al. 1985; Lissauer 1993; Marcy & Butler 1998; Tkoma et al. 2000; Wuchterl et al.
2000; Hubickyj et al. 2005) or directly from gravitational instability in the gas disc (Boss
1997; Mayer et al. 2002; Whitworth & Stamatellos 2006). Due to dynamical interaction,
some may eventually be ejected into interstellar space (Veras et al. 2009; Stamatellos &
Whitworth 2009). The planetary formation may also produce some of the observed gaps
and asymmetries in accretion discs of very young stars (Mouillet et al. 1997; Heap et al.
2000; Wyatt 2003; Quillen et al. 2004; Grady et al. 2005; Telesco et al. 2005). Half of
the planets detected by the radial velocity method at less than 5 AU of solar type stars



8 Introduction 1.3

M8 M9 LO L1 L2 L3 L4 L5 L6 L7 L8 TO T1 T2 T3 T4 T5 T6 T7 T8

et

...o¢o+¢ ? » <*

0.5

2MASS J-H

0.0

.
=
p-4

-0.5

1

R

o
o

?M*

=
o

L LR LR R R T R
[ T I T T [ T I T [ T T T

e
- =
G

2MASS H-K,

-0.5

_6_
-

9 ¢+*¢¢+‘++*.
oo"..+ : ? ) <*

2MASS J—K,

pl e b b P b b by b b b v by 1

oY it
o &
- %

<&

.%_

M8 M9 LO L1 L2 L3 L4 L5 L6 L7 LB TO T1 T2 T3 T4 T5 T6 T7 T8
Spectral Type

Figure 1.4: Near-infrared J — Ks, H — K and J — H colours of MLT-type field dwarfs. Individual T-type
dwarf colours with errors are indicated by open symbols, with upper-limit detections indicated by downward
arrows. Weighted averages at each half-subtype are indicated by slightly offset filled circles. L-type dwarf
mean colours (with 1 o scatter) are taken from Kirkpatrick et al. (2000). From Burgasser et al. (2002).

have minimum masses (M sin(i), where i is the inclination of the stellar system relative
to the sky plane) smaller than 1.5 Mj,,. In the other half, the planets distribute until a
dozen My, with a frequency inversely proportional to their mass (Marcy et al. 2005). The
frequency of radial velocity planets with masses ~5-14 My, at less than 5 AU of field solar
type stars is ~1.5 %, whereas the frequency of free-floating objects in the same mass range
in comparison to solar type stars in the sigma Orionis cluster is ~50 % (Caballero 2006).
These statistics may suggest that giant planets are much less frequent around stars than
their mass counterparts in interstellar space, and thus, that planets would form (i) mostly
at small masses by core accretion (Solar system paradigm) or (i7) also at larger masses (e.g.,
by gravitational instability in the gas disc) and be ejected into the free-floating population
(Stamatellos & Whitworth 2009). The low giant-planet statistics are supported by the null
results of several high-resolution deep imaging surveys of stars probing greater separations
20-100 AU, providing a probability of less than 20 % for planets more massive than 4 My,
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Table 1.2: Numerical volume densities, absolute J-band magnitudes, and I — J colours of MLT-type field
dwarfs (Caballero 2006).

SpT  p My I-J J
(10°pc™®) (mag) (mag) (@360 pc)

M3V  19.6 7.11 1.3 14.9
M4V 16.3 8.60 1.5 16.4
M5V 9.81 8.81 1.8 16.6
M6V 4.90 10.23 2.2 18.0
M7V 1.907 10.63 2.8 18.4
M8V  1.285 11.15 3.1 18.9
M9V  0.768 11.64 3.4 194
LOV  0.435 11.62 34 194
L1V 0.456 12.00 3.5 19.8
L2V 0477 12.38 3.6 20.2
L3V 0.394 1276 3.7 20.5
L4V 0.332 13.14 3.8 20.9
L5V 0.373 13.52 3.9 21.3
L6V  0.312 13.90 4.0 21.7
L7V 0.250 14.28 4.1 22.1
L8V 0.229 14.66 4.2 22.4
TOV  0.379 14.79 44 22.6
T1V  0.443 14.60 4.5 22.4
T2V  0.368 14.33 4.7 22.1
T3V 0.181 14.26 4.9 22.0
T4V 0.587 14.36 5.0 22.1
T5V  0.439 14.64 5.1 22.4
T6V  2.33 15.11 5.3 22.9
T7V  0.345 15.75 5.5 23.5

(Nielsen et al. 2008). But the range 5-20 AU where the radial velocity and imaging technics
have low sensitivity remains to be further probed. There are also claims that (young) giant
planets may be much fainter than predicted, and therefore much more difficult to detect
by imaging (Fortney et al. 2008). In fact, the few theoretical studies predicting the planet
fluxes by coupling the atmosphere models to the thermal evolution models (Burrows et al.
1997; Chabrier et al. 2000; Baraffe et al. 2003) assume arbitrary initial conditions, i.e.
without coupling to the formation models.

Due to the lack of sufficient thermonuclear energy, substellar objects are expected to
contract and cool down. The evolution of a brown dwarf can be described schematically in
three phases (Stevenson 1978):

e the collapse phase, during which a homogeneous low-density gas sphere (essentially of
hydrogen and helium) contracts adiabatically along the vertical Hayashi track in the
Hertzsprung-Russell diagram. This phase is difficult to modelize as for the pre-main
sequence T Tauri stars (asymmetry, turbulence, accretion, magnetic fields, opacity,



10 Introduction 1.3

and external triggering);

e the deuterium burning® which occurs during the degenerate cooling. It is also referred
as the deuterium ’main sequence’, where the luminosity decreases less rapidly;

e the degenerate cooling®, during which the luminosity decreases with the rhythm of
release of the internal and gravitational potential energies. Lower mass objects are
less luminous as illustrated in Fig. 1.5.

Evolution of luminosity with time for different masses
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Figure 1.5: Evolution of the luminosity (in Lg) of solar-metallicity M-type dwarfs and substellar objects
versus time (in yr) after formation. The isomasses of stars, brown dwarfs, and planetary-mass objects are
represented by blue, green, and red curves, respectively. The masses (in Mg) label most of the curves, with
the lowest three corresponding to the mass of Saturn, half the mass of Jupiter, and the mass of Jupiter.
From Burrows et al. (1997).

From Figs. 1.6 and 1.7, high-mass brown dwarfs are expected to evolve slowly from late
M-type in the initial phase to L-type at an intermediate age (several hundreds of Myr), and

®The thermonuclear reaction is *D(p,y)*He (Tp ~4x10°K). D and He are fully ionized and treated as
classical gazes, whereas the electrons are treated as a mostly quantum-degenerate gas.

5The degeneracy of the electrons gas implies that the gas can hardly get denser and the cooling implies
that the degeneracy increases. Therefore the density is mostly constant, and so the radius of the brown
dwarf (~1 Ryup).
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at ages large enough (a few Gyr), to T-type, and then beyond. Low-mass brown dwarfs
and massive planetary-mass objects of late M-type are expected to reach faster the L- and
later types.
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Figure 1.6: Evolutionary tracks in a logl0 radius versus effective temperature diagram. Isochrones for the
ages of ~3.2, 32, 320 Myr, and 3.2 Gyr are shown from top to bottom. The Tes ranges of MLT spectral
types are indicated. This plot has the advantage over an Hertzsprung—Russell diagram in that considerably
more detail can be shown over the range of conditions considered. In all cases, radius decreases with time.
For the more massive brown dwarfs the effective temperature initially increases before decreasing. Adapted
from Burrows et al. (1997).

Figures 1.5 and 1.7 show that young brown dwarfs could have the same luminosity as
older low-mass stars’. Because the theoretical models are relatively untested at various
ages, metallicities, and low-mass stellar- and substellar masses, this further complicates the
search for substellar objects among field dwarfs of spectral types later than mid-M.

Therefore, a direct measurement of the mass is the most suitable. Binary systems, pref-
erentially of short periods, permit the estimation of the dynamical mass (see e.g., Zapatero
Osorio et al. 2004; Dupuy et al. 2009a,b; 7, 2010). However numerous objects are observed
free-floating or in some cases in rather long period systems.

One way to distinguish low-mass stars from brown dwarfs is the lithium test (Rebolo

"Although Fig. 1.7 indicates that low-mass substellar objects of spectral types late M and early L would
always be brighter than higher mass objects of same effective temperature.
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Figure 1.7: Theoretical Hertzsprung—Russell diagram for various masses (labeled in Mg). The weak depen-
dence of radius on mass for substellar objects yields the merging of the tracks for the lowest-mass objects.
Dotted lines represent 1, 10, 100 Myr, and 5 Gyr isochrones from right to left. Adapted from Chabrier &
Baraffe (2000).

et al. 1992; Magazzu et al. 1993; Pavlenko et al. 1995). “Li nuclei are burned via proton
collisions ["Li(p,a)*He] in interiors at relatively low temperatures of ~2x10% K (near the H
burning temperature; Fig. 1.8). The strong convection of very low-mass stars (M<0.3 Mg)
brings the lithium into the deeper and hotter layers where it is burned and causes an
atmospheric lithium depletion. But for substellar objects with masses below 0.06 Mg,
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this temperature is not reached, and they thus preserve largely their initial lithium content.
The atmospheric lithium abundance can be measured spectroscopically using the resonance
doublet at 6708 A, which is detectable for effective temperatures down to ~1500-1000 K.
At T < 1500 K, the doublet becomes less intense because of the increase of lithium in
molecular forms like LiCl and LiOH (Lodders 1999). Nevertheless, the overall Teg range
covers largely the range relevant for brown dwarfs, at ages young enough (<0.5 Gyr).

The left panel in Fig. 1.9 illustrates the lithium depletion or preservation for members
of the Pleiades open cluster. The cool objects Teide 1 (Rebolo et al. 1995) and Calar 3
(Rebolo et al. 1996) have preserved their initial lithium content and are substellar. The
same is expected for Pleiades dwarfs fainter than Teide 1 (see Sect. 1.5), which can thus
be used to interpret the lithium amounts of field dwarfs of same spectral type. The right
panel in Fig. 1.9 shows how the theoretical lithium fraction (the ratio of the number of
Li atoms at a given time over the initial number of Li atoms) depends on mass and age.
Brown dwarfs with masses smaller than 0.055 Mg preserve during at least 10 Gyr half of
their initial lithium content, whereas those with masses greater than 0.06 My deplete in
less than 0.5 Gyr all their lithium. The figure suggests that the lithium test differentiates
neatly a brown dwarf from a low-mass star of same age when the mass of complete lithium
depletion is below the hydrogen burning mass limit, i.e. when the age is >0.1 Gyr.

r? T T ! T | T

log T (K)

55 ° ~ "N 0.012 M,

log t (yrs)

Figure 1.8: Central temperature as a function of age for different masses. 7w, 7t; and Tp indicate the
hydrogen, lithium, and deuterium burning temperatures, respectively. From Chabrier & Baraffe (2000).

However, the substellarity of an ultra-cool object with lithium can be further con-
strained by evolutionary models. Indeed, the highest-mass brown dwarf sets the maximum
substellar luminosity and effective temperature at which lithium begins to be fully depleted
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Figure 1.9: Left: lithium abundance versus effective temperature for Pleiades members of a wide mass range.
Abundances are given in the usual scale N(H) =12. Open circles and arrows (which indicate upper limits)
are taken from the literature. From Rebolo et al. (1996). Right: theoretical lithium fraction as a function of
mass, for different ages. The solid and dashed lines represent the NextGen and Dusty models, respectively
(Baraffe et al. 1998; Chabrier et al. 2000); the lines for ages 0.5-10 Gyr overlap. From Martin et al. (1999).

(log(L/Lg) = —3.05 dex and Tog = 2670 K, respectively), so that a fainter and cooler
dwarf with lithium will be a brown dwarf (Basri 1998). The maximum effective tempera-
ture corresponds to an optical spectral type M8V (Kirkpatrick et al. 2008).

Besides, low-mass stars are predicted not to reach effective temperatures cooler than
those of early L-type dwarfs (about 2000 K, as estimated using the 10 Gyr Dusty model
from Chabrier et al. 2000, and corresponding to an optical spectral type ~L3). Therefore,
a spectral type T would certainly be conclusive for substellarity.

In the case of substellar candidates of spectral types mid M and L, spectral shapes and
features indicative of low surface gravity and youth, such as weak Na I, K I, Rb I, and
Cs I absorption lines and strong VO bands (McGovern et al. 2004), can be compared to
emergent spectra of model atmospheres and allow to estimate the effective temperature and
surface gravity (Béjar 2000; Basri et al. 2000; Mohanty et al. 2004a; Kirkpatrick et al. 2006).
From a measured distance and the difference between predicted and observed magnitudes,
it is possible to estimate the radius, which together with the estimates of the effective

temperature and surface gravity allows to derive the luminosity and mass, respectively
(Mohanty et al. 2004b).

1.4 Young open clusters and substellar evolution

To test the contraction- and cooling rates of substellar objects predicted by theoretical
models, age- and mass benchmark objects are required (see e.g., Chabrier & Baraffe 2000).
Once the models are calibrated, they can be used to determine and understand the Galactic
substellar population (Kroupa & Bouvier 2003; Burgasser 2004; Allen et al. 2005; Pinfield
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et al. 2006), as well as the substellar populations outside our Galaxy.

For ultracool field dwarfs, it is in general difficult to obtain precisely the age, due to the
large uncertainties in their effective temperature, luminosity, and metallicity (obtained from
spectroscopy, photometry, and astrometry) as compared to the closeness of the theoreti-
cal isochrones of low-mass stellar and substellar evolutionary models in the Hertzsprung—
Russell diagram, as well as due to the uncertainties in the theoretical isochrones themselves.
In the case of large samples of members of open- and globular clusters, the age can be esti-
mated more reliably, using for example model isochrones in colour-magnitude diagrams (or
the Hertzsprung—Russell diagram) and the upper—main-sequence turn-off method, although
there remain uncertainties even for the stellar evolutionary models (Soderblom 2010). In
open- and globular clusters, binaries can be more easily identified, by their overluminosity
with respect to the lower cluster sequence of singles in the colour-magnitude diagrams,
sequence whose faint and cool tail is defined by the less massive (substellar) objects. Thus,
a stellar cluster allows to obtain a photometric and spectroscopic snapshot for a whole mass
sequence of stars and substellar objects at a specific age, and finally, to derive statistically
significant properties as a function of mass and age.

From Fig. 1.5, we see that younger substellar objects are brighter, even brighter than
older low-mass stars. They are thus easier to detect in nearby young open clusters, allowing
us furthermore to reach lower mass domains. Also from Figs. 1.6 and 1.5, we see that the
radius and luminosity decrease more rapidly at <0.1 Gyr than at older ages, implying that
using open clusters that young we could test more easily whether the theoretical models
describe well the evolution of substellar objects and can be used for later ages.

Table 1.3: Theoretical fundamental parameters of a 0.030 Mg brown dwarf at the ages of 3, 120 Myr, and
1 Gyr (Baraffe et al. 1998; Chabrier et al. 2000). The absolute magnitude difference AM is relative to
3 Myr. Spectral type based on Teg is also given (Kirkpatrick et al. 2008; Testi 2009).

Age Tt logL/Le, AM  logg SpT

(Myr) (K)  (dex) (mag) (dex)

3 2613 -2.24 0. 3.77  ~M8.5
120 1782 -3.86 405 473 ~L45
1000 958  -5.11 718 490 early T

As an example, in Table® 1.3 we show the predicted luminosity of a 0.030 M., brown
dwarf at the ages of 3, 120 Myr, and 1 Gyr (Baraffe et al. 1998; Chabrier et al. 2000).
The former two ages are those estimated for the o Orionis and Pleiades open clusters,
respectively, which we have chosen to explore in this PhD Thesis. Both young clusters are
very suitable observationally, because they are populous, nearby, compact in the sky, and
relatively free of interstellar extinction.

8In this Table, we derive also the absolute magnitude, which is the magnitude of the object as it would
appear at a distance of 10 pc from the observer: M = —2.5 log(L/(4mr?)) + C with r = 10 pc and C a
constant depending of the photometric system. The absolute magnitude can be expressed relative to the
Sun, M — Mg = —2.5log(L/Lg), where Mg = 4.74 mag and Le = 3.856 x 103 erg.s™ 1 (Bessell et al. 1998).
In continuation, we will refer to it as the absolute bolometric magnitude (Myo1), i.e. including the emission
of light at all wavelengths, to differentiate it from absolute magnitudes limited to small wavelength ranges
(as for example M in Table 1.2). To convert the last to the bolometric magnitude, bolometric corrections
are required and they depend of the spectral type of the object.
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1.5 The Pleiades open cluster

The Pleiades open cluster (M45) is one of the nearest open clusters of intermediate young
age, with a distance of ~120 pc (revised Hipparcos distance, van Leeuwen 2009) and an
approximately solar metallicity (Funayama et al. 2009; Soderblom et al. 2009). It has equa-
torial coordinates (RA = 3"47.0™, DEC = 424°07') and galactic coordinates (1=166.57°,
b=-23.52°). Because of its relatively high galactic latitude, searches of brown dwarfs have
small visual contamination by red giants from the Galactic disc. The Pleiades cluster con-
tains more than 1200 stars (for a total cluster mass of ~800-900 M), Adams et al. 2001;
Converse & Stahler 2008), distributed spherically in its central part and slightly elliptically
(e=0.17) in its external part (Raboud & Mermilliod 1998).

Figure 1.10: 4.0x2.6 deg® image of the Pleiades open cluster in the visible. From George Greaney
(http://www.astroimages.com/index.html).

Figure. 1.10 shows a 4.0x2.6 deg? image of the cluster in the visible. The expected
tidal radius of the cluster, where the gravitational potential of the Galaxy equals the cluster
potential, is of about 6 deg (13.1 pc, Pinfield et al. 1998). Several B-type massive stars
populate the central region, among which the seven brightest Alcyone, Atlas, Electra, Maia,
Merope, Taygeta and Pleione, with visual magnitudes V=2.86-5.09 mag. The extinction
in the Pleiades is relatively small, possibly in the range E(R-1)=0.02-0.14 mag (Taylor
2008), except near the star Merope, where a star-like concentration of nebulous matter lays
(IC 349). The overall blue nebulous matter observed among several of the massive stars is
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reflective and is not a remainder of the proto-cluster nebula, because its radial velocities
differ to that of the cluster. It corresponds in fact to illuminated parts of passing-by dust
clouds (see e.g. White 2003).
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Figure 1.11: Colour-magnitude diagram in the IK bands for Pleiades low mass stars (open symbols) and
brown dwarfs (filled symbols). The substellar limit (0.075 Me) at the age of the cluster is given by the
reappearance of the lithium feature in the spectra of Pleiades objects (denoted with triangle-shaped symbols
in this diagram). Spectral types are provided on the left side of the cluster sequence. Overplotted to the
data is the theoretical dust-free, NextGen 120 Myr-isochrone (dashed line) from Baraffe et al. (1998) shifted
to the distance and reddening of the Pleiades. Masses in solar units are indicated. From Rebolo & Zapatero
Osorio (2000).

The Pleiades average proper motion (pqcosd, ps) =(19.154+0.23, —45.724+0.18) mas/yr
(Robichon et al. 1999) is large, so that membership can be easily confirmed by proper
motion measurements. The comparison of the I-band magnitude corresponding to complete
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lithium depletion with that predicted by theoretical models provides a Pleiades cluster age
of ~ 120 Myr (Martin et al. 1998a; Stauffer et al. 1998). Because at this age the mass
corresponding to the complete lithium depletion is very near to the hydrogen burning mass
limit (see Sect. 1.3), the lithium test is particularly useful to confirm brown dwarfs in the
Pleiades.

The Pleiades open cluster served for decades as a reference stellar laboratory where
models were put in contrast with observations (stellar rotation, binary statistics, chromo-
spheric activity, stellar distribution and luminosity function, etc.). Since the discovery of
the Pleiades brown dwarfs Teide 1 and PPL 1, subsequent studies have provided numerous
fainter substellar candidates (Zapatero Osorio et al. 1997a,b; Festin 1998; Bouvier et al.
1998; Zapatero Osorio et al. 1999b; Pinfield et al. 2000), from which a fraction has been
confirmed by lithium detection (Rebolo et al. 1996; Martin et al. 1998a; Stauffer et al.
1998; Martin et al. 2000) or by proper motion (Moraux et al. 2001). In Fig. 1.11 a colour-
magnitude diagram in the I K-bands summarizes some of the results obtained for low mass
stars and brown dwarfs in the cluster. The coolest object for which a spectral type is ob-
tained is the (LO-type) brown dwarf Roque 25 (Martin et al. 1998b), with an estimated mass
of ~0.035 M. Deep photometric searches have unveiled a dozen other faint sources in the
Pleiades, of which some were confirmed by proper motion (Moraux et al. 2003; Bouy et al.
2006). Proper motion measurements of such objects have not been published explicitely
prior to our study (Bihain et al. 2006).
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Figure 1.12: Pleiades mass function from 0.030 to 10 Ms. The log-normal fit of Moraux et al. (2003) is
shown as a solid line. From Moraux et al. (2004).

On the other hand, very large area proper motion surveys (Hambly et al. 1999; Pinfield
et al. 2000; Deacon & Hambly 2004) have provided significant coverage of the stellar-
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substellar boundary population of the cluster. Regarding radial distribution, Moraux et al.
(2003) find that it is more dispersed for substellar objects than for stars, indicating that
mass segregation has taken place in the past (Moraux et al. 2004). In Fig. 1.12, we present
the Pleiades mass function from Moraux et al. (2004) for the mass range 10-0.03 M. The
mass function is defined as the number of objects dN per logarithmic mass unit dlogM,

_dN
~ dlogM

or equivalently, as the number of objects d/N per mass unit dM and multiplied by the
mass M and Inl10 (dN/dM x M x Inl10). Here it is fitted by a log normal function

E(logM) (1.1)

—(logM —log < M >)?

2
2o-logM

&(logM) x exp , (1.2)

where < M >~0.25 is the peak mass value and 0,507 ~0.52 is the dispersion (Moraux
et al. 2003). Sometimes, an alternative representation is used, which is that of the mass
spectrum dN/dM (see for example Deacon & Hambly 2004). In small mass ranges, the
mass spectrum can be approximated by a power law dN/dM o« M~“ and the spectral index
a can be compared to that obtained by other studies. Dobbie et al. (2002) and Moraux
et al. (2003) find that in the mass range 0.6-0.03 M, the spectral index « is ~0.6-0.8. It
is similar to that found in much younger clusters, as ¢ Orionis where a=0.8+0.4 for 0.2 <
M(Mg) < 0.013 (Béjar et al. 2001). This similitude implies that differential evaporation’
of low-mass members relative to more massive ones has not been very significant (Moraux
et al. 2003, 2004; Moraux & Clarke 2005).

1.6 The o Orionis open cluster

The o Orionis open cluster is one of the youngest (3 +2 Myr; Zapatero Osorio et al. 2002c)
and relatively nearby (360%8 pc, Brown et al. 1994; 444 + 20 pc, Sherry et al. 2008) open
clusters without significant extinction (Ay < 1 mag; Sherry et al. 2008). Also, it has a
solar metallicity (Gonzdlez Herndndez et al. 2008). Its name comes from its central star o,
which is located in the Orion constellation, or more precisely, in the Ori OB 1b association
(see e.g., Brown et al. 1994). The massive star is about half a degree West and slightly to
the North of the Horsehead Nebula, where there is a very high extinction at optical and
near-infrared wavelengths. The o Orionis open cluster has equatorial coordinates (o, ) =
(5"38.7™, —2°36') and galactic coordinates (I,b) = (206.8, —17.3)°, implying a sufficiently
high galactic latitude so that searches of brown dwarfs have small visual contamination by
red giants from the Galactic disc. The cluster contains about 340 stars and brown dwarfs
in the mass range ~18-0.03 M, (Caballero 2008b); its total mass is of 2 x 102M, (Sherry
et al. 2004). The distribution of the cluster members is approximately radial and of two
components: a dense core extending to ~20 arcmin and a rarefied halo at larger separations
(Caballero 2008a). Figure. 1.13 shows a 18x18 arcmin? image of the cluster in combined

9Due to the release of energy in weak encounters of cluster members, members of lower masses are dis-
persed with larger velocities, reaching larger distances to the cluster centre (mass segregation) and eventually
escaping into the field population (see also Converse & Stahler 2010).
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optical and infrared light. The star ¢ Orionis, with visual magnitude V ~ 2.8 mag, is
quintuple at least, with stellar components A, B, C, D, and E of spectral type 09.5V,
B0.5V, A0V, B2V, and B2Vp, respectively.
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Figure 1.13: 18 x 18 arcmin? image of the o Orionis open cluster in combined optical and infrared light. North
is up and East is left. From J. A. Caballero (http://www.ucm.es/info/Astrof/users/cab/sigmaOrionis.jpg).

The proper motion of cluster members is very small — for o Orionis AB, (pqc0s0, ps)
=(4.61+£0.88, —0.40+0.53) mas/yr (Perryman et al. 1997), requiring thus a large time
baseline to be measured accurately, in contrast to other objects in the line of sight that
might move relatively faster. However, the radial velocity of cluster members is of about
~30 km s~! and can be used more easily to confirm the membership of photometric can-
didates, together with spectroscopic criteria of youth such as lithium preservation, intense
H, emission and weak Na I absorption (see e.g., Zapatero Osorio et al. 2002c; Kenyon et al.
2005). Finally, some of the photometric candidates present infrared excesses (as revealed
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by unusually red colours) probably related to discs, supporting their cluster membership
(Oliveira et al. 2006; Herndndez et al. 2007).

The substellar content of the o Orionis cluster has been studied for about a decade, since
the discovery of brown-dwarf- and planetary-mass members (Béjar et al. 1999; Zapatero
Osorio et al. 1999a, 2000). Deeper photometric and spectroscopic studies have provided
additional cluster members and candidates down to planetary-masses (Béjar et al. 2001;
Zapatero Osorio et al. 2000), further confirmed by spectroscopy (Martin et al. 2001; Barrado
y Navascués et al. 2001, 2002; Zapatero Osorio et al. 2002¢c,b). A deep survey has even
allowed to find a mid-T-type object with a mass of ~2-7 My, (SOri 70, Zapatero Osorio
et al. 2002a) and an LO-type low-mass brown dwarf of extreme H, emission (SOri 71,
Barrado y Navascués et al. 2002). Other, mainly photometric surveys (Barrado y Navascués
et al. 2003; Béjar et al. 2004b,a; Caballero 2006; Gonzélez-Garcia et al. 2006; Caballero
et al. 2007) have allowed to increase the census of substellar members and candidates in
the cluster.
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Figure 1.14: Ic-band magnitude versus spectral type for low-mass members or candidates of the o Orionis
cluster. The solid line represents a 3 Myr-isochrone from Baraffe et al. (1998). Absolute magnitudes and
masses are indicated to the right of the diagram, and effective temperatures (in K) are indicated at the top.
The filled circle is SOri 71. Adapted from Barrado y Navascués et al. (2002).
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Figure 1.14 shows a spectral type — Ic-band magnitude diagram, including most of the
reported late-type cluster members and candidates observed by spectroscopy. The coolest
object with measured spectral type, later than the TO-type S Ori 69 candidate (right-most
in the figure), remains the candidate 2-7 My, S Ori 70 (Zapatero Osorio et al. 2008; Scholz
& Jayawardhana 2008; Luhman et al. 2008).

Studies of infrared excesses find a disc frequency >45% for cluster substellar members
and candidates, larger than that for low- and intermediate-mass stars (Caballero et al. 2007;
Zapatero Osorio et al. 2007; Luhman et al. 2008). Similar results of an increase of the disc
frequency with decreasing mass are found in other star forming regions and may suggest
longer lifetimes of the circumsubstellar accretion discs.
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Figure 1.15: Number of objects within each mass interval (top panel) and mass spectrum (bottom panel)
from 0.110 to 0.006 My. Dotted vertical lines denote the hydrogen (left) and deuterium (right) burning
mass limits. The values not corrected for contamination are shown with thin lines (top panel) and open
circles (bottom panel), while the values corrected for contamination are shown with thick lines (top panel)
and filled circles (bottom panel). The fits of the mass spectrum in the three substellar bins (thin dashed
line) and the four bins (thick dashed line) are also shown. From Caballero et al. (2007).

Several of the census studies of brown dwarfs and planetary-mass objects in the young
o Orionis cluster have derived the mass spectrum in an attempt to elucidate the formation
mechanisms of these substellar objects (e.g., Béjar et al. 2001). A mass cutoff in the
spectrum, for example, would favour an opacity mass limit (Hoyle 1953; Larson 1973; Low
& Lynden-Bell 1976; Rees 1976; Silk 1977) for gravitational fragmentation of collapsing
molecular clouds (Bate & Bonnell 2005; Bate 2005, 2009), whereas an approximately log-
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normal, shallower drop would favour a turbulent fragmentation of the clouds (Padoan &
Nordlund 2002, 2004; Padoan et al. 2007). The most complete mass spectrum in the mass
range 0.110-0.006 M, is that of Caballero et al. (2007), shown in Fig. 1.15. Its shape can
be approximated by a power law dN/dM oc M~ with a spectral index o = 0.6 +0.2. In
the substellar domain, the index is found to be slightly smaller, of 0.4+0.2. Clearly, the
mass spectrum of Caballero et al. (2007) indicates no cutoff, but a more or less smooth
increase towards planetary masses.



Objectives

We might try our lives by a thousand simple tests; as, for instance, that the same sun which ripens my
beans illumines at once a system of earths like ours. If I had remembered this it would have prevented
some mistakes. This was not the light in which I hoed them. The stars are the apexes of what wonderful
triangles! What distant and different beings in the various mansions of the universe are contemplating the
same one at the same moment! Nature and human life are as various as our several constitutions. Who
shall say what prospect life offers to another? Could a greater miracle take place than for us to look
through each other’s eyes for an instant? We should live in all the ages of the world in an hour; ay, in all
the worlds of the ages.

Henry David Thoreau (Walden, 1854)

In this PhD Thesis, we would like to search, identify, and characterize new substellar
objects in the Pleiades and o Orionis open clusters, and with spectral types L and T, respec-
tively. We would like to study specifically the Pleiades L-type brown dwarfs to constrain:
(i) the substellar evolution (in particular, that of luminosity and effective temperature) at
an age of ~120 Myr and spectral type L, and (ii) the Pleiades substellar mass spectrum for
M < 0.040M), because it will give us clues on the differential evaporation at these masses
in the ~120 Myr open cluster and the existence of a population of free-floating planetary-
mass members. Also, we would like to study T-type planetary-mass objects in the very
young (~3 Myr) o Orionis open cluster, because their very low masses (<6 Mjyp) and their
number density may help us to determine the lowest mass by which they can form as stars
by gravitational fragmentation of collapsing molecular clouds.

2.1 L-type brown dwarfs in the Pleiades open cluster

The research objectives for the Pleiades are further detailed in the publications ”Pleiades
low-mass brown dwarfs: the cluster L dwarf sequence” (Bihain et al. 2006) and ”Near-
infrared low-resolution spectroscopy of Pleiades L-type brown dwarfs” (Bihain et al. 2010)
and briefly outlined below:
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2.1.1 Pleiades low-mass brown dwarfs: the cluster L dwarf sequence

e Search for the Pleiades lower-mass brown dwarfs (M<0.035 M) corre-
sponding to the L-type dwarf sequence. We search for red and faint objects
using near-IR and optical images. Our candidates will then be followed-up for com-
plementary photometry and proper motion measurements, which will allow us to
confirm their membership to the Pleiades open cluster.

e Compare our photometric results to model predictions and field dwarfs
translated to the cluster distance. Because the open cluster has a well known
age and metallicity, the photometric properties of the Pleiades L-type brown dwarfs
will provide useful constraints to models predicting the evolution of substellar objects.

e Obtain the Pleiades mass spectrum. We will complement our results with the
most constrained results based on proper motion and lithium confirmations. This will
provide us a good estimation of the mass spectrum, to be compared with that of other
clusters, and thus allowing us to determine whether the differential evaporation of the
lower-mass brown dwarfs relative to the more massive cluster members is significant
or not and whether free-floating planetary-mass objects are likely to be found in the
open cluster.

2.1.2 Near-infrared low-resolution spectroscopy of Pleiades L-type brown dwarfs

e Characterize spectroscopically the candidate L-type Pleiades members by
proper motion. We obtain follow-up near-infrared low resolution spectroscopy for
these Pleiades members, that will allows us to confirm their spectral type L and
discuss possible spectroscopic features of youth.

e Compare the spectrophotometric properties to those of models and field
dwarfs translated to the cluster distance. Because the open cluster has a
well known age and metallicity, the spectrophotometric properties of Pleiades L-type
brown dwarfs will provide useful constraints to models predicting the evolution of
luminosity and effective temperature for substellar objects.

2.2 T-type planetary-mass objects in the o Orionis open cluster

The research objectives for o Orionis are detailed further in the publication ”Candidate
free-floating super-Jupiters in the young o Orionis open cluster” (Bihain et al. 2009) and
briefly outlined below:

e Search for new ¢ Orionis T-type few-Jupiter mass candidates. We search
for red and faint objects using a dataset of optical and infrared images.

e Obtain the ¢ Orionis mass spectrum. We complement our results with con-
strained results at greater masses. This will provide us a hint of the trend of the
mass spectrum towards lower planetary masses and will allow us to consider possible
formation mechanisms.



Methodology

Men frequently say to me, “I should think you would feel lonesome down there, and want to be nearer to
folks, rainy and snowy days and nights especially.” T am tempted to reply to such, — This whole earth
which we inhabit is but a point in space. How far apart, think you, dwell the two most distant inhabitants
of yonder star, the breadth of whose disk cannot be appreciated by our instruments? Why should I feel
lonely? is not our planet in the Milky Way? This which you put seems to me not to be the most
important question. What sort of space is that which separates a man from his fellows and makes him
solitary? I have found that no exertion of the legs can bring two minds much nearer to one another. What
do we want most to dwell near to?

Henry David Thoreau (Walden, 1854)

To search and characterize fainter substellar objects in the Pleiades and ¢ Orionis open
clusters, we used collaboration- and new optical-to-near-infrared data from instruments at
various telescopes of class 2-8 m. According to the expected spectral energy distributions
for the type of objects we were interested to discover (L- and T type objects), we designed
observations in various bands, mainly in the range 1.0-2.4 ym. In addition, we made use of
digital databases to complement our data. Photometry and astrometry were used to search
for these objects and spectroscopy was used to characterize them further. Comparison with
available theoretical models and with nearby reference objects of L and T-type were carried
out to determine the existence of peculiar features associated with age. Luminosities, effec-
tive temperatures, and masses were estimated. Mass functions constructed and discussed
in the light of current formation theories for low-mass substellar objects.

3.1 Searches in databases

To obtain information on celestial objects, prepare astronomical observations, and select
photometric and astrometric calibrators, I used World Wide Web interfaces (i) of the NASA
(Astrophysics Data System —ADS— Bibliographic Services, Infrared Processing and Analy-
sis Center -IPAC— archives), (ii) of the Centre de Données Astronomiques de Strasbourg
in France (SIMBAD Astronomical Database, VizieR Service, Aladin Sky Atlas, and Cata-
logues) and (iii) more specific ones (e.g., Wide Field Camera ~-WFCAM- Science Archive
of the United Kingdom Infra-Red Telescope —UKIRT). I also used the SAOImage DS9 dis-
play programme (Joye & Mandel 2003), which can retrieve images and information from
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Web databases. Examples of source catalogues or image archives accessed are those of the
United States Naval Observatory (USNO, A2.0 and B1.0 catalogues, Monet & et al. 1998;
Monet et al. 2003), Sloan Digital Sky Survey (SDSS, Abazajian et al. 2009), Two Micron All
Sky Survey (2MASS, Skrutskie et al. 2006), UKIRT Infrared Deep Sky Survey (UKIDSS,
Lawrence et al. 2007), and the Spitzer Space Telescope.

3.2 Observational method

3.2.1 Context

Because the Pleiades L-type brown dwarfs and ¢ Orionis T-type planetary-mass objects
would be very faint, with far-red optical magnitudes I 2 21.0 and 24.0 mag (see the cluster
spectroscopic sequences in Figs. 1.10 and 1.13), due to their lower masses and the distances
of the open clusters to the Sun, we chose broad-band near-infrared imaging as the primary
observational technique. Also, we studied regions at intermediate angular separations to the
centre of each cluster: not too small (loss of flux contrast because of the bright central stars)
and not too large (rarefied halo). We ensured that the Pleiades and o Orionis surveys were
wide enough (1.8 and 0.8 deg?, respectively) to find several candidates, as estimated from
numerical surface densities. These later were obtained by extrapolating linearly published
mass spectra. For example, for our ¢ Orionis survey area, a linear extrapolation of the
mass spectrum dN/dM o M~94F92 of Caballero et al. (2007) imply 3-7 objects in the
mass range ~0.006-0.004 Mg.

Practically, in the Pleiades study we performed an H K-band imaging follow-up of I.J-
band L-type brown dwarf candidates (see Sect. 3.4.1), allowing us to confirm some by
proper motion. Then, for a fraction of the later, we performed near-infrared spectroscopy.
We used the following instruments and telescopes for the imaging follow-up: the Camara
Infrarroja (CAIN-II) mounted on the 1.55 m Telescopio Carlos Sanchez (TCS; Observatorio
del Teide ~OT—, Tenerife, Spain), the Long-Slit Intermediate Resolution Infrared Spectro-
graph (LIRIS) on the 4.2 m William Herschel Telescope (WHT; Observatorio del Roque de
Los Muchachos -ORM-, La Palma, Spain), and Omega2000 on the 3.5 m Telescope (Cen-
tro Astronémico Hispano-Aleman de Calar Alto -CAHA-, Spain). For the spectroscopic
follow-up, we used the Near Infrared Camera Spectrometer (NICS) and its Amici prism
mounted on the 3.6 m Telescopio Nazionale Galileo (TNG; ORM) and WHT/LIRIS.

In the o Orionis study, we performed mainly an extension by Z.JH K-band imaging of
a multi-band search for T-type planetary-mass candidates initiated by the research team
in the early 2000’s. We used the Wide Field Camera (WFC) mounted on the 2.5 m Isaac
Newton Telescope (INT, ORM), CAHA 3.5 m/Omega2000, the Son of Isaac (Sofl) on the
3.6 m New Technology Telescope (NTT; La Silla Observatory, Chile), and WHT /LIRIS.

More details on the instruments and specific observations can be found in the appended
papers. The observations that I performed or was helped to perform are indicated in
Table 3.1. In these and most of the other observations, I contributed to the choice, priority
and observational requirements of the targets.
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Table 3.1: Observations that I performed or was helped to perform.

Paper Observations

Pleiades phot. ~ WHT/LIRIS 2005 Jan. 23-24 and Mar. 25; all TCS/CAIN-II nights
Pleiades spec. ~ TNG/NICS 2005 Sep 18 and Nov 20

o Orionis phot. NTT/Sofl 2006 Dec. 24-27

3.2.2 Imaging

The near-infrared broad-band imaging of target fields consisted typically of short-time ex-
posures (of a few seconds), repeated several times over each of several dither positions
15-20 arcsec apart (20 times a seeing of 0.75-1.0) or along a scan pattern (to obtain a
mosaic). The exposures are (i) short enough to avoid that the level of counts of the sky
atmospheric background enters the non-linear regime of the detector and (ii) long enough
to ensure that the noise is background limited (in this case, the signal-to-noise ratio is
proportional to the square root of the exposure time, permitting to anticipate the total
exposure time needed to reach a specific image depth). The dithering displaces point-like
sources over the detector sufficiently so that blank sky can be mapped everywhere; the
higher counts of the sources can then be easily rejected during the ulterior computation of
the median sky background (see Sect. 3.3.1). Due to the dithering, however, the area of
100% overlap of the images — i.e. the deepest area — is always smaller than the total area
covered, and this more significantly for detectors of smaller fields of view.

Typical calibration images were flats and darks. The flats are obtained from images
taken at different illumination levels of a spatially uniform source of light such as the sky or
doom lamps, to allow to correct for the varying efficiency of the individual pixels, which are
exposed to the important near-infrared heat radiation of the instrumental installation (tele-
scope, optic, cryostat and surrounding dome). There are thus different types: sky-, doom-,
and super-flats. The later ones are obtained from the science target images themselves.
The darks are images taken with the same short exposure times and detector operating
temperature as for the target images, but with the light entrance blocked. These images
are integrations of the noise due in part to thermally excited current carriers in the detector
(“dark current”). Darks are required when the detector temperature is not low enough!.

In the case of far red images (I Z-band), exposure times were typically larger (a few- to
several minutes) due to the lower sky atmospheric emission. No dithering was performed,
unless for correction of fringing. Flats and biases were also obtained. Biases are essentially
darks of zero exposure time (therefore they are also called ”zero” frames) and allow to
correct for pixel-to-pixel variations.

3.2.3 Spectroscopy

The collection of dispersed near-infrared light of the faint Pleiades targets consisted of longer
exposures (a fraction to a few minutes), dithered over two or three positions (separated

'The photodetectors of the near-infrared instruments CAIN-II, LIRIS, Omega2000, NICS, and Sofl are
all mercury cadmium telluride (HgCdTe or MCT) detectors, which operate best at cryogenic temperatures
(as for example the liquid nitrogen temperature, 77 K); the first one is a NICMOS3 256x256 array and the
latter ones are Hawaii 1024x1024 arrays, from the constructor Rockwell.
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by about 20 times the seeing) along the spectrometer slit. A brighter source of known
separation and polar angle to each science target was used as reference in the slit during
the exposures.

Early A-type stars were used usually as telluric standard stars, for two reasons (Vacca
et al. 2003): (i) their spectra contain relatively few metal lines, with strengths that are
generally only a few percent of the continuum and (ii) the near-infrared continua can be
reasonably well approximated by a blackbody with a temperature of ~10,000 K. The stan-
dard stars were observed in general close in celestial coordinates and time to the targets (to
minimize differences in airmass, and atmospheric- and instrumental conditions), to correct
for the telluric absorption and instrumental response. Spectroscopic flats were obtained us-
ing tungsten- or halogen lamps within the vacuum optics or weak doom lamps. Wavelength
calibration spectra were obtained from argon or xenon arc lamps within the vacuum optics.

In the case of optical spectra, exposure time are relatively larger (a good fraction of an
hour), because of the lower atmospheric sky emission. Flats and biases are also obtained.

3.3 Data reduction

The reduction of the data was performed mostly within the Image Reduction and Analysis
Facility? (IRAF) environment. Details on specific software packages used are provided in
the appended papers. Also, I elaborated several IRAF data reduction scripts, based on the
shared knowledge of the research team, IAC colleagues, and guidelines and publications for
the specific instruments and observational modes. These scripts allow semi-automatic data
reduction and were frequently updated to optimize the depth and resolution of the images.
The data reduction that I performed or was helped to perform are indicated in Table 3.1.

Table 3.2: Data that I reduced.
Paper Data reduction
Pleiades phot.  J-band survey and H Kg-band follow-up
Pleiades spec. All data, except that of 2005 Sep 18 (collaboration)
o Orionis phot. new JH K¢-band data, published VLT J-band survey, and published
3.5-m Calar/Omega2000 data of Zapatero Osorio et al. (2008);
photometry and astrometry for all the optical and near-infrared data

After the Pleiades photometric paper, I reduced TNG/NICS and WHT/LIRIS H K-
band imaging data of the Pleiades L-type candidates BRB 25 and BRB 32 (Bihain et al.
2006), obtained on the observing nights of 2005 September 18 and 2006 December 28, re-
spectively. These data and their results were not published. The NICS data was reduced
using the Speedy Near-IR data Automatic reduction Pipeline (SNAP; Filippo Mannucci),
whereas the WHT /LIRIS data was reduced as in Bihain et al. (2006). Also, I reduced spec-
troscopic data corresponding to the Pleiades brown dwarfs BRB 27 and 28 (Bihain et al.
2006), obtained on the observing nights of 2005 October 27-28 with the Near-IR Spec-
trograph (NIRSPEC) mounted on the 10 m Keck II telescope (Mauna Kea Observatory).

2IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.
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The spectra are consistent with L-type, but their too low S/N and small wavelength cov-
erage (1.15-1.37 pm) impede their spectral classification at the sub-type level as intended
in Bihain et al. (2010).

3.3.1 Imaging data

Near-infrared raw images were pre-processed depending of the instrument (e.g., pixel-
mapping- and row-cross-talk corrections, dark subtraction), then flat divided, sky sub-
tracted, their elements flagged for bad pixel, aligned using several reference stars, distortion
corrected (depending also of the instrument), and combined (see Fig. 3.1 for an example).

Figure 3.1: Example of near-infrared imaging data reduction: 3.5 m Telescope (CAHA)/Omega-Prime
(1024 %1024 pixels, 0.40 arcsec/pixel, 6.8x6.8 arcmin®) J-band survey images of the Pleiades (as reduced
on April 2010): (a) raw image, (b) the same image but flat divided, (c) another flat-divided image but with
a pointing offset, (d) median sky obtained from several of such flatfielded images, (e) sky subtraction, (f)
combination of all the flat-divided-, sky-subtracted- and aligned images.

In the optical, the raw CCD images were overscan subtracted, trimmed, bias subtracted,
flat or superflat divided (superflats obtained from dithered images allow to correct the
fringing), aligned using several reference stars, and combined. The overscan corresponds to
the dark current determined in the “overscan” region, not exposed to observation photons
and situated along one of the borders. This and other border regions are cut after use
(image trimming).



3.3 Data reduction 31

Photometry

The images were analyzed for aperture- and point-spread-function (PSF) photometry using
routines within the DAOPHOT package, which is specifically designed for stellar photometry
of crowded fields (such as those of stellar clusters).

The following steps were performed using scripts I wrote in IDL. Sources with counts
in the linear regime were correlated with 2MASS or UKIDSS point sources of magnitude
errors smaller than 0.1 mag. An average difference between the instrumental and reference
magnitudes was then computed (rejecting iteratively deviant sources) and used to calibrate
the PSF photometry. The completeness (limiting) magnitude of an image was estimated at
the maximum (fainter half maximum) of the histogram of object counts per magnitude bin.
However, in the particular case where the source detection — using the routines FINDSTAR
(Almoznino) or DAOFIND — was pushed to very low signal-to-noise ratios (S/N ~ 3) and
the number of sources at faint magnitudes increased substantially, the completeness and
limiting magnitudes were estimated from the vector of average instrumental magnitude error
per magnitude bin: the faintest magnitude bins where the average errors are <0.10 and
0.20 mag, respectively (corresponding to S/N = 10 and 5, respectively, see e.g., Newberry
1991).

Astrometry

For the astrometry, I used published point-source catalogues (e.g., USNO-B1, 2MASS,
UKIDSS) as references and an IRAF script that I adapted from the myasrtrom.cl script
of E. Puddu. It correlates catalogue sources with those in the image, starting from an
assumed orientation and pixel scale (A). Then it computes the plate solution (B) and uses
it for an improved source correlation (A’), which in turn allows to compute a new plate
solution (B’). One or two more iterations (A”B”, A”’B”’) permit to optimize further the
correlation and the plate solution. The last plate solution is then used to transform (x,y)
pixel coordinates into (right ascension, declination) coordinates.

Multi-band source catalogues

In the case of the Pleiades photometric study, I obtained IJ-band source catalogues for
each of the 120 J-band images overlapping with the I-band images, from a correlation of
the pixel coordinates of the I- and J-band sources (using the FORTRAN program CORREL,
kindly provided by M. R. Zapatero Osorio).

In the o Orionis study, where several survey images of different bandpasses overlapped
(IZJHK), I used a less time-consuming method, thanks to a more systematic and precise
astrometric calibration of the images. First I joined together the source catalogues of
different images but same bandpass, then I correlated the (right ascension, declination)
coordinates of the sources of different bandpasses (using an IDL script). I obtained mainly
1JH K-band source catalogues.

3.3.2 Spectroscopic data

Near-infrared raw spectroscopic images were pre-processed depending of the instrument
(e.g., pixel mapping and row cross-talk corrections), then the spectra were sky-subtracted,
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flat-fielded, aligned, combined, optimally extracted (i.e. traced and validated in the images),
and wavelength calibrated. The LIRIS spectra were wavelength calibrated before they were
shifted and combined. The instrumental response and telluric bands were removed divid-
ing by the telluric standard spectra and multiplying by black-body spectra with the same
effective temperature (see Fig. 3.2). Resolved intrinsic lines in telluric standard spectra
(LIRIS spectra) were removed before dividing the target spectra. Spectra of different wave-
length ranges (LIRIS zJ and H K spectra) were flux calibrated using published broad-band
photometry of the corresponding objects and the appropriate filter bandpasses.

H el

| 1 1 1
5000 10000 15000 20000 25000 10000 12500 15000 17500 20000 22500
wavelength (wavelength) wavelength (wavelength)

Figure 3.2: Example of near-infrared spectroscopic data reduction: TNG/NICS-Amici data of the Pleiades
brown dwarf BRB 23. The block of four expanded images shows: (a) a raw spectral image, (b) and (c)
two consecutive offseted spectral images that are subtracted by each other to remove the contribution of
the sky, and (d) the combination of 10 sky-subtracted and aligned spectral images. Panel (el) shows the
extracted spectrum of BRB 23, corresponding to the lower trace in the spectral images. Panel (e2) shows
three normalized spectra: the wavelength calibrated spectra of BRB 23 (solid line) and its telluric standard
(dashed line; it is the AO-type hot star SAO 56596, with Tesg ~ 10000 K) and the blackbody spectra with
the same T, than the telluric standard (concave dashed line). Finally, panel (e3) shows the spectrum of
BRB 23 divided by the telluric standard spectra and multiplied by the black-body spectra — i.e. corrected
in principle for the instrumental response and the telluric bands.
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3.4 Data analysis

3.4.1 Colour—magnitude- and colour—colour diagrams and broad-band lumi-
nosity functions

Sources of multi-band source catalogues were represented in different diagrams to identify
new candidate members of the young open clusters.

In the colour—magnitude diagrams, we used in general as ordinate magnitude the band-
pass of the images allowing the best detection of the candidates (usually in the near-
infrared), although it is not a strict rule. “Normal” candidates were expected to appear
along the sequence of known or probable low-mass stellar- and substellar members. Lower
mass candidates were expected to follow the extrapolation of the sequence at fainter mag-
nitudes (lower luminosities) and more evolved colours (cooler effective temperatures), in
general anticipated using the field dwarf sequence shifted to the distance of the open clus-
ter. Predicted magnitudes and colours of evolutionary models could also be used as a guide,
although these remain less reliable, because of incomplete knowledge of opacities and dust
properties in substellar photospheres (Helling et al. 2008).
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Figure 3.3: Pleiades J versus I — J, J — H, and J — K colour-magnitude diagrams (Left, middle, and right
panel, respectively). In the J versus I — J diagram, the circular symbols are the candidate- or confirmed
cluster members, with redder I — J colours than the “bluer” envelope (blue line). At J > 17.4 mag, some
of the L-type candidates are Pleiades members (large filled circles), possible members (circled filled circles)
and non-members (large empty circles) by proper motion (see Sect. 3.4.2). The upper and lower dotted
lines at the bottom indicate the completeness and limiting magnitudes of the survey, respectively. In all
three diagrams, the solid line and the dash-dotted line represent the ~120 Myr DUSTY isochrone (Chabrier
et al. 2000) and the ~125 Myr NextGen isochrone (Baraffe et al. 1998), respectively, shifted to the distance
of the cluster. The small triangles correspond to field dwarfs shifted to the distance of the cluster. In the
J versus J — H and J — K diagrams, additional reported Pleiades very low-mass stars and brown dwarfs
with lithium or proper motion consistent with cluster membership are shown (additional small filled circles
at J < 17.2 mag). In these diagrams, the typical photometric error for the candidate L-type probable
and possible cluster members by proper motion is represented by a cross, on the left. In the J versus
J — K diagram, the small empty circles at J > 18.5 mag represent the IJ candidates without proper motion
measurements: five of them have J — K colours less red than the segment connecting the two non-members
by proper motion (blue line) and are thus probable photometric contaminants. Adapted from Bihain et al.
(2006).
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In the Pleiades study, for example, we built I versus I — J colour—-magnitude diagrams
for each of our 120 catalogues of pixel cross-matched sources, detected both in the I- and J
band (for the search of the Pleiades L-type dwarfs, these optical and near-infrared images
had similar depth). Then we considered a lower envelope defined by the bluest known cluster
members and extended it at fainter magnitudes to a slightly redder colour, for the search of
L-type dwarfs. We selected as cluster member candidates all the point-like sources redder
than this boundary. In a further step, we made an H K¢-band follow-up of the candidates to
verify if they had red J— H and J— K colours as expected for L-type dwarfs. To assess their
cluster membership, we built J versus J — H and J — K diagrams, where each candidate
could be located. We flagged as most probable cluster member candidates those with
the reddest colours and prioritized them for proper motion follow-up. This allowed us to
consolidate the Pleiades L-type sequence using the colour-magnitude diagrams. Figure 3.3
summarizes this procedure.
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Figure 3.4: I — J versus J — K colour-colour diagram of stars (black crosses), active galactic nuclei (red
crosses), and galaxies (grey crosses) from the GOODS-MUSIC catalogue (Grazian et al. 2006), in the
magnitude range 19.5 < J < 21.5 mag. The solid line represents the field L1-T7-type dwarf sequence, the
filled circle represents S Ori 70, and the open circles represent new member candidates of the o Orionis open
cluster. The new candidate in the orange rectangle is probably a mid T-type object. The candidates in the
yellow rectangle could either be L- or T-type objects or galaxies or active galactic nuclei (considering that
if the GOODS-MUSIC area would be scaled up to o Orionis search area, then the colour distributions of
galaxies and active galactic nuclei would probably be slightly broader and overlap more with the locations
of the candidates in the yellow rectangle). Adapted from Bihain et al. (2009).

Colour—colour diagrams were also used in our studies to determine photometrically the
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spectral type, nature, or properties of candidates, comparing them with field LT-type dwarfs
and galaxies (see Fig. 3.4).

Finally, (single broad-band filter) luminosity functions, i.e. histograms of the number
of cluster members and member candidates per magnitude bin, were obtained. Like the
colour-magnitude- and colour—colour diagrams, they provide observational fingerprints of

open-cluster populations?.

3.4.2 Proper motions

The proper motion measurements were obtained as follows. First I selected non-saturated
and well defined (S/N > 10) single objects among all those that appeared within ~3" of
a substellar candidate. I measured their centres in the first- and the second-epoch images
with the IRAF task CENTER (DIGIPHOT.DADPHOT package).

Then I computed the transformation from second-epoch image to first-epoch image with
GEOMAP — if the first-epoch image had a more accurate equatorial astrometry (because of
wider field of view, smaller pixel scale, point sources with smaller full-width-half~-maximum
~FWHM- or larger S/N); else I computed the transformation from first-epoch image to
second-epoch image. With GEOMAP I selected the objects whose positions minimized the
transformation error and could thus be considered as reference objects. A Legendre function
of order 3 was used when more than 12 objects were available, and of order 2 for fewer
objects.

With GEOXYTRAN I used the transformation to predict the positions (x1p,y1p) of the
reference objects and the candidate in the first-epoch (or destination) image, and compared
them with the measured ones, (1, 1), obtaining the pixel shifts (A;,, Ay, ) = (x1p—21, Y1p—
y1). This already allowed us to determine whether the candidate had a pixel shift larger
than the dispersion of the pixel shifts of the reference objects, centred on zero.

Using the plate solution of the first-epoch image and WCSCTRAN, I converted, for the can-
didate, the predicted and measured pixel positions in equatorial coordinates, (RA1,, Decip)
and (RA1, Decy), respectively, and obtained the corresponding equatorial shift (Agra,,
Apee,) = (RA1, — RA1, Decip — Decy). I then obtained the proper motion:

ARAl ADecl ) (3 1)

(uacos5,ua)=< NN,

where At is the time in Julian years between the two epochs of observation. The proper
motion units are arcseconds per year. Therefore, Ar4, should be multiplied by 15 if it was
measured initially in seconds.

In general, the precision of the equatorial astrometry was relatively high (o ~ 0.17),
so that its error contribution to the proper motion was negligible. I computed the proper
motion error using a linear approximation of the plate solution at the position of the
candidate. This linear approximation can be expressed as follows, assuming RA and Dec
along x and y, respectively:

3Nevertheless, they depend of the selection criteria used for cluster membership, which rely on a priori
and sometimes implicit assumptions based on previous observations and predictions of evolutionary- and
atmospheric models.
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| o cosd| ||
(Opacosss Tus) = (A£1| o2 + 02y + 07, A, oot ot op, ), (3.2)
where 0,1, y1, 22, y2 are the errors of the (z,y) pixel positions in the first- (1) and second-
epoch (2) images and oy, ¢, the error of the transformation between these images.
The proper motions of the substellar candidates were then compared to those expected
for members of the young open cluster in consideration, for example in a proper motion
diagram.

3.4.3 Spectral classification and magnitude- and colour—spectral type diagrams

Spectra of cluster members were classified by comparing them visually and automatically
with published dwarf spectra of similar bandpass coverage and resolution. All the spectra
were normalized before in the same wavelength range. For the visual comparison, I made
an IDL script that overplots the spectrum of interest on dwarf spectra sorted by increasing
spectral type (e.g., L0 to L8). This allowed me to determine the best spectral match and
approximate match range (see Fig. 3.5), accounting for the progressive change of spectral
features with spectral type (e.g., 0.85-1.3 um continuum shape and depth of water bands
between the J, H, and K bands). For the automatic comparison, I used the FORTRAN
program SINTET kindly provided by M. R. Zapatero Osorio. This program converted all
the spectra to the same resolution and determined the best match to the spectrum of
interest by chi-squared minimization. I then verified the proposed spectral match visually.

In some cases, the spectra had peculiar features (of youth or low surface gravity), which
I could identify by eye comparing with young field objects.

Magnitude- and colour—spectral type diagrams were obtained to further study cluster
members.

3.4.4 Bolometric luminosities, effective temperatures, and masses

We obtained bolometric luminosities using bolometric corrections — e.g., BC; for the J
band — established for field dwarfs (Cushing et al. 2006), assuming thus that these bolo-
metric corrections are also valid for our young substellar candidates. Theoretical masses
were obtained interpolating linearly between model points of evolutionary models using
our estimated luminosities. Finally, average effective temperatures were adopted from field
dwarfs of same spectral type than our substellar candidates. The luminosities and effective
temperatures were used to compare with theoretical isochrones in the Hertzsprung-Russell
diagram, whereas masses were used to build substellar mass spectra and discuss them con-
sidering formation mechanisms.
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Figure 3.5: Schematic summary of the near-infrared spectral classification of the Pleiades low-mass mem-
ber PPl 1. Its TNG/NICS-Amici low-resolution spectrum (black line) is compared to spectra of M-type
field dwarfs (red lines). A model atmospheric transmission of Hammersley (1998) is also shown (blue
line). The best spectral match is at spectral type M7. At spectral types <M6.5, the 1.0-2.4 pm re-
gion becomes straighter, with weaker water bands at ~1.4 and ~1.85 pum. At spectral types >M7.5, the
0.8-1.3 pum flux decreases relative to that at H band and the ~1.4 yu water band becomes deeper. The ref-
erences of the comparison M-type spectra are: 2MASS J01532750+3631482, 2MASS J11150577+2520467,
2MASS J04071296+1710474 (Burgasser et al. 2004), 2MASS J12373441+3028596 (Sheppard & Cushing
2009), LP944-20 (Burgasser et al. 2008). Practically, PP1 1 was classified spectroscopically comparing to 88
M-type dwarfs.



Results and discussion

The very globe continually transcends and translates itself, and becomes winged in its orbit.

Henry David Thoreau (Walden, 1854)

4.1 L-type brown dwarfs in the Pleiades open cluster

In our 1.8 deg? RIJ-band search in the Pleiades open cluster,

1)

2)

We find 18 L-type candidates, with I 2 21 mag (and R—1I 2 2.0 mag when measurable),
174 < J < 19.7 mag, and I — J > 3.3 mag.

Our H Kg-bands follow-up confirms that (Teide 1, Roque 25, and) 9 out of the 11 can-
didates with proper motion measurements are Pleiades members, considering a larger
intrinsic velocity dispersion of the cluster low mass members than for the more massive
members. Five of the seven other photometric candidates are probable contaminants,
considering their less red near-infrared colours!.

The intrinsic velocity dispersion of the candidate L-type Pleiades members is estimated
to be of >4 mas yr~!, at least four times that of Pleiades stars with masses 2 1 M
(Jones 1970; Pinfield et al. 1998) and appears consistent with the linear relationship of
equipartition of energy, between the velocity dispersion and the inverse square root of
the mass for cluster members, as expected in an nearly relaxed cluster (Pinfield et al.
1998 and Fig. 4 therein).

The Pleiades sequence in the J versus I — J colour-magnitude diagram at J > 18 mag
is bluer than that predicted by the Dusty atmospheres model (Chabrier et al. 2000),
whereas it agrees with those predicted in the J versus J — H and J — K diagrams,
suggesting that the far red flux (I band) might be underestimated relative to the near-
infrared flux (JHK bands).

LOur unpublished, additional H Ks-band imaging of the two remaining and redder candidates BRB 25

and BRB 32 (see, in the J versus J — K diagram of Fig. 3.3, the two small empty circles at J > 18.5 mag
and with redder J — K colours than the blue-colour segment) imply proper motions inconsistent with cluster
membership.
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5)

Also, the Pleiades L-type sequence overlaps in the three colour-magnitude diagrams
with that of field L-type dwarfs with known trigonometric parallax, contrary to what
happens at M-type, suggesting that the Pleiades and field L-type dwarfs may have com-
parable spectral energy distributions and luminosities (L). If the effective temperatures
(Tog) estimated from the spectral energy distribution do not depend much on the sur-
face gravity, then, the Pleiades and field L-type dwarfs may have also similar effective
temperatures and therefore radii (from the black body relation L = 47 R?0T j‘ﬁ, where o
is the Stefan-Boltzmann constant).

Correcting for contaminants and including the proper motion objects from Deacon &
Hambly (2004) in our survey fields, we obtain a substellar mass spectrum. For a power
law dN/dM oc M~ fit in the mass range 0.5-0.026 M), we find a spectral index o of
0.5£0.2. It agrees with that of Moraux et al. (2003), o = 0.60 & 0.11 (0.48-0.03 M),
based mainly in the 0.04-0.03 M« mass range on photometric candidates. Again, this
slope is similar to that of open clusters a few Myr old, such as o Orionis (Béjar et al. 2001)
and A Orionis (Barrado y Navascués et al. 2004), implying that differential evaporation
of low-mass members relative to more massive ones has not been very significant and
that Pleiades members of even lower masses are probably to be found in our survey area.
Indeed, from log-normal and power law extrapolations of the mass spectrum, we predict
3-5 brown dwarfs of 0.026-0.013 M, and 1-4 planetary-mass objects of 0.013-0.005 M,
in our survey area.

The near-infrared spectra obtained for six of our L-type candidates confirmed by proper
motion imply spectral types early- to mid L, whereas those obtained for the well known
Pleiades late M-type PPL 1, Calar 3, and Teide 1 confirm their optical spectral types
(see Fig. 4.1 for the Amici spectra).

The spectra of the earliest L-type Pleiades brown dwarfs PLIZ 28 and BRB 17 (the
latter is not shown in Fig. 4.1) present a triangular shape in the H-band spectral region,
a noticeable VO band at 1.06 pm, and an entire apparently peculiar continuum shape
(relative to typical LO-type field dwarfs), probably associated to low-surface gravity,
dust and youth. These spectra indicate that the triangular H-band continuum shape,
a peculiar spectral feature that has been previously reported for substellar members of
stellar associations of a few Myr to a few tens of Myr only (the oldest object with such
feature is the early-L-type AB Pic B in the ~30 Myr old Tucana-Horologium association,
Chauvin et al. 2005b; Bonnefoy et al. 2010), persists until at least the age of the Pleiades.

We build a Pleiades spectrophotometric sample of 45 low-mass stars and brown dwarfs,
adding to our nine spectroscopic targets 36 reported M5-L0-type members of the open
cluster. In M;, My, and Mg absolute-magnitude-—and I —J, Z —J, Y —J, J — H,
H—K, and J— K colour—spectral type diagrams, we confirm that there are no significant
differences in absolute magnitudes (obtained using trigonometric parallax distances) and
colours between the Pleiades and field dwarf sequences at spectral type L, supporting
thus the interpretation of similar spectral energy distributions and luminosities. Nev-
ertheless, adopting a larger cluster distance (such as obtained by main-sequence fitting
using field stars), the luminosities of the Pleiades L-type brown dwarfs would be brighter
and less similar to those of the field L-type dwarfs.
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Figure 4.1: NICS/Amici low-resolution 0.85-2.40 pum spectra of Pleiades low-mass members, in air wave-
lengths. The spectra are normalized to the average flux between 1.56 and 1.74 pym and offset by con-
stants. The main regions affected by tellurics are represented by dotted lines. Field dwarf spectra are
overplotted in red. For PLIZ 28, the comparison field dwarf spectra is that of the low-surface gravity
2MASS J00552554+4130184 (Kirkpatrick et al. 2006). A model atmospheric transmission rebinned to a
dispersion of 7 nm pix~! is represented in blue in the lower panel. From Bihain et al. (2010).

10) Besides, from this comparison we find that the Pleiades mid-M to mid-L-type dwarfs
have a J — K colour marginally redder by 0.1+£0.2 mag than their field counterparts,
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Figure 4.2: Hertzsprung—Russell diagram of Pleiades low-mass stars and brown dwarfs, shown as black
filled circles (our new data) and black small open circles (previous data). Theoretical 120 Myr isochrones
of Chabrier et al. (2000, DUSTY) and Burrows et al. (1997) are represented by dotted and solid lines,
respectively. Spectral types and DUSTY theoretical masses are indicated. From Bihain et al. (2010).

possibly related to both reddening and youth.

11) In the Hertzsprung—Russell diagram (see Fig. 4.2), the Pleiades sequence at spectral
types later than M (Tog < 2400 K) drops below the ~120 Myr theoretical isochrones,
suggesting that the Pleiades early- to mid- L-type brown dwarfs may have contracted
faster than predicted for their age. The theoretical masses for their luminosities are
estimated to be in the range 0.035-0.025 M.

4.2 T-type candidates in the ¢ Orionis open cluster

In our ~840 arcmin? I.J-band search (J = 19.5 — 21.5 mag) in the ~3 Myr old o Orionis
open cluster, complemented with ZH K[3.6][4.5][5.8][8.0]-band data,

1. We recover S Ori 70 and two other known cluster member candidates.

2. We find three new candidates S Ori 72-74 and two probable galaxies with J ~ 21 mag.
S Ori 73 is a T-type candidate, S Ori 72 an L/ T-type transition candidate, and S Ori 74
an L-type candidate and at 11.8 arcsec (~4250 AU) from the K7.5-type cluster mem-
ber Mayrit 260182, itself possibly forming a triple system with two cluster lower-mass
members.
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3. If SOri 72-74 indeed belong to the o Orionis open cluster, then they would have
masses of 43 Mjyp and be some of the least massive free-floating objects detected

by direct imaging outside the Solar System.

4. These new cluster member candidates and S Ori 70 are located within 12 arcmin of
the cluster centre, whereas most of the previously reported more massive planetary-
mass candidates are further away. If the cluster membership census and the masses
are confirmed, this configuration could be explained by several mechanisms, including
e.g. a possible photo-erosion by the central OB stars in the deep gravity well.
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Figure 4.3: Mass spectrum with contamination-corrected data. The dotted segment represents the linear
fit to the data points from Caballero et al. (2007) in the mass range 0.110-0.006 M, which are previously
scaled to the total area. The shaded region is our estimate of 0—2 cluster members in the mass range 0.006—
0.004 Mg. From left to right, the vertical dashed lines represent the hydrogen and deuterium burning mass

limits, respectively. From Bihain et al. (2009).

5. Accounting for field contaminants in the effective search area of ~790 arcmin? com-

plete to J = 21.1 mag, there would remain nevertheless between zero and two cluster
members in the mass interval 6-4 Mj,,. This together with previous results at higher
masses may hint at a possible turnover or even a sharp drop in the substellar mass
spectrum (see Fig. 4.3) of this ~3 Myr old cluster. If confirmed, it would suggest
in the latter case that we may have reached the opacity limit for fragmentation of

molecular clouds.
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Any argument or point of view that makes solipsism look no less likely may be discounted.

Tain M. Banks (Transition, 2009)
The fundamental results of our studies presented in this Thesis are the following:

e We confirm nine Pleiades L-type brown dwarf candidates to be cluster members based
on photometric, proper motion and spectroscopic measurements. These young open
cluster members have theoretical masses estimated to be in the range 0.035-0.025 M,
and permit us to determine:

(i) an intrinsic velocity dispersion of >4 mas yr~! for these objects, consistent with a
nearly dynamically relaxed cluster,

(ii) a mass spectrum dN/dM oc M~ with a spectral index « of 0.5+0.2 in the mass
range 0.5-0.026 M), similar to that of open clusters about thirty times younger, im-
plying by extrapolation the existence of Pleiades free-floating planetary-mass objects
of spectral type T,

(iii) the Pleiades early- to mid L-type spectrophotometric sequence that (a) besides
some small differences associable to youth, appears to overlap with the sequence of
field L-type dwarfs, implying that the Pleiades and field L-type dwarfs may have
comparable spectral energy distributions and luminosities, and thus possibly similar
radii, and (b) appears to be fainter or warmer than predicted by theoretical models
of substellar evolution, suggesting that the cluster L-type brown dwarfs may have
contracted faster than predicted.

e We find three new free-floating planetary-mass candidates in the o Orionis open
cluster, based on photometric measurements. One of them, SOri 73, is probably a
T-type object, as the already known S Ori 70. If cluster members, the three new
objects would have estimated theoretical masses of 4'3 Mjyp, implying that they
would be some of the least massive free-floating or companion objects detected by
direct imaging outside the Solar System. However, contamination by field dwarfs and
galaxies is very probable. This implies a possible turnover or even a sharp drop in
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the substellar mass spectrum, suggesting in the latter case that the opacity limit for
fragmentation of molecular clouds may have been reached.

5.1 Further studies

Pleiades free-floating planetary-mass objects will probably have spectral types late-L and
T, and thus magnitudes J ~ 20 mag or fainter (translating the field dwarf magnitudes to
the cluster distance). These magnitudes are well within the completeness range of modern
survey instrumentation (e.g., the 4-m class Visible and Infrared Survey Telescope for Astron-
omy — VISTA —). In fact, Casewell et al. (2007) already found in the meantime promising
candidate Pleiades T-type sources with J = 20.0 —20.3 mag, using published I Z-band data
and new near-infrared imaging data of moderate depth. We are presently reducing J- and
H-band data obtained in 1998 and 2007 with the 3.5 m Telescope CAHA /Omega-Prime
and Omega-2000, respectively, with limiting magnitudes of 21.5 mag in both bands and
covering an area of 1 deg?. These data will allow us to identify additional planetary-mass
T-type candidates in the Pleiades by photometry and proper motion. Further characteriza-
tion of the atmospheres of the Pleiades L- and T-type members, by optical to mid-infrared
photometry and spectroscopy, will allow us to improve their comparison to field dwarfs,
young objects of other stellar clusters, and the predictions of substellar evolution models.

In the case of the mass spectrum of o Orionis, a survey of one square degree (about the
area of the cluster) and complete to I = 27 mag and J = 23 mag (using 10 and 4-m class
telescopes, respectively) could permit us to detect other T-type candidates and confirm the
possible turnover or sharp drop at low planetary masses, with probable implications on how
we understand their formation.
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ABSTRACT

Aims. We present a search for low-mass brown dwarfs in the Pleiades open cluster. The identification of Pleiades members fainter
and cooler than those currently known allows us to constrain evolutionary models for L dwarfs and to extend the study of the cluster
mass function to lower masses.

Methods. We conducted a 1.8 deg? near-infrared J-band survey at the 3.5 m Calar Alto Telescope, with completeness Jq; ~ 19.0.
The detected sources were correlated with those of previously available optical /-band images (I, ~ 22). Using a J versus I — J
colour—-magnitude diagram, we identified 18 faint red L-type candidates, with magnitudes 17.4 < J < 19.7 and colours / — J > 3.2. If
Pleiades members, their masses would span ~0.040—-0.020 M. We performed follow-up HK;-band imaging to further confirm their
cluster membership by photometry and proper motion.

Results. Out of 11 1J candidates with proper motion measurements, we find six cluster members, two non-members and three whose
membership is uncertain and depends on the intrinsic velocity dispersion of Pleiades brown dwarfs. This dispersion (>4 mas yr~') is
at least four times that of cluster stars with masses 21 M. Five of the seven other IJ candidates are discarded because their J — Kj
colours are bluer than those of confirmed members. Our least massive proper motion members are BRB 28 and 29 (~25 Mj,,). The
J versus I — J sequence of the L-type candidates at J > 18 is not as red as theoretical models predict; it rather follows the field L-dwarf
sequence translated to the cluster distance. This sequence overlapping, also observed in the J versus J—H and J—K diagrams, suggests
that Pleiades and field L dwarfs may have similar spectral energy distributions and luminosities, and thus possibly similar radii. Also,
we find @ = 0.5 £ 0.2 for a power-law approximation dN/dM o M~ of the survey mass spectrum in the mass range 0.5-0.026 M.
This value is similar to that of much younger clusters, indicating no significant differential evaporation of low-mass Pleiades members

relative to more massive ones.

Key words. open clusters and associations: individual: Pleiades — stars: low-mass, brown dwarfs —

stars: luminosity function, mass function

1. Introduction

As a result of progressive cooling, brown dwarfs are ex-
pected to evolve from late M spectral type at very early stages
(age 10 Myr) to L-type (Tes in the range ~2400 to ~1400 K;
Dahn et al. 2002), and at sufficiently old ages (a few Gyr), to
T-type and beyond (T < 1400 K). The mass-spectral type and
mass-luminosity relationships at different ages remain to be de-
rived from observations of cool dwarfs, which also permit the
calibration of the theory of substellar evolution (e.g. Chabrier
& Baraffe 2000). In comparison to the spectra of M dwarfs,
L dwarfs are characterized in the optical by the weakening of
the metal-oxide TiO and VO bands due to the condensation of
the metals Ti and V in dust grains that may significantly af-
fect the atmospheric structure and the emergent spectrum (e.g.
the DUSTY models from Chabrier et al. 2000). Bands of metal-
hydrides CrH, FeH and CaH and bands of water become more
intense especially in the near-infrared (IR), whereas the neutral
alkali metals Na, K, Rb, Cs and Li become stronger in the opti-
cal (Chabrier & Baraffe 2000; Basri 2000). The emergence in the
near-IR of CH4 bands characterizes the beginning of the T dwarf
sequence. Field L dwarfs have I — J and J — K; colours redder

http://www.aanda.org

than ~3.3 and ~1.3 mag, respectively, increasing from early to
later spectral subclasses (Martin et al. 1999). For the L4-L8
spectral subclasses the near-IR J—H and J—K; colours appear to
saturate at ~1.2 and ~2.0 mag (Kirkpatrick et al. 2000; Burgasser
et al. 2002), respectively, whereas for T dwarfs these colours be-
come bluer, with values decreasing to below zero (Knapp et al.
2004). From LO to T8 spectral types the I — J colour is increas-
ing to ~5.8 mag (Dahn et al. 2002). Associated with the other
colours it can give a rough indication of the spectral type.

The Pleiades open cluster (~120 Myr, ~130 pc) served for
decades as a reference stellar laboratory where models were
contrasted with observations. Since the discovery of Pleiades
brown dwarfs (Rebolo et al. 1995, 1996), subsequent studies
have provided numerous fainter substellar candidates with spec-
tral types down to late M (Zapatero Osorio et al. 1997a,b;
Bouvier et al. 1998, hereafter B98; Festin 1998a; Zapatero
Osorio et al. 1999), from which a fraction is confirmed by
lithium detection (Stauffer et al. 1998b; Martin et al. 2000) or
by proper motion (Moraux et al. 2001, hereafter M 01). Very
large area proper motion surveys (Hambly et al. 1999; Deacon
& Hambly 2004) have obtained on the other hand a significant

http://dx.doi.org/10.1051/0004-6361:20065124
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census of the stellar-substellar boundary population of the clus-
ter. The coolest object for which a spectral type has been ob-
tained is the LO brown dwarf candidate Roque 25 (Martin et al.
1998b), with an estimated theoretical mass of ~0.035 My. A
dozen fainter objects than Roque 25 have been identified in
deep surveys (Festin 1998a; Béjar 2000; Dobbie et al. 2002;
Nagashima et al. 2003; Moraux et al. 2003, hereafter M03;
Schwartz & Becklin 2005), and some were confirmed by proper
motion (Bouy et al. 2006).

The mass spectrum dN/dM = f(M) of the Pleiades clus-
ter, where dN stands for the number of objects in the mass
range dM, is best fitted by a lognormal function (M03; Deacon
& Hambly 2004), and its approximation by a power law M~
in the low mass range 0.6—0.03 M, provides a spectral index
a ~ 0.6—0.8 (Dobbie et al. 2002; M03). Similar values are found
in other much younger open clusters, as for example o Orionis
(~2—-4 Myr), where @ = 0.8 +£ 0.4 for 0.2 < M(My) < 0.013
(Béjar et al. 2001), and IC 348 (~3 Myr), where @ = 0.7 0.2 for
0.5 < M(My) < 0.035 (Tej et al. 2002). It is important to deter-
mine the behaviour of the « index in the lower mass domain be-
cause it can help to discriminate among brown dwarf formation
mechanisms. For instance, for the formation of gravitationally
unstable cores by turbulent fragmentation (Padoan & Nordlund
2004), the mass spectrum is predicted to be log-normal, with a
peak that appears at smaller masses when the sonic Mach num-
ber and the mean density of the cores are greater.

In this paper we present a 1.8 deg? deep J-band survey of
the Pleiades open cluster aimed to find lower-mass brown dwarfs
(<0.035 My,), by comparison with a new analysis of /-band data
obtained by B98. Our goal is to identify L dwarf cluster can-
didates and study the location of the L dwarf sequence in the
colour-magnitude diagram. Preliminary results have been re-
ported in Bihain et al. (2005). Because the cluster has a well
known age, the properties of Pleiades L-type brown dwarfs could
provide useful constraints to models predicting the evolution of
substellar objects. Additionally, we can estimate the cluster mass
spectrum of the surveyed area at lower masses.

2. Observations and data reduction
2.1. J-band survey

We obtained J-band images on 1998 October 27-28 with the
Omega-Prime (Q’) instrument at the 3.5 m Telescope of the
Centro Astronémico Hispano Alemdn (CAHA; Calar Alto,
Spain). The fields were specifically chosen to cover the opti-
cal RI-band survey from B98 obtained with the 3.6 m Canada-
France-Hawaii Telescope (CFHT)/UH8K survey. We observed
the fields CFHT 2, 5 (north half), 6, 7, 8, 10, 11 and 13 (see their
spatial distribution in Fig. 1). They correspond to an area of the
cluster of ~1.8 square degrees. The ()’ camera has a 1024x1024
HgCdTe Hawaii detector with a pixel scale of 0.40"” pixel™! and
a field of view of 6.8’ x6.8". To cover each of the 29" x29” UH8K
fields (hereafter CFHT fields, as designed in B98) a connecting
observation macro was used. The exposure times and repetitions
in each pointing were 16 s X 2, except for CFHT7 and CFHTS
(16 sx3), and CFHTG6 (18 sx2). Because the offset between suc-
cessive macro pointings corresponded to one third of an Q' field
of view, each area was repeated in total 6—9 times (96—144 s),
depending of the CFHT field. The individual images were sky-
subtracted, flat-fielded using dome flats, combined and aligned
in horizontal strips of ~30’ X 6.8’, using standard scripts and
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Fig. 1. Location of the surveyed Pleiades fields (squares) relative to the
brightest Pleiades members with visual magnitude V < 5 (large open
circles). The small open circles represent the brown dwarf candidates
from B98 with lithium or proper motion consistent with cluster mem-
bership, and the filled circles represent all the other candidates identified
in this study.

routines within the TRAF' environment. These were later ana-
lyzed for aperture and PSF photometry using DAOPHOT. The PSF
photometry was calibrated with measurements from the Two
Micron All Sky Survey (2MASS) Point Source Catalog (Cutri
et al. 2003) and which had errors of less than 0.1 mag. On av-
erage, about five 2MASS calibrators were used per horizontal
strip. The J-band completeness (limiting) magnitude was esti-
mated at the maximum (fainter half maximum) of the histogram
of object counts per magnitude. We found values of ~19.0
and ~19.5 mag, respectively.

The optical survey in the R/ bands from B98 was ob-
tained with the UH8K instrument at the CFHT (Mauna Kea,
Hawai’i) on 1996 December 9—13. The UH8K camera com-
prises eight Loral 2048x4096 CCD detectors with a pixel scale
of 0.21” pixel™!. These data were used initially for a study of
brown dwarfs and low-mass stars by B98. In the present pa-
per we use an independent data analysis by Béjar (2000). The
photometric calibration of the CFHT fields was performed by
comparing our photometry to the Cousins photometry of their
candidates and applying an average offset; for the fields CFHT6
and CFHTS8 however, different offsets were applied because they
were observed through thin cirrus. The completeness and lim-
iting magnitudes were ~23.5 and ~25.0 mag in the R band,
and ~22.5 and ~23.5 mag in the / band, respectively.

To identify fainter and redder objects than those found
by B98 and Béjar (2000), we used as reference the detected
J-band sources and searched for their optical counterparts in the
I-band images using a FORTRAN correlation program, CORREL,
kindly provided by M. R. Zapatero Osorio. The correlated ob-
jects were plotted in a J versus I — J diagram (see Fig. 2) and
contrasted with the 120 Myr DUSTY isochrone from Chabrier
et al. (2000), shifted to the cluster distance of 133.8 + 3.0 pc

I IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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Fig.2. J versus I — J colour—-magnitude dia-
gram for the correlated survey objects. The cir-
cular symbols correspond to /J candidate or
confirmed cluster members (Table 1), with red-
der I — J colours than the dashed line bound-
ary (see text for details). At J > 17.4 we
plot: proper motion members (large filled cir-
cles), possible proper motion members (circled
filled circles) and non-proper motion mem-
bers (large empty circles). The solid line and
the dash-dotted line represent the ~120 Myr
DUSTY isochrone (Chabrier et al. 2000) and
the ~125 Myr NextGen isochrone (Baraffe
et al. 1998), respectively, shifted to the distance
of the cluster. Masses in solar units are indi-
cated for the DUSTY isochrone. The triangles
correspond to field dwarfs shifted to the dis-
I tance of the cluster. Finally, the upper and lower
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(Percival et al. 2005). As most of our faint objects were bluer
than the theoretical isochrone in the J versus I — J diagram,
we decided to establish our selection of candidates based on an
empirical criterion. We considered a bluer envelope to cluster
candidates (dashed line in Fig. 2), defined by the bluest lithium
or proper motion Pleiades objects reported (Martin et al. 2000;
MO01): CFHT-PI-1, Calar 1 and CFHT-PI-25 (horizontal thick
marks in Fig. 2). The envelope was extended to faint magni-
tudes J > 18.5 at a fixed colour of I — J = 3.3, to avoid most
of the M8-9 dwarf contaminants which have bluer colours. As
potential cluster members we have selected 34 objects (named
“BRB”) with J > 14.4 and colours 1.7 < I — J < 3.8 (Table 1).
We checked that these objects had colours R — I 2 1.8. Some
fainter candidates had unreliable or too faint R-band magni-
tudes and no value is given in Table 1. We discarded as contam-
inants the previously identified non-proper motion candidates
CFHT-PI-8 (M 01) and CFHT-PLIZ-25 (M03).

Of the 34 BRB candidates, 22 were identified already by pre-
vious surveys (e.g. Béjar 2000, B9S8; see footnote of Table 1
for all the references). In the magnitude range of the brightest
objects we identify an additional candidate, BRB 4, which is
also in the 2MASS catalog. This object is not mentioned by B98
and is not in the list of proper motion and R/-band photometric

5 dotted lines at the bottom of the diagram indi-
cate the completeness and limiting magnitudes
of the survey, respectively.

candidates from Deacon & Hambly (2004). The latter survey
overlaps the CFHT survey and its R-band limiting magnitude is
greater than the magnitude of BRB 4, R = 19.4. Therefore this
object should have been detected. Possibly it was blended or it
is not a proper motion cluster member.

The magnitude errors of the BRB candidates are 0.06 mag
for J ~ 14.5-17.0 and 0.08 mag for J ~ 17.0-20.0. Comparing
our J-band magnitudes with those available in the literature
(Martin et al. 2000; Pinfield et al. 2003), i.e. those in the range
J ~ 14.5-17.0, we find:

1. (JgrB — IMartin) = —0.04 = 0.09, for the objects in com-
mon CFHT-PI-2, 3, 4, 5, 6, 7, 9, 11, 12, 15, 21 and 25.
CFHT-PI1-6 and CFHT-PI-7 present the greatest differences,
—0.18 and —-0.26 mag, respectively. Both objects lack of
Ha emission (Martin et al. 2000), but CFHT-P1-7 has a
proper motion consistent with that of the cluster. In one of
our individual J-band images, the radial profile of CFHT-
P1-7 peaks at relatively higher counts and is not well cen-
tred, probably due to a cosmic ray; this might explain the
greater brightness (it is also supported by the difference with
2MASS, Jgrs — Jomass = —0.14). For CFHT-PI-6, as dis-
cussed by MO1, if this is an equal mass binary as sug-
gested by its position well above the cluster sequence in the
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Table 1. RIJ photometry and coordinates for the low-mass stars and brown dwarf candidates.

Name Names reported” R—-I+0g I+o0; J+o0y I1—-J RA (J2000) Dec (J2000)¢
(hms) "
BRB1 CFHT-PI-1, BPL 242, MBSC 91, (*) 1.76 £ 0.13 16.10 +£0.07 14.41 +0.037 1.69 03 51 51.6 +23 3450.2
BRB 2 CFHT-PI-2, BPL 267, DH 765, (*) 2.00+£0.10 16.57 £0.07 14.66 +0.06 191 0352443 +235415.2
BRB 3  CFHT-PI-6, (*) 238 +0.10 17.13+0.07 14.71 £0.05 241 035207.9+2359 14.6
BRB4 (%) 238+0.10 17.03 £0.07 1473 £0.04 230 0344 23.2+253844.7
BRB5 CFHT-PI-3, HHJ 22, BPL 272, MBSC 99, (*) 1.94+£0.10 16.66 +0.07 14.81 +0.06 1.85 035251.8+233348.9
BRB 6 CFHT-PI-4, BPL 280, MBSC 101, (*) 1.92+0.10 16.85+0.07 1496 +0.06 1.89 035309.6+233348.3
BRB 7  CFHT-PI-5, DH 590, (*) 2.11£0.10 16.99 +£0.07 1498 +0.06 2.01 0348 44.7 +243722.7
BRB8 CFHT-PI-7, BPL 253, MBSC 108, (*) 1.84 £0.13 1748 +0.07 15.16 +0.07 232 035205.8+24 17 31.7
BRB9 CFHT-PI-12, BPL 294, CFHT-PLIZ-6, (*) 2.55+0.10 18.00 £0.07 1520 +0.03 2.80 035355.1+2323374
BRB 10 CFHT-PI-9, BPL 202, MHOBD 6, (*) 2.17+0.10 1778 £0.07 1546 +0.07 232 0349 15.1 42436224
BRB 11 CFHT-PI-13, Teide 2, BPL 254, CFHT-PLIZ-3, (*) 2.11 +£0.13 18.14 £0.07 1550 +0.07 2.64 035206.7 +241601.4
BRB 12 CFHT-PI-11, Roque 16, BPL 152, (*) 225+0.10 17.92+0.07 15.64 +0.07 228 0347 39.0+243622.1
BRB 13 CFHT-PI-15, (¥) 244 £0.10 18.65+0.07 1599 +0.07 2.66 035512.5+231738.0
BRB 14 CFHT-PI-21, Calar 3, BPL 235, CFHT-PLIZ-12, (*) 249 +0.11 18.93 +0.07 16.13+0.05 2.80 0351 25.6 +23 4520.6
BRB 15 CFHT-PI-25, BPL 303, CFHT-PLIZ-20, (*) 270+£0.13 19.68 £+0.07 16.71 £0.04 298 0354 05.3 +23 34 00.2
BRB 16 PIZ1 - 20.10 £ 0.12° 16.84 £0.07 3.26 0348 31.4 +24 34 37.7
BRB 17¢ (*%) - 20.92 +0.07 17.42+0.06 3.50 035408.31+235433.4
BRB 18* CFHT-PLIZ-28, (**) 237017 21.20+0.07 17.61 £0.07 3.59 0354 14.08 +231752.2
BRB 19 - 225+0.14 20.95+0.09 17.79+0.05 3.16 035451.49 +234512.2
BRB 20* CFHT-PLIZ-35, (*), (**) 255+023 21.47+0.06 18.06+0.07 3.40 035239.16 +24 4629.7
BRB 21¢ (*%) 234 +021 21.68+0.08 18.14+0.05 3.54 035410.27 +234140.3
BRB 22¢ CFHT-PLIZ 2141 2.14+£020 2197 £0.08 18.31 £0.05 3.65 034431.27 +253515.1
BRB 23% (*%) 2.13+0.27 22.03+0.10 18.55+0.10 3.49 035039.53 +250254.5
BRB 24 (¥) 295+0.51 2201 £0.09 18.71 £0.08 3.30 0348 19.65 +24 52 09.5
BRB25 - - 2224 +0.09 18.74 £0.07 3.50 03 5259.73 +23 51 56.0
BRB26 - 1.93 +£030 22.07+£0.08 18.76+0.10 3.31 034856.17 +2509 43.1
BRB 27¢ CFHT-PLIZ 1262, (**) 230+£032 22.64+0.11 18.89+0.09 3.74 03442724 +254441.9
BRB 28 (%), (**) 2.64 +045 2236 +0.08 19.02+0.10 3.33 035254.92 +2437 18.6
BRB 29¢ — - 22.84 £0.10 19.05+£0.07 3.79 035401.43 +2349 58.1
BRB30 - 198 £0.23 2248 +0.10 19.17 +0.07 3.31 0347 56.96 +24 28 58.4
BRB 31 - 250025 23.05+0.10 19.29+0.10 3.76 03512593 +241532.2
BRB32 - - 22.72 £0.12 19.36 £0.09 3.36 0349 00.86 +24 41 38.5
BRB 33* - - 2331 +0.20 19.63 +0.09 3.68 035120.15+2345184
BRB 34 - - 23.01 £0.16 19.64 £0.09 3.37 0348 46.55 +24 45 03.2

¢ With follow-up observation for proper motion measurement (see Table 2).

b (*) (Bé&jar 2000), CFHT-P1 (B98), BPL (Pinfield et al. 2000), MBSC and CFHT-PLIZ (MO03), (**) (Bihain et al. 2005), DH (Deacon & Hambly
2004), CFHT-PLIZ (Bouy et al. 2006), HHJ 22 (Hambly et al. 1993), MHOBD 6 (Stauffer et al. 1998a), Teide 2 (Martin et al. 1998a), Roque 16
(Zapatero Osorio et al. 1997b), Calar 3 (Martin et al. 1996), PIZ 1 (Cossburn et al. 1997). In Fig. 1 we overplotted the 14 CFHT-PI objects (open

circles) and the 20 other objects (filled circles).

¢ Coordinates of CFHT-P1, CFHT-PLIZ, PIZ 1 and the other objects are from B98, M03, Cossburn et al. (1997) and the present study, respectively.
4 J-band estimate from Martin et al. (2000) because our estimate is bad pixel-contaminated.

¢ [-band estimate corrected for a ~0.25 mag reddening due to a close star and ray light traces; the offset was obtained by comparing to objects of
similar counts in clean sky areas of the image. Converting the Kitt Peak filter measurement Ixp = 19.64 from Cossburn et al. (1997) to Cousins
with the transform equation given by Jameson et al. (2002), we find 7 = 19.9.

colour-magnitude diagram (B98; see also Fig. 2), the bina-
rity might affect the determination of its short term proper
motion and therefore explain its deviance from the cluster
peculiar motion. The binarity could also explain some of the
magnitude difference observed.

2. (JBrB — Jpinfield) = 0.04 +0.09, for CFHT-P1-2, 3,4,7,9, 11,
12, 13, 21 and 25. CFHT-P1-4 and CFHT-PI-11 present the
greatest differences, 0.19 mag and 0.15 mag, respectively.
These are also found for 2MASS: Jgrg — Jomass = 0.11
and 0.19, respectively. But CFHT-P1-4 and CFHT-PI-11 have
no deviant proper motions or anomalous positions in the
colour—magnitude diagram.

Our /-band magnitudes rely on an approximate offset to the
magnitudes from B98 and have an error of ~0.1 mag. The
I-band magnitude from B98 is obtained after transformation
onto the standard Cousins system, with observation of red
Landolt standards. Due to the lack of very red standard stars,

the transformation is linearly extrapolated for the red and faint
objects and could produce systematic errors. Comparing our
magnitudes to those in the Cousins system from MO03, for the
candidates in common and 1-2 mag fainter than CFHT-PI-25
(one of the faintest objects from B98), we observe a difference
Isrs — Ivoraux ~ 0.1, which is quite small in comparison with
the 7 — J > 3.3 threshold that we applied to select the faint
candidates.

Finally, from the 34 BRB Pleiades candidates, the 18 faintest
have J 2 17 and I — J 2 3.3, the magnitudes and colours ex-
pected for L-type dwarfs.

2.2. Follow-up observations
2.2.1. Ks-band imaging

Follow-up K;-band imaging with CAIN-II at the 1.55 m
Telescopio Carlos Sanchez (TCS; Teide Observatory, Tenerife)
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Table 2. HK-band follow-up observations.
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Telescope/instrument  Filter(s) Date Object(s) (c), (D)*
TCS/CAIN - 11 K, 2004 Dec. 7 BRB 17, 18,21,23,26 ~17.6,~18.2
TCS/CAIN - II K 2004 Dec. 8 BRB 20, 28 ~18.1, ~18.6

WHT/LIRIS H 2005 Jan. 23 BRB 17,23 ~19.5, ~20.0
WHT/LIRIS H 2005 Jan. 24 BRB 20, 28 ~19.0, ~19.5
3.5 m Calar/Q2000 H 2005 Feb.1  BRB17,18,21, Teide 1 ~18.5, ~19.3
TCS/CAIN - 11 K 2005 Mar. 6 BRB 25 ~16.5, ~17.0
WHT/LIRIS K 2005 Mar. 25 BRB 27, Teide 1 ~18.8, ~19.3
TCS/CAIN - 11 K 2005 Oct. 17 BRB 19 ~17.5,~18.5
TCS/CAIN - II K 2005 Oct. 18 BRB 22 ~18.0, ~19.0
3.5 m Calar/Q2000 H 2005 Oct. 21 BRB 19 ~19.0, ~19.5
TCS/CAIN - 11 K 2005 Oct. 21 BRB 24, 34 ~17.8,~18.8
3.5 m Calar/©2000 H, K 2005 Oct. 22 BRB 22 ~19.0, ~19.5
TCS/CAIN — 11 K 2005 Oct. 22 BRB 29 ~18.0, ~19.0
3.5 m Calar/©2000 H 2005 Oct. 23 BRB 29 ~18.5,~19.0
TCS/CAIN - 11 K 2005 Oct. 23 BRB 31, 33 ~18.8, ~19.5
3.5 m Calar/©2000 K 2005 Oct. 24 BRB 33 ~19.0, ~19.5
3.5 m Calar/Q2000 H 2005 Oct. 25 BRB 33 ~19.0, ~19.5
TCS/CAIN — 11 K 2005 Oct. 28 BRB 30, 32 ~18.0, ~19.0

¢ Average completeness and limiting magnitudes.

was performed for all 18 IJ-band photometric substellar candi-
dates (see the observation log in Table 2). The CAIN-II cam-
era has a 256x256 HgCdTe Nicmos3 detector with a pixel
scale of 1.00” pixel™! in wide field configuration, providing a
4.2" x 4.2 field of view. The observation macro consisted in 6 s
exposures X 10 repetitions X 10 dither positions. Total exposure
times spanned a range of 10—90 min, depending on the expected
brightness of the candidates and the seeing. Data were sky-
subtracted, flat-fielded (using sky flats instead of dome flats),
aligned and combined in a similar way as for the J-band data
(Sect. 2.1). We also performed the photometry and estimated
the completeness and limiting magnitudes as described for the
J-band. On average, about six 2MASS calibrators were used per
field. Average completeness and limiting magnitudes during the
different nights are indicated in Table 2.

2.2.2. HK¢-band imaging for astrometry

For the proper motion determination of the candidates, we ob-
tained subarcsecond H- and K,-band images with the Long-
slit Intermediate Resolution Infrared Spectrograph (LIRIS) at
the 4.2 m William Hershel Telescope (WHT; Roque de los
Muchachos Observatory, La Palma) and H-band images with
02000 at the 3.5 m Telescope of CAHA (see Table 2).

We decided also to observe the Pleiades brown dwarf Teide 1
(Rebolo et al. 1995) with both LIRIS and Q2000 to improve its
proper motion measurement and to check if there are any sys-
tematic errors in the proper motion measurements using different
instruments. Our first epoch image was a 12’ X 12’ reduced im-
age, obtained with the TEK3 CCD detector (0.7” pixel™!) at the
prime focus of the 2.5 m Isaac Newton Telescope (INT; Roque
de los Muchachos Observatory, La Palma) on 1995 December 19
(Zapatero Osorio 2005, private communication).

The LIRIS camera has a 1024x1024 HgCdTe Hawaii detec-
tor with a pixel scale of 0.25” pixel™! and a 4.2’ x 4.2’ field
of view, whereas the 22000 camera has a 2048x2048 HgCdTe
Hawaii2 detector with a pixel scale of 0.45” pixel™! and a field
of view of 15.4’ x 15.4’. The observation macros consisted
of: 5 s exposures X 18 repetitions X 5 dithers (LIRIS night

2005 January 23), 5 s exposures X 12 repetitions X 5 dithers
(LIRIS; January 24), 3 s X 20 coadds x 7 dithers (©2000;
February 1), 20 s X 6 repetitions X 5 dithers (LIRIS; March 25),
2 s X 20 coadds x 15 dithers (©22000; October 21, 22 and 23),
2 s X 15 coadds x 20 dithers (©22000; October 24) and 3 s X
15 coadds x 20 dithers (€22000; October 25). The total expo-
sure times were chosen to achieve enough S/N (220 in the peak)
for precise measurement of the position of the candidates. They
ranged between 5 and 40 min, depending on the expected bright-
ness of the candidates and the seeing.

The raw images were first bad-pixel corrected using a bad-
pixel mask and the IRAF routine PROTO.FIXPIX. The mask
was obtained from the flat (sky-flat for LIRIS and dome-flat
for Q2000) using NOAO . IMRED . CCDRED. CCDMASK. The images
were then sky-subtracted — sky images were obtained by com-
bining 5—-20 consecutive images of similar sky counts — and di-
vided by the flat.

The resulting images were distortion corrected, aligned using
10-20 reference stars and combined. For LIRIS these last three
steps were performed with the LDEDITHER task within the pack-
age IRAF.LIRIS.LIMAGE developed by J. A. Acosta-Pulido.
For 92000, the images were distortion corrected by projecting
them on the celestial coordinate grid with MSCIMAGE. The grid
was obtained by astrometry with the USNO-A2 catalog and the
script myasrtrom.cl from E. Puddu. This script invokes CCFIND,
that correlates the catalog sources with those in the image, and
CCMAP, which computes the plate solution. Usually, 50—100 stars
were accepted by a Legendre order-4 transformation fit and a re-
jection threshold of 1.5 sigma, providing a projection transfor-
mation with standard deviation ~0.12” in both right ascension
and declination. The distortion corrected images of Q22000 were
then aligned and combined using the INTALIGN task within the
LIRIS package.

The HK;-band photometry was obtained similarly as for the
J-band data. On average, six and eleven 2MASS calibrators were
used per LIRIS and Q2000 field, respectively. The average com-
pleteness and limiting magnitudes during the different nights are
indicated in Table 2.
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Table 3. Follow-up HK; photometry of the low-mass brown dwarf candidates.

Name J I-Jxtoy H+oy J-Hxoypy Ksio—Ks J—KSiO'J,KS
BRB 17¢  17.42 350+0.09 16.75+0.02 0.67 +0.06 16.20 + 0.06 1.22 +0.08
BRB 18* 17.61 3.59+0.10 16.74 +0.06 0.87 £0.09 16.08 £ 0.07 1.53+0.09
BRB 19 1779 3.16+0.10  16.99 +0.05 0.80+0.07 16.67 £ 0.05 1.12+0.07
BRB 20 18.06 3.40+0.09 17.33+0.05 0.73 £0.08 16.56 +0.07 1.50+0.10
BRB 214 18.14 3.54+0.09 17.05+0.07 1.09 +£0.09 16.39 +0.07 1.75 +£0.09
BRB 22¢ 1831 3.65+0.09 17.38+0.04 0.94 +0.06 16.69 +0.04 1.62 +0.06
BRB 23¢ 1855 3.49+0.14 17.47+0.06 1.08 £0.11 16.65 +0.06 1.90+£0.11
BRB 24 18.71  3.30+0.12 - - 17.49 £0.07 1.22+0.11
BRB 25 18.74  3.50+0.12 - - 16.91 £0.24 1.83+£0.25
BRB 26 18.76  3.31+0.13 - - 17.81+£0.10 0.95+0.14
BRB 27¢ 18.89  3.74+0.14 - - 17.16 £0.09 1.74 +£0.12
BRB 28 19.02 333+0.12 17.89+0.05 1.13+£0.11 17.00 +0.08 2.02+0.13
BRB29* 19.05 3.79+0.12 17.76+0.05 1.29 £ 0.09 16.88 +0.08 2.17+0.11
BRB 30 19.17  3.31+0.12 - - 17.65 +0.09 1.52+0.11
BRB 31 19.29  3.76+0.14 - - 18.20£0.15 1.09+0.18
BRB 32 19.36  3.36+0.15 - - 17.42 £0.20 1.94+£0.22
BRB 33 19.63 3.68+0.22 18.71+0.07 0.92+0.11 17.87 £ 0.06 1.76 £0.11
BRB34 19.64 3.37+0.18 - - 18.8+0.5 09+0.5

“ With proper motion measurement.

2.3. Proper motion analysis

The proper motion measurements were obtained as follows.
First we selected non-saturated and well defined (S/N > 10)
single objects among all those that appeared within ~3’
of a brown dwarf candidate. We measured their centres
in the first- and the second-epoch images with the IRAF
task CENTER (DIGIPHOT.DAOPHOT package), with a precision
of 0.01-0.1 pixels in both image dimensions. For BRB 22 and 33
we used the H-band Q2000 images as second-epoch images,
because they provided greater S/N for the candidates than the
02000 Ks-band images. Then we computed the transformation
from second-epoch image to first-epoch image with GEOMAP. For
the Q2000 image of Teide 1, we performed a transformation
from first- to second-epoch (i.e. from TEK3 to ©2000), because
the destination image had a wider field and a smaller pixel scale
and therefore provided more accurate equatorial astrometry with
the USNO-A2 catalog. With GEOMAP we selected the objects
whose positions minimized the transformation error and could
thus be considered as reference objects. A Legendre function of
order 3 was used when more than 12 objects were available, and
of order 2 for fewer objects. The error, related to the scatter of
these objects, ranged over 0.03—-0.15 pixels. For the candidate
BRB 23 the error in the y dimension was as high as 0.6 pix-
els, because of vertical smearing affecting the object positions
in the /-band image (field CFHT 6). With GEOXYTRAN we used
the transformation to predict the candidate position (xi,, y1,) in
a first-epoch image, and compared it with the measured one,
(x1,y1), obtaining the pixel shifts (Ay,, A,,) = (X1, = X1, Y1, ~Y1)-
The plate solution of a first-epoch (or destination) image was ob-
tained with the USNO-A2 catalog and the myasrtrom.cl script,
in a similar way as explained above. Then using WCSCTRAN we
converted the shifts in pixels to shifts in equatorial coordinates.
Due to the precision of the equatorial astrometry (o ~ 0.12”),
its error contribution to the proper motion was negligible. But
for the LIRIS proper motion measurement of Teide 1, the best
first epoch TEK3 fit had a relatively high standard deviation
(ora = 0.6”,0pgc = 0.7”) and the corresponding proper mo-
tion value differed by almost ~1 mas yr~! with those derived
from less precise fits; thus we added ~1 mas yr~! to the proper

motion error in this case. In general, we assumed that the proper
motion error was:

(U'ﬂ(,cosﬁv U-lla) =
2 2 2
]fu[,cosé(o-)zcl + 0-,262 + 0_[2)() ﬁla (O-yl + o-y2 + O-ty)
At ’ At ’

ey

where o1, 41, x2, 2 are the errors of the (x, y) pixel positions in
the first- (1) and second-epoch (2) images, 074, the error of the
transformation between these images, fj;,coss, i, the transforma-
tion from (x,y) to (RA, DEC) coordinates, and At the time in
Julian years between the two epochs of observation.

3. Proper motion Pleiades low-mass brown dwarfs
3.1. Photometry and proper motion results

The HK; magnitudes for the red and faint brown dwarf candi-
dates that we have followed-up are given in Table 3. The H-band
magnitude of BRB 17 is the error-weighted average from the
values obtained with Q2000 and LIRIS, and the K;-band magni-
tudes of BRB 22 and 33 are the error-weighted averages from the
values obtained with 2000 and TCS. Our 18 follow-up objects
have magnitudes 20.9 < I < 23.3,17.4 < J < 19.6, and colours
32<1-J<38,07<J-H <13and0.9 < J-K; < 2.2. Most
of them remain good L dwarf candidates, what supports our
I — J selection criterion. But BRB 24, 26, 30, 31 and 34 present
much bluer J — K colours than cluster proper motion members
with similar J-band magnitude (see Fig. 5). Moreover, if they
were late L or T dwarfs, they would certainly present much red-
der I — J colours (>4—5 mag). We will assume that these are
non-cluster members. Finally BRB 32, with its red J — K and
relatively blue I — J colours, remains a possible cluster member.

The proper motion results obtained for 11 of the brown dwarf
candidates and two lithium brown dwarfs (Teide 1 and Calar 3)
are listed in Table 4 and are represented by small circles in the
vector point diagram of Fig. 3. Because Calar 3 (Martin et al.
1996; Rebolo et al. 1996) is at a few arcminutes from BRB 33,
we could also measure its proper motion and found a very good
agreement with the measurement of M 01. We note that the
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Table 4. Proper motions of the low-mass brown dwarf candidates and
the lithium brown dwarfs Teide 1 and Calar 3.

Name Instrument  14,C08 0 + Oyyc0s6 Hs £ Oy
(mas yr!) (mas yr')
Teide 1 LIRIS 22.5+3.6 -40.5+4.0
Teide 1 02000 19.2+25 -455+3.4
Calar 3 02000 245+22 -32.6+22
BRB 17 LIRIS 209+ 1.5 -22.8+24
BRB 17 02000 17729 -20.7+3.1
BRB 18 02000 28.4+2.7 -374+27
BRB 19 02000 75.7+1.0 -1439+7.7
BRB 20 LIRIS 21.8+3.0 -48.1+2.0
BRB 21 02000 18.1+3.4 -49.1+4.1
BRB 22 02000 18.8+3.5 -51.9+29
BRB 23 LIRIS 29.2+3.0 -25.6+14.7
BRB 27 LIRIS 353+3.7 -48.8+2.0
BRB 28 LIRIS 15.1+3.1 -374+2.1
BRB 29 02000 26.4+33 -48.8+2.9
BRB 33 02000 -4.1+£3.0 -52+3.7

double-check measurements of Teide 1 and BRB 17 are fully
consistent within the statistic errors. In Fig. 3 are represented
also: (i) the reference objects used to estimate the proper mo-
tions (asterisks), (i7) the circle of radius three times the great-
est component of the average proper motion error derived from
Table 4 ({0 cos6)> (Tuy)) = (3.0, 4.3) mas yr~"). This circle is
centred on the cluster average proper motion, (4,CoS9d, fs) =
(19.15 £ 0.23, —45.72 + 0.18) mas yr~! (Robichon et al. 1999),
and we will assume that the objects within are cluster members.

The L dwarf candidates BRB 17, 23 and 27 lie outside the
circle in Fig. 3 and their membership is considered uncertain.
The proper motion dispersion of the seven objects within this cir-
cleis (5.2,5.9) mas yr~!. Subtracted quadratically by the average
proper motion error, it yields (4.3, 4.1) mas yr~!, as an estimate?
of the intrinsic velocity dispersion of Pleiades brown dwarfs.
This velocity dispersion is at least four times that of Pleiades
stars with masses 21 M (Jones 1970; Pinfield et al. 1998) and
appears consistent with the linear relationship of equipartition of
energy, between the velocity dispersion and the inverse square
root of the mass for cluster members, as expected in an nearly
relaxed cluster (Pinfield et al. 1998 and Fig. 4 therein).

We cannot rule out that some of the /J candidates located
close to the region surrounding the circle in Fig. 3 are in fact
cluster members (although field contaminants are neither ex-
cluded, see Sect. 4.1 and Table 5). This is actually the case of
the Pleiades lithium brown dwarf Calar 3, suggesting that the in-
trinsic velocity dispersion of brown dwarfs could be even greater
than our previous estimate. We need further data (for instance
from lithium observations) to study the membership of the pe-
culiar /J candidates. Note also the case of CFHT-PI-15 (B98),
which has a proper motion of (66.5 + 8.1, —54.1 + 8.1) mas yr!
(M 01), thus located far from the cluster point in the proper mo-
tion diagram, although it presents a radial velocity consistent
with that of the cluster, Li absorption, H, emission and a red
I — K colour (Stauffer et al. 1998b; Martin et al. 2000).

However, BRB 19 and BRB 33 appear clearly to be non-
proper motion members; BRB 19 has an especially high proper
motion. Finally, our error-weighted average estimate for Teide 1
is (20.3 = 2.1, —43.4 = 2.6) mas yr’l, very close to the clus-
ter proper motion. It also agrees with the measurement obtained

2 At the cluster distance, it corresponds to a tangential velocity
of ~2.5km s,
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Fig. 3. Vector point diagram of proper motion for the candidates (small
circles with BRB number indicated) and the reference objects (aster-
isks). The results for the Pleiades lithium brown dwarfs Teide 1 and
Calar 3 are also shown. Double-check objects are linked by a solid line.
The plotted large circle is centred on the Pleiades average proper motion
(see text for details). The reference objects of BRB 23 (small squares)
present a large dispersion in declination which causes the large error
bar of this candidate. The arrow plotted for BRB 19 indicates a location
outside the diagram.

by Rebolo et al. (1995), the only previous estimate (16 + 9,
—35 + 16) mas yr~!, but with large conservative errors. These
measurements, together with the clear lithium detection (Rebolo
et al. 1996), thus fully confirm Teide 1 as a Pleiades brown
dwarf. Also, the photometry obtained with Q2000 and LIRIS,
H = 15.54 £ 0.06 and K; = 15.07 + 0.09, respectively, agrees
with that of Jameson et al. (2002), H = 15.65 + 0.09 and
K =15.08 £ 0.05.

3.2. Pleiades L dwarf sequence

In the J versus I — J colour—magnitude diagram (Fig. 2), the six
cluster proper motion members (large filled circles) define the
Pleiades L dwarf sequence. Note that the three possible members
with relatively high proper motion (circled filled circles) share
the same sequence (as well as in the near-IR colour-magnitude
diagrams, Figs. 4 and 5).

In Fig. 2 we also present theoretical predictions for the
and J bandpasses. The solid line corresponds to the DUSTY
isochrone and the dash-dotted line corresponds to the NextGen
isochrone from Baraffe et al. (1998) for an age 125 Myr. Masses
in solar units are shown for the first isochrone. The NextGen
model provides a good fit for J < 16.0—16.5 and the DUSTY
model provides a good fit for J < 18. Both models fail to repro-
duce the photometric sequence at fainter magnitudes; the former
does not account for the onset of dust formation in cooler atmo-
spheres, whereas the latter overestimates the I — J colour.
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Fig.4. J versus J — H colour—magnitude diagram for all the Pleiades
very low-mass star and brown dwarf candidates with lithium or proper
motion consistent with membership (filled circles). Their photometry
was compiled from the present study, Martin et al. (2000), the 2MASS
catalog, Zapatero Osorio et al. (1997b), Béjar (2000) and Jameson et al.
(2002). The circular symbols (J > 17.4), lines and triangles are defined
as in Fig. 2. The typical error bars for the probable and possible cluster
members by proper motion are represented on the left.

Also in Fig. 2 we show the sequence of field dwarfs (trian-
gles) with parallactic distances, translated to the distance of the
Pleiades cluster. These nearby cool dwarfs are compiled from
the literature by Caballero (2006). Their /- and JH K,-band pho-
tometry are from Dahn et al. (2000, 2002) and the 2MASS Point
Source Catalog, respectively. For the M dwarfs, the parallaxes
are from Dahn et al. (2000, 2002) and the spectral types are from
Golimowski et al. (2004), Leggett et al. (2000, 2002) and Dahn
et al. (2002). For the L and T dwarfs, the parallaxes are from
Perryman et al. (1997), Dahn et al. (2002) and Vrba et al. (2004),
and the spectral types are mostly from Vrba et al. (2004), else
from Leggett et al. (2002) and Geballe et al. (2001). In Fig. 2 the
spectral types range over ~M3—T2 from top to bottom. At mag-
nitudes J < 17 the field dwarfs are bluer than the cluster brown
dwarfs, but at J > 17 the field sequence begins to intercept that
of the cluster and to follow it slightly towards redder colours.

In the J versus J — H and J — K diagrams (Figs. 4 and 5),
we show the Pleiades very low-mass stars and brown dwarf can-
didates having lithium in their atmospheres or proper motions
consistent with membership in the cluster (filled circles). The
circular symbols (J > 17.4), lines and triangles are defined as in
Fig. 2. The DUSTY and NextGen isochrones provide relatively
good colour predictions for J > 17 and J < 17, respectively,
in both diagrams. The fact that the DUSTY model agrees with
the observations in the J versus J — H and J — K diagrams but
not in the J versus I — J diagram supports the possible underes-
timation of the far red flux (/ band) relative to the near-IR flux
(J-, H- and K bands). In Fig. 4, the M9 Pleiades brown dwarf
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Fig. 5. J versus J — K colour-magnitude diagram, with the same defi-
nition of symbols and error bars as in Fig. 4. The small empty circles
represent the /J candidates without proper motion measurements.

NPL 40 (Festin 1998a,b) has a very blue J — H colour, as noted
by Pinfield et al. (2003). In Fig. 5, the brown dwarf CFHT-PI-7,
with its magnitude J = 15.16 probably enhanced by a cosmic
ray, is positioned at the left of the upper sequence, and the five
very blue candidates at J > 18.5 (empty circles) are probable
contaminants.

In these near-IR colour-magnitude diagrams, where field
dwarfs are also represented (~M3—-L6), similar sequence over-
laps appear at J > 17 as in the J versus I — J diagram.
Thus the sequence of the L. brown dwarf candidates of the
Pleiades is nearly indistinguishable from that of the field dwarfs
shifted to the cluster distance. Note that the average errors in
the distances of the sample field dwarfs are (oy) = 0.4 pc
(M5-M9) and 1.0 pc (LO-L7), and the average errors in their
translated J-band magnitudes, including the photometric errors
and the distance error of 3 pc for the Pleiades cluster, is of
only 0.08 and 0.12 mag, respectively. The average error in their
I — J colours is 0.03 mag (M5-M9) and 0.06 mag (LO-L7).
These magnitude and colour errors are small in comparison to
the (field and cluster) trends observed.

From the J versus I —J, J— H and J — K diagrams it appears
that, opposite to the Pleiades late M dwarfs, many of the Pleiades
L dwarf candidates have the same colours and absolute mag-
nitudes as their field counterparts. This suggests that they may
have the same spectral energy distributions and luminosities. If
the effective temperatures estimated from the spectral energy
distribution do not depend much on the gravity (as indicated by
spectral synthesis), then, they may have also the same effective
temperatures. These objects would therefore have the same radii.
From Allen et al. (2005), the mean age of field L dwarfs is in the
range 3—4 Gyr and the mean mass is in the range 0.06—0.07 Mo,
which according to the DUSTY models imply radii of ~0.09 R.
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Fig. 6. Luminosity function for all the survey candidates (solid and dot-
ted lines) and after contaminant correction (dashed line). The vertical
dotted line represents the completeness limit of the survey.

These objects have almost reached the end of the contraction.
We note however, that according to the same models (and using
the luminosity estimates from Sect. 5), the radii of the Pleiades
L brown dwarf candidates are of ~0.125 R, a value inconsis-
tent with the previous one. Either the predicted evolution of radii
with time may have to be revisited by the models, so the Pleiades
L dwarfs reach radii of 0.09 Rg in about 120 Myr or, the es-
timated masses and ages of the field L dwarfs may require a
revision toward higher masses or smaller ages. A determination
of the radii from the luminosities and the effective temperatures
require precise spectroscopic observations which are beyond the
scope of the present study.

4. Substellar luminosity function

The J-band luminosity function, the number of objects versus
bin of J-band magnitude, is represented in Fig. 6 for BRB 1-34,
our Pleiades very low-mass star and brown dwarf /J-band can-
didates (J < 18: solid line, J > 18: dotted line). The error bars
are Poissonian errors, i.e. the square root of the number of candi-
dates per bin. The vertical dotted line delimits the completeness
of the survey, at J ~ 18.75. For this and fainter magnitudes, the
present luminosity function is incomplete (dotted line).

4.1. Contaminants

The number of field M and L dwarfs that may contaminate our
sample is obtained as follows. First we subdivide the region in
the J versus I — J diagram occupied by the 34 objects of Table 1
in small rectangular sections. These sections have heights of half
J-band magnitude and widths delimited by the bluer envelope
(dashed line in Fig. 2) and the reddest object.

Then, we consider the typical I — J colours of M- and
L-type dwarfs as a function of the spectral type, based on the
same sample of nearby cool dwarfs as mentioned in Sect. 3.2.
Contaminants in our survey are essentially M5-L4 dwarfs.
Using the relation from Dahn et al. (2002) between the spectral
type of M7-L8 dwarfs and the maximum distance at which they
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can be observed for a given J-band magnitude (a relation that
we assume also valid for M5 and M6 dwarfs), we compute for
any spectral type contaminating a given rectangular section the
pair of distances associated to the J-band magnitude boundaries
of the section. Each pair of distances defines a volume towards
the Pleiades, e.g. a truncated right pyramid with a square base,
with top and base surfaces subtended by the survey angular area,
1.8 deg?. This volume is located at the average of the pair of
distances ({d)).

We use the densities of dwarfs in the solar neighbourhood
provided by Kirkpatrick et al. (1994) for M5 and M6 spectral
types, and by Cruz et al. (2003) for M7-L4 at d < 20 pc. We take
into account the completeness and sky coverage of these surveys.
Chen et al. (2001) studied the star counts of the Sloan Digital
Sky Survey for several hundred thousands stars at high latitudes
north and south of the Galactic plane. They obtain an exponential
scale height of the old thin disk of 330 + 3 pc (late-type stars)
and a Sun’s distance from the plane of 27 +4 pc. We assume that
this scale height applies also for early L dwarfs. To compute the
numerical density of a given spectral type dwarf at an average
distance (d) from the Sun, we multiply the solar neighbourhood
density by an exponential exp —(|(d) sin (bp) — zo|/zn), Where zj,
is the scale height, z5 the Sun’s distance to the Galactic plane,
bp; = —23.52° the Pleiades cluster’s galactic latitude.

Finally we multiply the volumes by the corresponding den-
sities and obtain the statistical numbers of contaminants. Each
section in the J versus / — J diagram is thus contaminated by
field dwarfs of different spectral types at different distances and
with different densities. In Table 5, we summarize our estimate
of contaminants. In the first column we indicate the J-mag range,
in Col. “N¢.”, the number of 1J candidates (including CFHT-
PLIZ-25 and CFHT-PLIZ-25) and in Col. “Confirmed”, the BRB
numbers of the proper motion and lithium Pleiades members.
In the next three columns, we give the estimated numbers of
contaminants for the spectral type ranges M5-M7, M8§-M9
and LO-L4. In Col. “total”, the total number of contaminants is
provided for the entire spectral type range M5—L4. Nine contam-
inants are already found (Col. “Contaminants found”): (i) CFHT-
P1-8 (MO1), CFHT-PLIZ-25 (M03), BRB 19 and BRB 33;
(i) BRB 24, 26, 30 31 and 34. The first set of objects is found by
proper motion measurements and the second set by J — K, pho-
tometry (Col. “Measurement”). The numbers of contaminants
found in each spectral type range are indicated in parenthesis.
Subtracting these from the total number of contaminants, we
obtain the number of remaining contaminants that we may find
among our survey candidates (Col. “N;.”).

After correcting the number of /J candidates for contam-
inants in each J-mag range, we find an agreement with the
number of confirmed Pleiades members, except for 15.0—-16.0
and 19.0-20.0 mag. In these ranges one more contaminant than
observed is predicted. For the latter range, this can be explained
by its incompleteness. In both cases, we assume the observed
number of confirmed members as the effective value when de-
riving the effective luminosity and mass functions, thus decreas-
ing by one the value of N;.. In Fig. 6, the effective luminosity
function is represented by the dashed histogram.

5. Substellar mass function

Finally, we present the implications of our results in the substel-
lar mass function of the cluster surveyed area. The bolometric
luminosity and effective temperature predictions of the DUSTY
and NextGen models are mostly independent of the atmospheric
properties (Chabrier et al. 2000), in contrast to the predicted
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Table 5. Contaminants among our low-mass star and substellar candidates.

J range Nean® Confirmed® Estimated numbers of contaminants Contaminants Measurement N;.°
(Li or pm) M5-M7 M8-M9 L0-L4 total found
14.5-15.0 7¢ 1,2,3,5,6,7 0.3 - - 0.3 - - 0
15.0-16.0 7 8,9,10, 11,12, 13 1.6(1) - - 1.7 CFHT-PI-18 prop. mot. 1
16.0-17.0 3 14, 15 0.8 0.3 0.1 1.2 - - 1
17.0-18.0 4 17, 18 - 1.3(2) 0.3 1.6  CFHT-PLIZ-25,BRB 19 prop. mot. 0
18.0-19.0 8 20, 21, 22, 23, 27 - 1.7(2) 1.3 3.0 BRB 24, 26 J - K 1
(19.0-20.0) 7 28,29 - 2.0(2) 3.8(2) 5.9 BRB 30, 31, 33, 34 J — K, prop. mot. 2

¢ Including CFHT-PI-18 and CFHT-PLIZ-25.
® BRB number.

¢ We assume only 0 and 1 contaminants that remain to be found in the J ranges 15.0-16.0 and 19.0-20.0, respectively, when deriving the effective

luminosity and mass functions (see text, Sect. 4.1).
4 Including BRB 1 which has J = 14.41.

Table 6. Mass bins for our mass function.

AJ AM NBRB Ncon[ Neff
(M)
14.41-14.97  0.147-0.104 6 0 6
14.97-15.57  0.104-0.075 5 0 5
15.57-17.51 0.075-0.039 6 1 5
17.51-18.75  0.039-0.026 8 3 5
(18.75-19.65)  0.026-0.018 9 6 3

magnitudes (e.g. for the M—L transition), which are not. We de-
cided to infer a bolometric luminosity using a J-band bolometric
correction and then to compare it with the model prediction for
the distance and age of the Pleiades to obtain the mass.
Adopting the Pleiades cluster distance from Percival et al.
(2005), we convert the J-band magnitudes to absolute mag-
nitudes M, and add a bolometric correction BC,; depending
on I — J. This bolometric correction is obtained by Caballero
(2006) from a fit to (Myo — My, I — J) of the nearby cool
dwarfs mentioned in Sect. 3.2. Binaries, peculiar dwarfs and
dwarfs with line emission are not taken into account in the
fit. For the nearby M dwarfs, the bolometric magnitudes are
from Golimowski et al. (2004), Leggett et al. (2000, 2002) and
Dahn et al. (2002). For the nearby L and T dwarfs, these are
mostly from Vrba et al. (2004), else from Leggett et al. (2002)
and Geballe et al. (2001). The bolometric magnitudes My, =
M+ BC; that we obtained are then normalized to the solar value
Mpo1o = 4.74 (Livingston 2002) and converted to luminosities.
Using these luminosities, we interpolate linearly the theoretical
data points (DUSTY model for BRB 8-34 and NextGen model
for BRB 1-7) and obtain the masses. These are grouped into five
bins: two low-mass stellar and three substellar bins (see Table 6).
The lowest mass bin is incomplete (J 2 18.75). The differ-
ences between the masses derived from the bolometric luminosi-
ties of the NextGen- and DUSTY models for the fainter objects
BRB 8-22, which extend into the lower luminosity range of the
NextGen model, are smaller than 0.002 M, and do not affect the
distribution of objects in these bins. Each bin contains numbers
of BRB candidates (Ngrg) and contaminants (Vo ), identifiable
from Tables 1 and 5. The width of the mass bins within the com-
pleteness of the survey is such that each bin contains approxi-
mately the same effective number of objects, Neg = NrB — Ncont-
In Fig. 7, we show our results in the mass spectrum repre-
sentation, log dN/dM, log M. Error bars refer to the Poissonian
error. We show also the bins for the ~50 massive proper mo-
tion Pleiades objects from Deacon & Hambly (2004) which

Completeness

log dN/AM(M. )
Lo e

0l R L Ll L )
-1.5 -1.0 -0.5 0.0
log M(M,,)
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o
o
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Fig. 7. The derived mass function for the Pleiades survey area. The filled
circles are for the BRB objects, whereas the squares are for the ob-
jects from Deacon & Hambly (2004). The right dotted line indicates
the hydrogen-burning mass limit. The lower limit arrow for the lowest
mass bin indicates that this bin is incomplete. The curve represents the
log normal function obtained by Deacon & Hambly (2004) scaled down
to the total number of objects in the survey area and between 0.5 M, and
the completeness mass limit 0.026 M, (56). The dashed line represents
the power law fit to the data points between 0.5 and 0.026 M, with
a=05+0.2.

are present in our fields®. For the ~35 fainter objects, corre-
sponding essentially to M dwarfs (T.g < 3600 K), we obtain
the masses with the method explained above, but using /- and
J-band magnitudes from Deacon & Hambly (2004) and 2MASS,
respectively, because these objects are saturated in our images.
For the brighter ones we proceed similarly but, this time, us-
ing a synthetic K-band bolometric correction, function of the
(J = K)crr colour and determined by Houdashelt et al. (2000)
for FGK stars with 4000 K < T < 6500 K. We assume so-
lar metallicity and log g = 4. The CIT colour is transformed
into the 2MASS equivalent (see the Explanatory Supplement to

3 The objects in common with our sample, DH 765 and DH 590, are
taken into account only once and in our mass spectrum bins.
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the 2MASS All Sky Data Release*, Cutri et al. 2006) and the
bolometric correction is applied on 2MASS JK-band photom-
etry. For the objects in the K-M transition, the masses obtained
by any of these two methods are within the highest mass bin
(M > 0.5 M), thus fixing the number of objects in this bin. A
linear fit to all the data points between 0.5 and 0.026 M pro-
vides an @ = 0.5 + 0.2 for the power law dN/dM o« M~2. It is
compatible with the mass bin beyond the completeness limit of
the survey (lower limit arrow at the left of the vertical dotted line,
Fig. 7), defined by the three lowest mass possible or probable
cluster members by proper motion, BRB 27, 28 and 29. Our es-
timate of « is in agreement with that from M03, 0.60 +=0.11, and
signifies that the number of objects per unit mass still increases
at these low masses. In Fig. 7 the lognormal function obtained
by Deacon & Hambly (2004) is also represented, scaled down so
that its integral over the mass range 0.5-0.026 M, is equal to the
number of objects in the survey area and in this mass range (56).

Our estimate of « is similar to those for younger clusters
as a Per (~80 Myr), IC 4665 (30—100 Myr) and A Orionis
(~5 Myr). Their values are: 0.56 (0.2 > M(My) > 0.06;
Barrado y Navascués et al. 2002), 0.6 (1 > M(My) > 0.04;
de Wit et al. 2006) and 0.60 + 0.06 (0.86 > M(My) > 0.024;
Barrado y Navascués et al. 2004), respectively. The presence of
low-mass brown dwarfs after more than 100 Myr in the Pleiades
open cluster, in numbers relative to stars which are similar to
those found in other younger clusters, implies that differen-
tial evaporation of low-mass members relative to more massive
ones has not been very significant — in contrast to what may
occur in the ~600 Myr old Praesepe open cluster (Chappelle
et al. 2005). Comparison of observations to evolutionary mod-
els of the Pleiades cluster suggests indeed that only marginal
differential evaporation of the massive brown dwarfs has oc-
curred (Moraux et al. 2004; Moraux & Clarke 2005). Therefore
searches for the lowest mass brown dwarfs and even planetary-
mass objects should be conducted. A Pleiades giant planetary-
mass object at the deuterium-burning mass limit has a predicted
effective temperature of ~1300 K (DUSTY and COND mod-
els). This effective temperature corresponds to late L and early
T field dwarfs (Golimowski et al. 2004) and magnitudes J > 20
(Knapp et al. 2004) when scaled to the distance of the cluster.
Such a free-floating object in the Pleiades open cluster may be
detected in a photometric search with mid-size telescopes (~4 m)
but spectroscopic classification will require a very large tele-
scope of 8—10 m class. The discovery of such low-mass Pleiades
objects will permit to compare with free-floating low-gravity
candidates in the solar neighbourhoud, as for example the T6
brown dwarf SDSS J111010.01+011613.1 (Knapp et al. 2004).
Extrapolating the mass spectrum slope to lower masses, we find
that our survey area may contain five brown dwarfs with masses
0.026-0.013 M, and four planetary-mass objects with masses
0.013-0.05 Mg (or two per square degree). In the case where
the mass spectrum is log normal down to planetary masses, these
values drop to three and one, respectively (or one planetary-mass
object per square degree).

6. Conclusions

As a result of an IJ-band survey in the Pleiades, we have
found 18 brown dwarf candidates, most likely of L-type. They
have 174 < J < 19.7, I —J > 3.2 and theoretical masses
~0.040-0.020 M. The near-IR follow-up for proper motion

4 http://www.ipac.caltech.edu/2mass/releases/allsky/
doc/explsup.html
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of 11 candidates permits us to confirm six as cluster members.
Another three remain as possible members. Two are clear non-
members. The near-IR photometric follow-up of the seven other
candidates indicates that at least five are probable contaminants,
because their J — K colours are bluer than those of the clus-
ter proper motion members. These latter determine the L brown
dwarf photometric sequence of the Pleiades. The sequence in
the J versus I — J colour—magnitude diagram at J > 18 is bluer
than that predicted by the DUSTY atmospheres model, whereas
it agrees with the predictions in the J versus J— H and J — K dia-
grams. Moreover the sequence overlaps that of the field L dwarfs
shifted to the cluster distance in the three colour—-magnitude dia-
grams, suggesting that the Pleiades and field L dwarfs may have
comparable spectral energy distributions and luminosities, and
thus possibly similar radii.

We find evidence for an intrinsic velocity dispersion of
Pleiades brown dwarfs at least four times that of Pleiades stars
more massive than the Sun. The estimated value >4 mas yr~!
appears consistent with the kinematical expectations for brown
dwarfs in a nearly relaxed cluster.

Correcting for contaminants and comparing with the proper
motion objects from Deacon & Hambly (2004) in the same
fields, we obtain a substellar mass spectrum for the surveyed
area of the cluster. For a power law dN/dM oc M~ fit in the mass
range 0.5-0.026 M, we find a spectral index @ = 0.5 £ 0.2 and
in agreement with previous results. The slope is similar to that of
much younger open clusters, suggesting the absence of signifi-
cant differential evaporation of the low-mass brown dwarfs in
the Pleiades. This supports deeper searches to detect lower mass
free-floating objects in the cluster.
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ABSTRACT

Context. Free-floating substellar candidates with estimated theoretical masses of as low as ~5 Jupiter masses have been found in the
~3 Myr old o Orionis open cluster. As the overlap with the planetary mass domain increases, the question of how these objects form
becomes important. The determination of their number density and whether a mass cut-off limit exists is crucial to understanding their
formation.

Aims. We propose to search for objects of yet lower masses in the cluster and determine the shape of the mass function at low mass.
Methods. Using new- and (re-analysed) published IZJHK[3.6]—[8.0]-band data of an area of 840 arcmin?, we performed a search
for LT-type cluster member candidates in the magnitude range J = 19.5-21.5 mag, based on their expected magnitudes and colours.
Results. Besides recovering the T type object SOri 70 and two other known objects, we find three new cluster member candi-
dates, S Ori 72-74, with J ~ 21 mag and within 12 arcmin of the cluster centre. They have theoretical masses of 43 My, and are
among the least massive free-floating objects detected by direct imaging outside the Solar System. The photometry in archival Spitzer
[3.6]-[5.8]-band images infers that S Ori 72 is an L/T transition candidate and S Ori 73 a T-type candidate, following the expected
cluster sequence in the mid-infrared. Finally, the L-type candidate S Ori 74 with lower quality photometry is located at 11.8 arcsec
(~4250 AU) of a stellar member of o Orionis and could be a companion. After contaminant correction in the area complete to
J = 21.1 mag, we estimate that there remain between zero and two cluster members in the mass interval 64 My,,.

Conclusions. We present S Ori 73, a new candidate T type and candidate o Orionis member of a few Jupiter masses. Our result
suggests a possible turnover in the substellar mass spectrum below ~6 Jupiter masses, which could be investigated further by wider

and deeper photometric surveys.

Key words. stars: luminosity function, mass function — Galaxy: open clusters and associations: individual: o~ Orionis —

stars: low-mass, brown dwarfs

1. Introduction

Free-floating objects with masses of several to a few times the
mass of Jupiter appear to populate young open clusters (see
Lucas & Roche 2000; Zapatero Osorio et al. 2000). They could
form in a similar way to stars, by gravitational fragmentation
above an opacity mass limit (Hoyle 1953; Larson 1973; Low
& Lynden-Bell 1976; Rees 1976; Silk 1977) or by turbulent
fragmentation (Padoan & Nordlund 2002, 2004; Padoan et al.
2007) of collapsing molecular clouds, or as stellar embryos that
are fragmented, photo-eroded, or ejected before they can ac-
crete sufficient mass to become stars (see Whitworth & Goodwin
2005, and references therein). They could also form by gravita-
tional instability in circumstellar disks (Boss 1997; Whitworth
& Stamatellos 2006), then have their orbits disrupted and be

ejected (Stamatellos & Whitworth 2009; Veras et al. 2009). A
better knowledge of the cluster mass function (MF; number of
objects per unit mass) at these low masses will help us to de-
termine the main formation process for these objects. Indeed,
numerical simulations of opacity-limited fragmentation show a
cutoff in the mass function at ~4 Jupiter masses (Bate & Bonnell
2005; Bate 2005, 2009), whereas numerical simulations of tur-
bulent fragmentation show an approximately log-normal, shal-
lower drop at substellar masses (Padoan & Nordlund 2004). A
detailed comparison with planets (e.g., spectral emission and
chemical composition) will also provide complementary infor-
mation about their origin and evolution (Fortney et al. 2008).

The o Orionis open cluster in the Ori OB 1b associa-
tion, together with other star-forming regions in the Orion and

Article published by EDP Sciences
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Scorpius-Centaurus complexes, is well-suited to the search for
free-floating planetary-mass objects. It is young (3 = 2 Myr;
Zapatero Osorio et al. 2002b), relatively nearby (36018 pe,
Brown et al. 1994; 444 + 20 pc, Sherry et al. 2008), affected
by very low extinction (Ay < 1 mag; Sherry et al. 2008), and
of solar metallicity (Gonzadlez Herndndez et al. 2008). A revi-
sion of published, basic parameters of the cluster was provided
by Caballero (2007). Caballero et al. (2007) found a smoothly
continuous MF down to ~6 Jupiter masses (Mj,,) and that the
brown dwarfs appear to harbour disks with a frequency similar
to that of low-mass stars. This suggests that low-mass stars and
substellar objects share the same formation mechanism. Also,
S Ori 70, of spectral type T6, has been proposed to be a cluster
member with an estimated mass of 2-7 My, (Zapatero Osorio
et al. 2002a, 2008; Martin & Zapatero Osorio 2003; Burgasser
et al. 2004; Scholz & Jayawardhana 2008; Luhman et al. 2008).
In this paper, we present new IZ/HK ;-band photometry and a
re-analysis of previous data of the o Orionis cluster, allowing us
to search for faint candidates in an area of ~790 arcmin?, to the
completeness magnitude J ~ 21.1 mag. Our search area overlaps
with those of Caballero et al. (2007) and Lodieu et al. (2009b),
and its J-band completeness magnitude is about 1.5 and 2 mag
fainter, respectively. We report the detection of three new cluster
member candidates with theoretical masses of ~4 Mjy.

2. Observations and data reduction

We discuss the new data obtained for this study and the data
from Caballero et al. (2007) and Zapatero Osorio et al. (2008)
that were reduced or analysed again in an attempt to increase the
sensitivity to faint sources.

2.1. Optical data

The I-band imaging data presented in Caballero et al. (2007)
were obtained with the Wide Field Camera (WFC) mounted at
the Isaac Newton Telescope (INT). The WFC contains four CCD
of 2k x 4k pixels and 0.33 arcsec/pixel. Figure 2 shows the
area of the corresponding four images, limited to their overlap
with the near-infrared data (solid and dashed lines). A new au-
tomatic search for sources was performed with the IRAF routine
FINDSTAR (Almoznino), which led to a substantial increase in
the number of sources at faint magnitudes with respect to those
considered by Caballero et al. (2007). FINDSTAR is especially
useful for detecting sources in combined dithered images (or in
images with background gradients), where the standard devia-
tion varies from centre to border. We then carried out the aper-
ture and point-spread-function (PSF) photometry using routines
within the DAOPHOT package. Objects missed by the automatic
search routine but easily detected by eye in the PSF-subtracted
images (e.g., sources partially hidden in the wings of bright
stars) were added to the list of sources. Finally, for each of
the four CCD images, the new photometry was calibrated using
~1850 objects in common with the Caballero et al. (2007) pho-
tometry in the Cousins system. We found average completeness
and limiting magnitudes of Io,, = 23.0 mag and /i, = 23.9 mag,
respectively.

To determine these completeness and limiting magnitudes,
we compiled the distribution of the instrumental magnitude er-
ror versus the calibrated magnitude for each image. In the bot-
tom panel of Fig. 1, we present this with the source catalogue
of one of the WFC CCD images. The completeness and limit-
ing magnitudes were defined to be the faintest magnitude bins
where the average errors are <0.10 and 0.20 mag, respectively.
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Fig. 1. Upper panel. Histogram in logarithmic scale of the /-band
sources as a function of the calibrated magnitude (see text for details
about the dotted lines). Lower panel. Instrumental magnitude error ver-
sus the calibrated magnitude of these sources (dots). The average error
per magnitude bin is overploted as a red solid line. The magnitudes of
the bins just below errors of 0.1 mag (blue lower line) and 0.2 mag
(blue upper line) were defined here as the completeness and limiting
magnitudes, respectively.

These errors correspond to signal-to-noise ratios of S/N = 10
and S/N = 5, respectively (see e.g., Newberry 1991). The aver-
age error per magnitude bin is overploted as a red solid line. The
upper panel shows the histogram of all sources on a logarithmic
scale as a function of the calibrated magnitude. The inclined dot-
ted line represents a power law fit to the histogram in the range
[magemp — 2.5, magempl, where magcy,, is the completeness mag-
nitude (vertical dotted line). At mag > magcmy, the histogram’s
deviation from the fit is most probably caused by sources af-
fected by random upward or downward fluctuations of the back-
ground, the upward ones being preferentially detected above the
detection threshold (Malmquist bias; see also Beichman et al.
2003). Comparing the counts of the histogram of sources having
errors smaller than 0.10 mag with the counts of the linear ex-
trapolation of its power law fit at the completeness magnitude,
we estimated a level of completeness of 290%. This method was
also applied to the other data sets.

We used broad /Z-band images from the Keck II Low
Resolution Imaging Spectrograph (LRIS), associated with the
discovery of SOri 70 (see Zapatero Osorio et al. 2002a), as
well as unpublished /-band images obtained with the same
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Fig. 2. Main search area: WFC-ISAAC [J-band data (dashed line) to-
gether with follow-up H- or K-band data (solid line). Additional search
areas: WFC /-, LRIS /-, and Omega2000 JHK-band data (shaded re-
gions delimited by dotted lines). Individual fields are not represented for
clarity (see Fig. A.1). These areas have a completeness J > 21.1 mag,
except the upper corner in the main area (indicated by the dash-dot
line) and the shaded regions on the left side. SOri 72 and SOri 73
are represented by filled squares, SOri 74 by an open square, and
S Ori J053840.8—024022 and S Ori J053811.0—023601 by open trian-
gles (see finding charts of Figs. B.1-B.4). Circular symbols are cluster
members and candidates (Zapatero Osorio et al. 2000; Caballero et al.
2007; Caballero 2008b); their size increases with fainter J-band magni-
tude, to highlight the location of the least massive objects. Filled circles
are planetary-mass candidates with M < 0.013 M, including S Ori 70
(Zapatero Osorio et al. 2002a). Crosses are o Ori AB and E, at the cen-
tre of the cluster.

instrument on 2000 January 5, in similar atmospheric condi-
tions and for the same exposure time. Their coordinates and
depths are listed in Table 1. The photometry was performed as
described above. The /-band photometry was calibrated using
typically 200 sources in common with the WFC survey, whereas
the Z-band photometry was calibrated using on average 41 stel-
lar sources from the Galactic Clusters Survey (GCS) component
of UKIDSS! (Lawrence et al. 2007, fifth data release) and of
magnitude error oz wkipss) < 0.1 mag. The Z-band photome-
try has an average (relative) calibration error of 0.04 mag. We
caution that the UKIDSS Z-band filter differs from that of the
LRIS images. For the published data, we estimated that the aver-
age completeness and limiting magnitudes are I, = 23.5 mag
and Iy, = 24.3 mag, respectively, and Z.y,, = 22.3 mag and
Ziim = 23.2 mag, respectively. For the data from 2000, these are
Iemp = 23.5 mag and I, = 24.5 mag.

We obtained Z-band imaging data using the INT/WFC in-
strument on the night of 2008 November 27. We took 21 im-
ages of 900 s exposure time each and with central coordi-
nates (@,0) = (5 37 49.1, -2 44 43). During the observations,
thin cirrus were present and the average seeing was 1.2 arc-
sec. The images were reduced using routines within the IRAF

' UKIDSS uses the UKIRT Wide Field Camera (WFCAM, Casali et al.
2007) and a photometric system described in Hewett et al. (2006). The
pipeline processing and science archive are described in Hambly et al.
(2008).
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Table 1. Coordinates and depth of the LRIS images®.

1D e 0 Filter Memps Mlim
(J2000) (J2000) (mag)

1998i1 0538 16.6 —023753 1 23.6, 24.5
1998i2 0538 21.0 —-024759 1 23.5, 244
1998i3 0538564 -023857 1 23.5, 24.1
1998i4 053921.2 -023754 1 23.5, 244
1998i5 0539 56.4 —02 3400 1 23.6, 24.4
1998z1 0538 16.6 —-02 3753 Z 22.1, 229
199822 053821.0 -024759 VA 224, 233
1998z3 0538 56.4 —-02 3857 VA 224, 233
1998z4 053921.2 -023754 V4 22.5, 234
1998z5 0539 56.4 —-02 3400 Z 224, 233
2000i1 0538 17.4 —-023748 1 23.8, 24.6
2000i2 053821.4 -024803 1 23.5, 24.5
2000i3 0538552 -023852 1 23.3, 243
2000i4 0539203 -023758 1 23.7, 24.5
2000i5 0539572 —-023404 1 23.6, 24.7

“ The pixel scale is 0.210 arcsec pixel™' and the field of view in the
a—6 frame is 5.8 X 7.2 ~ arcmin®. For the images 1998[i, z]3, 2000i[1,
2, 4, 5], and 2000i3, this field of view is rotated ~16, 90, and 105 deg
counterclockwise, respectively.

environment, including bias and zero image subtraction and flat-
field correction. Observations were done using a dithering pat-
tern. Science images were combined to obtain flat-field images
to correct for fringing. Individual images were aligned and com-
bined to obtain final images. Aperture and PSF photometry was
performed for one of the CCDs. Its photometric calibration was
done using about 400 stellar sources from GCS-UKIDSS of
oz wkmbss) < 0.1 mag, implying a relative calibration error of
0.02 mag. We caution that the UKIDSS Z-band filter is different
from that of the WFC images. We estimated completeness and
limiting magnitudes of 22.4 and 23.1 mag, respectively.

Astrometry was obtained for all the optical images with an
accuracy of ~0.2-0.05 arcsec, using 2MASS as reference and an
adaptation of the IRAF MYASTROM procedure (Puddu, see also
Bihain et al. 2006). A representation of the individual fields is
provided in Fig. A.1 (top left and right panels).

2.2. Near- and mid-infrared data

The J-band imaging data from Caballero et al. (2007) were
obtained with the Infrared Spectrometer And Array Camera
(ISAAC), mounted at the Very Large Telescope (VLT) and con-
taining a Rockwell Hawaii detector of 1k X 1k pixels and
0.148 arcsec/pixel. We re-reduced these data to obtain a clean
sky subtraction, remove bad pixel values, and identify more
reliably charge persistencies of bright sources in the detector.
The raw images were dark subtracted, superflat divided, sky
subtracted (with the routine LIRISDR.LIMAGE.LRUNSKY from
Acosta-Pulido, which includes object masking and vertical gra-
dient correction), their elements flagged for bad pixel (at extreme
values for thresholding) using bad pixel masks from superflats,
related by pixel shifts (computed from clearly defined sources in
common), and combined all at once in strips along right ascen-
sion or declination (16 strips in total). The photometry of each
strip was performed similarly as for the WFC data. We ensured
that all the sources remaining in the PSF-subtracted images were
recovered, as we did for the Omega2000 J-band images (see be-
low). The photometry was calibrated using an average number
of 12 point sources from the 2MASS catalogue (Skrutskie et al.
2006) of quality flags AAA or AAB. The average calibration
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Table 2. New near-infrared observations®.

G. Bihain et al.: Candidate free-floating super-Jupiters in o~ Orionis

ID 1% o Instr. Filter Area Date(s) fexp Memp Miim
(J2000) (J2000) (arcmin?) (min) (mag) (mag)
Ik 0539399 -025026 Omega2000 K 197 (279) 2005 Jan. 31, Feb. 1, Oct. 26 326 20.5 21.2
2-j  053935.1 —-023444 Omega2000 J 214 (259) 2006 Oct. 07 63 20.9 21.9
2-h 0539193 -023336 Omega2000 H 181 (295) 2005 Oct. 19 186 21.2 21.9
2k 0539212 -023514 Omega2000 K 194 (282) 2005 Oct. 24-25 139.5  20.1 21.0
3-h  053840.1 —-024809 Sofl H 21 (27) 2006 Dec. 27 147 20.3 20.9
4-h  053840.0 -025226 Sofl H 21(27) 2006 Dec. 24 98 20.3 21.1
5-h  053839.7 -025709 Sofl H 21 (27) 2006 Dec. 27 75 20.1 20.5
6-h  053820.0 —-024830 Sofl H 21(27) 2006 Dec. 24 201 20.1 21.1
7-h  054005.1 -023040 Sofl H 21 (27) 2006 Dec. 27 132 20.3 21.1
8-h 0540049 -023557 Sofl H 21 (27) 2006 Dec. 26 98 19.5 20.1
9-h  054003.6 -024210 Sofl H 21 (27) 2006 Dec. 25 56 19.9 20.7
10-h  053909.7 -0247 15 Sofl H 21 (27) 2006 Dec. 25 168 20.3 21.3
11-h 0539277 -024715 Sofl H 21 (27) 2006 Dec. 25 95 20.1 21.1
12-h 0539457 -0247 15 Sofl H 21 (27) 2006 Dec. 26 120 20.3 21.3
13-h  054003.1 -024704 Sofl H 16 (33) 2006 Dec. 26 140 20.3 21.1
14-h  053909.5 -025356 LIRIS H 16 (20) 2006 Dec. 29 36 19.5 20.1
15-h 0539454 -025357 LIRIS H 16 (20) 2007 Dec. 14 45 20.3 20.9
16-h  054003.6 —025359 LIRIS H 16 (20) 2007 Dec. 14 45 20.3 20.9

“ Fields of view (and pixel scales) of the Omega2000, Sofl, and LIRIS detectors are 15.4 X 15.4 arcmin® (0.45 arcsec pixel’l), 4.9 x 4.9 arcmin®
(0.288 arcsec pixel™), and 4.2 x 4.2 arcmin? (0.25 arcsec pixel™), respectively.

error is 0.03 mag. The average completeness and limiting mag-
nitudes are Joyp = 21.6 mag and Jy, = 22.4 mag, respectively,
in an area of ~660 arcmin?. This area excludes ~20 arcmin?
within the region delimited by the dash dot line in Fig. 2, where
Jemp = 20.6 mag and Jji, = 21.5 mag, and ~100 arcmin? corre-
sponding to the ~0.4 mag shallower borders of the strips.

We obtained additional near-infrared imaging data, using
Omega2000 at the 3.5-m Telescope (Calar Alto, Spain), Son of
Isaac (Sofl) at the New Technology Telescope (La Silla, Chile),
and the Long-slit Intermediate Resolution Infrared Spectrograph
(LIRIS) at the William Herschel Telescope (Roque de los
Muchachos Observatory, Spain). Table 2 indicates field iden-
tification, coordinates, instrument, filter, area, observing night
date(s), total exposure time, and completeness- and limiting
magnitudes. All the data were reduced within the IRAF envi-
ronment, including (super)flat division, sky subtraction, align-
ment with several reference stars, and combination without
trimming. Sofl raw images were first row cross-talk corrected
with the routine crosstalk (Leo Vanzi, ESO Sofl tools).
Omega2000 and most of the Sofl images were dark subtracted
before flat division. LIRIS raw images were first pixel-mapping-
and row-cross-talk corrected, and then processed with the rou-
tine LIRISDR.LIMAGE.LDEDITHER, including sky subtraction,
as applied to ISAAC J-band, and distortion correction. Bad pixel
masks were used for LIRIS and Sofl, whereas for Omega2000
extreme values relative to the average at each pixel were re-
jected during combination. Because the combined images are
untrimmed, they have a deep central region surrounded by a
shallower region, whose proportions depend on the observing
dithers. In Table 2, we list the deep area and the total area (in
parenthesis). The photometry was obtained as described above.
For the Omega2000 images, the photometric calibration was ob-
tained using ~150 2MASS point sources of quality flags AAA
or AAB (average calibration error of 0.03 mag). For each of the
Sofl and LIRIS images, about 10 of these calibrators were used
(average calibration error of 0.04 mag). Completeness and lim-
iting magnitudes were derived from the sources in the deeper
central regions.

Table 3. Re-estimated depth of individual fields from Caballero et al.
(2007) and Zapatero Osorio et al. (2008).

ID @ 0 Instr. Filter  memp, mMiim
(J2000) (J2000) (mag)

I-h  053937.6 -024953 Omega2000 H  20.0, 20.9
17-h  053838.7 —024901 Omega2000 H 19.1, 19.6
17-k  053837.6 -024951 Omega2000 K, 19.6, 20.3
18- 0538124 —-023518 Omega2000 J 21.1, 219
18-h* 0538 11.9 —-023459 Omega2000 H  20.6, 21.4
18-k 0538 13.3 —-023537 Omega2000 K, 20.0, 21.0
19-h 053844.6 —-024435 CFHTIR H 21.1, 22.1
19-k 053844.6 -024435 CFHTIR K 209, 219
20-h 0538 18.3 -024431 CFHTIR H 205, 213
20-k 0538 18.3 —-0244 31 CFHTIR K 20.5, 21.3
21-h 0539242 -022936 CFHTIR H 209, 21.5
21-k 0539256 -022937 CFHTIR K 205, 213
22-h  054006.5 -023229 CFHTIR H 20.7, 21.9
22-k 054006.6 —023229 CFHTIR K 20.5, 21.5

¢ Re-reduced data from Zapatero Osorio et al. (2008); deep central areas
(and total areas) in J, H, and K; are 215 (257), 208 (265), and 197
(278) arcmin?. For the Omega2000 and CFHTIR data from Caballero
et al. (2007), the deep central areas (and total areas) are 216 (236) and
6 (22) arcmin?, respectively.

Other near-infrared data, already published in Caballero
et al. (2007) and Zapatero Osorio et al. (2008), were used in
the search. The Omega2000 data from the latter study were
re-reduced to obtain untrimmed images. Completeness and
limiting magnitudes of our new photometry (obtained as de-
scribed above) are listed in Table 3, except for the H-band
~1100 arcmin? Omega2000 survey from 2003 (see Caballero
et al. 2007), which is shallower. We note that the field 1-k is
a combination of new data obtained on 2005 October 26 with
published data obtained earlier the same year, on January 31 and
February 1. The J- and HK-band data from Tables 2 and 3 cor-
respond to overlapping areas of ~240 arcmin® and ~690 arcmin?
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with the WFC + ISAAC survey, respectively (see Fig. 2 for the
HK-band data).

Astrometry was obtained for all the near-infrared im-
ages similarly as for the optical images, with an accuracy of
~0.2-0.05 arcsec. A representation of the individual fields is pro-
vided in Fig. A.1 (top left and bottom panels).

We also used archival post-basic calibrated data (PBCD)
from the Spitzer Space Telescope Infrared Array Camera
(IRAC). For our new candidates (see Sect. 4), we have obtained
the Spitzer photometry following the procedure described in
Zapatero Osorio et al. (2007) and using the data published by
Hernandez et al. (2007) and Scholz & Jayawardhana (2008). A
comparison of these two data sets is provided in Luhman et al.
(2008, see e.g. Fig. 1 therein for a map of the IRAC surveys).
We averaged our measurements in overlapping deep images and
adopted their standard deviation as a representative error bar. We
compared the [3.6]- and [4.5]-band measurements of Zapatero
Osorio et al. (2007) with those of Luhman et al. (2008) for the
six objects in common? and found small average differences
[3.6]z0-1, = 0.02 + 0.12 mag and [4.5]z0-L = 0.12 + 0.07 mag,

implying good agreement between the two sets of measure-
ments.

3. The search for o Orionis LT-type objects

Field dwarfs with spectral types TO-8 (effective temperature
1400-700 K) have typical coloursof I —J > 4.5, J - H < 1.5,
and J — K; < 2 mag (Tinney et al. 2003; Zhang et al. 2009);
the early types have redder J — H and J — K colours and higher
effective temperatures than the later types. By extrapolating the
o Orionis cluster sequence using the field dwarf sequence, clus-
ter members with a T spectral type appear to be at J ~ 20 mag
(see Sect. 4 and Fig. 4). About the same apparent magnitude
is found using the synthetic atmosphere J-band prediction of the
3-Myr COND model isochrone from Chabrier & Baraffe (2000).
However, when predicted bolometric luminosities and effective
temperatures are transformed into the observable using relations
for field dwarfs (see also Sect. 4 and Fig. 4), a J-band value of
~21 mag is found.

T-type objects of this magnitude will still be detected within
the completeness of the ISAAC data, whereas they will be rel-
atively faint or undetected in the less deep /HK-band images.
For example, faint T type objects with J = 21.5,1 —J > 4.5,
J—H < 1,and J-K; < 1 mag will be undetected in all the optical
images and only possibly detected in the near-infrared images
of (H- or Ki-band) limiting magnitudes fainter than 20.5 mag
(~470 arcmin?). Therefore, we opted for a search relying on the
ISAAC J-band photometry, i.e., the deepest near-infrared pho-
tometry over the largest area, and with an automatic selection
in terms of magnitudes and colours that is not too restrictive, to
allow us to recover visually any potential cluster member candi-
date, including L-type objects.

First, we correlated the @ — 6 coordinates of the IJHK-
band sources using the IDL srcor procedure (IDL Astronomy
User’s Library, Landsman 1993); for each J-band source, we
searched for the nearest counterpart within 2 arcsec in the H,
K, and I bands. The correlations with the WFC- and LRIS /-
band catalogues were performed separately. We then selected
19.5 < J < 21.5 mag sources with no automatic /-band de-
tection, or either / > 24 mag = I, (for unreliable or spurious

2'S Ori 54 was not included in the comparison because in Luhman

et al. (2008) the object was probably misidentified with the brighter
source [SE2004] 26, at about 5 arcsec.
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Fig. 3. J versus I — J colour—-magnitude diagram. The shaded search
region is where we expected cluster member candidates. The dashed
line represents the extrapolated selection boundary from Caballero
et al. (2007). The dotted line represents the / > 24 mag selection
sub-criterion. The dash-dot line represents the 3 Myr COND model
isochrone, where / and J are in the Cousins and CIT photometric sys-
tems, respectively. The two small filled circles are the faintest objects
from Caballero et al. (2007) and the large filled circle is S Ori 70. The
four (507) flux upper limits and one (107) error cross represent our new
candidates. Probable galaxies are highlighted in blue.

detections) or / — J > 3.5 mag. As shown in Sect. 4, the I — J
colour is essential for distinguishing LT-type objects from galax-
ies. The I — J > 3.5 mag sub-criterion intersects at J = 20.7 mag
with a linear extrapolation of the selection criterion applied by
Caballero et al. (2007, see therein Fig. 2) for their sources with
I < Imp = 23 mag. For continuity between the searches, we also
selected sources redder than their  — J selection boundary and
bluer than 3.5 mag. In the J versus I — J colour-magnitude di-
agram of Fig. 3, the shaded region represents the entire domain
where we expected cluster member candidates, the dashed line
represents the extrapolated selection boundary from Caballero
et al. (2007), and the dotted line the / > 24 mag sub-criterion.
Finally, since the “2-j” Omega2000 J-band image (Table 2)
overlaps with the northern ISAAC scans over ~210 arcmin?,
we performed the selection process again for the sources with
Jisaac = Jomega2o00 > 0.2 mag and those without ISAAC coun-
terparts.

About 800 sources were chosen by our selection criteria
from our /J-band catalogues. We checked each source visually
in all of the optical and infrared images, using the SAOImage
DS9 display programme (Joye & Mandel 2003) and commands
in the X Public Access (XPA) messaging system?. The simulta-
neous visualisation in all available bandpasses and at all observ-
ing epochs allowed us to verify whether a source is real (or of
low proper motion) and unresolved. Most sources were not de-
tected automatically in the optical, because they are faint or very

3 http://hea-www.harvard.edu/saord/xpa/
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close* to brighter ones, and their clearly bluer 7—J colours imply
that they should be stars or unresolved galaxies. Many are spu-
rious detections of spikes or glares in the J-band. Others repre-
sent charge persistencies of bright sources in the ISAAC detector
(following precisely and chronologically the offsets of individ-
ual pointings), resolved galaxies, sources cut at image borders,
or very blended sources, which are too close to bright stars in the
optical to be identified. The “2-j” Omega2000 J-band sources
with Jisaac — Jomega2ooo > 0.2 mag were typically galaxies,
resolved in the ISAAC images, whereas those without ISAAC
counterparts were sources that could not be detected in the shal-
lower survey region (see Sect. 2.2 and Fig. 2) and the gaps be-
tween the strips.

In a similar way, we searched for candidates in the additional
areas of ~15 arcmin® and ~45 arcmin? represented by the shaded
left and right regions in Fig. 2. These areas are common to the
Omega2000 JHK;-, WEC I-, and LRIS /-band data. The J-band
data of the left and right regions (fields 2-j and 18-j) are complete
to 20.9 and 21.1 mag, respectively. They are therefore shallower
by about 0.5 mag than the ISAAC data.

These searches allowed us to find four sources that are in-
deed undetectable by eye in the deepest /-band images (see
Sect. 4), and a half-dozen of sources at J > 20.7 mag that are
barely detected beyond the /-band limiting magnitudes. Most
of the latter sources appear to be bluer than / — J ~ 3.5 mag.
They have magnitude errors <0.1 mag in the JHK,-bands and
red colours of / — H = 1 mag or J — K =~ 2 mag. Only one of
them has a colour / — J > 3.5 mag. It was selected as a candidate
(see Sect. 4), whereas the others were rejected because they are
probable galaxies or faint field M- or early L-type dwarfs. Some
sources could not be verified in the /-band images because of
blending with extended stellar spikes and glares. We estimated
that areas of ~10 and ~5 arcmin? are lost in the main- and addi-
tional areas, respectively. Thus, the total search area with J-band
completeness >21.1 mag (ISAAC and Omega2000 18-j data)

amounts to ~790 arcmin®.

4. Results and discussion

Besides recovering the two faintest cluster member candidates’
S Ori J053932.4-025220 and SOri J054011.6-025135 from
Caballero et al. (2007) and the T-type S Ori 70, we detect three
new L- and T-type candidates and two probable galaxies (see
finding charts of Figs. B.1-B.4), among many other objects re-
jected because they do not meet our selection criteria. As shown
in Fig. 3, the new candidates are about one magnitude fainter
than S Ori 70. The photometric information that we compiled
from the images of different depths are listed in Tables 4 and 5,
where the 50~ flux upper limits correspond to the magnitude lim-
its of the images.

In the J versus J — [3.6] and J — [4.5] colour—-magnitude
diagrams of Figs. 4 and 5, we represent the candidates to-
gether with known o Orionis cluster members and candidates
(Caballero et al. 2007; Zapatero Osorio et al. 2007, 2008). The
solid line represents the spectrophotometric sequence of field
mid-M- to late-T-type dwarfs, shifted to match the brightness of

4 De-blended in the images subtracted by the PSF fitted sources
(NOAO.DIGIPHOT.DAOPHOT.ALLSTAR) or subtracted by a smoothing
obtained with a moving average box much smaller than the image size
(NOAO. IMRED. CCDRED. MKSKYCOR).

5 For the latter, we were able to measure H = 18.8 + 0.2 mag and
K, = 18.5 + 0.1 mag, implying early L colours J — H = 0.8 mag and
J — K, = 1.1 mag.
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Fig.4. J versus J — [3.6] colour-magnitude diagram of o~ Orionis clus-
ter members and candidates. The filled circles correspond to objects
from Caballero et al. (2007) and Zapatero Osorio et al. (2007, 2008).
The large filled circle is S Ori 70. The large open circles are the new
candidates. S Ori J053840.8—024022 and S Ori J053811.0-023601 are
labelled “glx 17 and “glx 27, respectively. The solid line represents
the field dwarf sequence shifted to match the brightness of the late-M-
type o Orionis cluster members. The dashed line represents the 3 Myr
COND model isochrone (see text); masses are indicated to the right in
units of Jupiter masses.

the late-M-type cluster members (Zapatero Osorio et al. 2008).
For the field dwarfs, we use average absolute /-band magnitudes,
I —J, and J — K; colours compiled by Caballero et al. (2008a)°,
J — H colours from Vrba et al. (2004)’, and mid-infrared magni-
tudes from Patten et al. (2006). In Fig. 4, the dashed line repre-
sents the 3 Myr COND model isochrone at the cluster distance,
adapted by converting predicted effective temperature and lumi-
nosity into observables using relations for field dwarfs (proce-
dure explained in Zapatero Osorio et al. 2008).

We also represent the candidates in I — J versus J — H and
J — K colour—colour diagrams (Figs. 6 and 7) as well as in
various diagrams with mid-infrared filters (Figs. 8—10), together
with sources from the GOODS-MUSIC catalogue (Grazian et al.
2006) that we use as a control field to study the potential
contamination by extragalactic sources in our survey. In all
the figures, the open circles represent the new candidates (la-
belled) and the solid line represents part of the field LT-type
dwarf sequence. The GOODS-MUSIC survey is centred on
(a,0) = (3 32 30,-27 48 30), approximately, and covers an
area of 143.2 arcmin? (except in the H-band, where the area is
78 arcmin®), i.e., less than a fifth of our search area. The limit-
ing magnitudes are i = 26.1, J = 23.6, H = 22.9, K, = 21.9,
[3.6] = 21.2, [4.5] = 20.1, [5.8] = 18.3, and [8.0] = 17.6 mag,

® Note that the photometric values in Table 3 therein correspond
to the spectral types M3V, M4V, M5V,.... instead of M3-4V, M4-5V,
M5-6V,...The I and JK, magnitudes are in the Johnson-Cousins- and
2MASS photometric systems, respectively.

7 The J — H colour is transformed back from the CIT- to the 2MASS
photometric system using the same colour transformation of Carpenter
(2001) as used in Vrba et al. (2004).
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Table 4. Coordinates and photometry of the new L- and T-type cluster member candidates®.

Name o' o 1 V4 J H K; [3.6] [4.5] [5.8]
(J2000)  (J2000)  (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)

SOri72 53859.17 -23526.0 >24.1 >233  20.89+0.06 19.57+0.03 18.72+0.05 17.65+0.11 17.51+0.29 17.28 +0.38
SOri73 5381449 -24511.8 >245 23.5+0.5 2091+0.07 20.83+0.12 2091 +0.15 19.64+0.35 18.77+0.35 >16.0
SOri74 5384427 -24007.9 24.6+04 >233 21.1+0.1 >18.54"  19.38+0.10 .. .6 >16.0

@ All have [8.0] > 15.1 mag. * Lower magnitude limit computed for the UKIDSS GCS specific field. ¢ Blended with a spike from the star

Mayrit 260182 (located at 11.8 arcsec).

Table 5. Coordinates and photometry of probable galaxy candidates®.

Name 1 V4 J H K [3.6] [4.5] [5.8] [8.0]
(mag) (mag)  (mag) (mag) (mag) (mag) (mag) (mag) (mag)
S Ori J053840.8—024022 >24.3 21.12+0.10 19.92+0.07 18.94+0.08 16.62+0.18 16.29+0.19 >16.0 >15.1

S Ori J053811.0-023601 >24.6 >22.9 21.16+0.40 20.66+0.11 19.61+0.09 17.16+0.02 16.53+0.04 15.56+0.06 14.69 +0.12

4 S Ori JO53811.0-023601 is at 28.0 arcsec from S Ori 70.
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Fig. 5. J versus J — [4.5] colour—magnitude diagram. Same as in Fig. 4.

when converted from the AB system to the Vega system®. In the
magnitude range 19.5 < J < 21.5 mag, the catalogue contains
882 galaxies, 37 active galactic nuclei (AGN), and 83 stars, and
in the smaller H-band area, 505 galaxies, 27 AGN, and 49 stars.
Stars and AGN are distinguished from “normal” galaxies mostly
by morphological and photometric criteria, or else by spectro-
scopic criteria. Stars are distinguished from AGN by spectro-
scopic criteria. In the infrared colour—colour diagrams of Figs. 9

8 The i- (or F775W) band photometry is from HS T/ACS and similar
to that from the Sloan Digital Sky Survey (SDSS). A transformation
ICousins = iSDSS —0.3780 = (iSDSS - ZSDSS) -0.3974 (0’ = 0.0063 mag)
has been obtained for stars (http://web.archive.org/web/
20071014232413/http://www.sdss.org/dr6/algorithms/
sdssUBVRITransform.html); we assumed that this transformation is
also valid for galaxies. The VLT/ISAAC JHK-band photometry was
converted to the Vega system using the transformations provided in
the web page http://web.archive.org/web/20070814141037/
http://www.eso.org/science/goods/releases/20050930/; it
is found to be consistent within 0.05 mag with the 2MASS point-source
photometry. For the Spitzer/IRAC [3.6][4.5][5.8][8.0]-band photom-
etry, we used the transformations provided in the web page http://
web.ipac.caltech.edu/staff/gillian/cal.html
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Fig.6. I — J versus J — H colour—colour diagram of stars (black
crosses), AGN (red crosses), and galaxies (grey crosses) from the
GOODS-MUSIC catalogue (Grazian et al. 2006), in the magnitude
range 19.5 < J < 21.5 mag. The solid line represents the field L1-T7-
type dwarf sequence, the filled circle represents SOri 70, and the
open circles represent the new candidates. S Ori J053840.8—024022 and
S Ori J053811.0—023601 are labelled “glx 1”” and “glx 2”, respectively.

and 10, the sequence of mid-L- to early-T type field dwarfs over-
laps with the domain of galaxies and AGN; only T type dwarfs
tend to have different colours. The colour—-magnitude diagrams
of Fig. 8 also indicate that, from J = 19.5 to 21.5 mag, the colour
ranges of galaxies and AGN become broader and the number of
galaxies increases (here by a factor of 1.4 in a 0.5-mag interval).
However the optical-infrared diagrams of Figs. 6 and 7 show that
mid-L to mid-T type dwarfs are clearly redder in / — J than the
other sources. Thus, the / — J colour is essential to distinguish-
ing these objects from galaxies and AGN, whereas the infrared
colours only help us to guess the spectral type.
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Fig.7. I — J versus J — K; colour—colour diagram. Same as in Fig. 6.

4.1. New L- and T-type candidates

SOri72,with J — H ~ 1.3 mag and J — K ~ 2.2 mag, could be
a late L-type object. It is clearly detected in the ISAAC J-band
image from December 2001 and even better in Omega2000 H K-
band images (observations 2-h and 2-k, Table 2), whereas it
is slightly blended but detected in the [3.6][4.5][5.8]-band im-
ages (its visual neighbour is 2MASS J05385930-0235282, a
field star located 3 arcsec south-east, with J =~ 16.0 mag and
I —J =~ 0.9 mag). SOri 72 is undetected in the WFC /-band
image and the LRIS /Z-band images (1998iz3, Table 1). The
FWHMs in the JHK;-band images are approximately equal to
those of nearby faint point-like sources, of about 0.5, 1.2, and
0.8 arcsec, respectively. Among the new candidates presented in
this paper, S Ori 72 is the only one that is detected in the GCS-
UKIDSS images, with Kykmpss = 18.60 + 0.28 mag, in agree-
ment with our measurement. In Fig. 11, we show its spectral
energy distribution, together with average ones of field dwarfs
of L7- and L8 spectral types (dotted lines). S Ori 72 is rela-
tively brighter in the HK;-bands. A preliminary measurement
of S Ori 72’s proper motion using the ISAAC-Omega2000 im-
ages of 3.87 yr time baseline and the method described in Bihain
et al. (2006) allows us to impose a 20~ upper limit of 30 mas/yr.
Although the estimate should be improved before comparison
with the g S 5-10 mas yr~! amplitude of o~ Orionis members
(Caballero 2007), it indicates that S Ori 72 is not a high-proper
motion object and unlikely to be a nearby (<30 pc) source. From
the J versus J—[3.6] and J—[4.5] colour—-magnitude diagrams of
Figs. 4 and 5, S Ori 72 could be an L/T transition cluster member
candidate, but Figs. 610 imply that it could also be a galaxy or
an AGN.

With J - H ~ J — K; ~ 0 mag, SOri 73 has near-infrared
colours of a mid T-type object. It is clearly detected in the
ISAAC J-band image, but appears very faint in the WFC Z-band
image from November 2008, the CFHTIR HK’-band images
from February 2004 (20-h and 20-k, Table 3), and the pub-
lic Spitzer/IRAC [3.6]- and [4.5]-band images. It is undetected
in the WFC [-band image, the LRIS /Z-band images (2000i2,
1998iz2, Table 1), and in the Omega2000 HK-band images
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(17-h and 17-k). Its FWHM in the J-band image is approxi-
mately equal to that of nearby faint point-like sources, of about
0.5 arcsec. In Fig. 11, we show its spectral energy distribution,
together with average ones of field dwarfs of T4 and T6 spec-
tral types. The position of SOri 73 in the J versus J — [3.6]
diagram of Fig. 4 agrees with both adapted field- and model se-
quences, securing this source as a good T-type- and cluster mem-
ber candidate. The colour—colour diagrams of Figs. 6, 7, and 9
also indicate that there are neither stars, nor AGN, nor galaxies
in GOODS-MUSIC asredin I — J and blue in J — H and J — K
as this object.

With I - J =3.5+ 0.4 magand J — K ~ 1.7 mag, S Ori 74
could be an L-type object. It is detected in the ISAAC J-band
image and in an Omega2000 K;-band image (18-k, Table 3).
The object appears point-like in both images with a typical lo-
cal FWHM of 0.7 and 0.9 arcsec, respectively, whereas it ap-
pears faint and blended with a stellar spike in the [3.6][4.5][5.8]-
band images, preventing us from determining its IRAC photom-
etry. The candidate is barely detected in the LRIS /-band im-
ages (200013 and 1998i3, Table 1) and undetected in a stellar
glare in the WFC /-band- and LRIS Z-band images (1998z3). In
Fig. 11, we show its spectral energy distribution, together with
average ones of field dwarfs of L2- and L8 spectral types. From
Fig. 7, it could also be a galaxy or an AGN. However, S Ori 74
is located 11.8 arcsec north (~4250 AU; open square in Fig. 2)
of the bright K7.5-type cluster star Mayrit 260182, 4.3 arcmin
south of the cluster centre. The probability of chance alignment
is only 5% for cluster members at this angular distance from
the o Orionis centre (Caballero 2009, Fig. 1). Mayrit 260182,
Mayrit 270181, and Mayrit 277181 also form a possible triple
system (Caballero 2006). Caballero et al. (2006) previously pro-
posed that SOri 68 + SE 70 is a planet-brown dwarf system
candidate, of greater mass ratio and smaller separation. There
are, however, known red galaxies at comparable angular sepa-
rations to o Orionis cluster members. For example, the type I
obscured quasi-stellar object UCM 0536-0239 is located about
14.9 arcsec south of the T Tauri star Mayrit 97212 (Caballero
et al. 2008b). Observational follow-up is necessary to con-
firm whether S Ori 74 is a cluster member and companion of
Mayrit 260182.

4.2. Probable galaxy candidates

With / — H = 12 mag and J — Ky = 2.2 mag,
SOri J053840.8—024022 could be a late L-type object or
a galaxy. It is detected with brighter magnitudes at longer
wavelengths, from the Omega2000 JHK-band images (18j-k,
Table 3) to the [3.6][4.5]-band images, but is then undetected
in the [5.8][8.0]-band images. It is undetected in the WFC and
LRIS /-band images (200013, Table 1). In Fig. 11, we show its
spectral energy distribution, together with average ones of field
dwarfs of L7- and L8 spectral types. In the ISAAC J-band im-
age, it is found to be slightly extended and fainter than in the
lower-resolution Omega2000 J-band image. The FWHMs of the
object in the Omega2000 JHK-band images are systematically
larger by a factor ~1.4 than those of nearby faint point-like
sources, suggesting that it is a galaxy. S Ori J053840.8—-024022
could be an L/T transition object, but from the J versus J — [3.6]
and J — [4.5] diagrams (Figs. 4 and 5), it is redder than the
expected sequence of the cluster. Galaxies from the GOODS-
MUSIC catalogue with these red colours appear at magnitudes
J = 20.5 mag (Fig. 8). Figure 9 illustrates its infrared excess
in the K-, [3.6]-, and [4.5]-bands relative to the field dwarf se-
quence, and also suggests that this object is likely to be a galaxy.
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Fig.8. J versus J — [3.6] and J - [4.5]
colour—magnitude diagrams. Same as in Fig. 6. The
blue solid line represents the field dwarf sequence
shifted as in Fig. 4.

Fig.9. Near- and mid-infrared colour—colour dia-
grams: J — [3.6] and J — [4.5] versus J — H (top-
and bottom left), J—[3.6] and J—[4.5] versus J — K
(top- and bottom right). Same as in Fig. 6.

b, L, Liviiiins L, Liviiiin, Fig.10. Mid-infrared diagrams: [3.6] ver-

[3.6] - [5.8] (mag)

[4.5] - [8.0] (mag)

sus [3.6]-[5.8] (left), [3.6]-[5.8] versus
[4.5]-[8.0] (right). Same as in Fig. 6.
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Fig. 11. Spectral energy distributions of the new candidates compared to
average ones of field dwarfs (dotted lines). IZJHK[3.6][4.5][5.6][8.0]
from left to right.

SOri J053811.0-023601, with J — H ~ 0.5 mag and
J — K ~ 1.5 mag, could be an early T-type object or a galaxy.
It is detected with brighter magnitudes at longer wavelengths,
from the Omega2000 JHK ;-band images (18j—k, Table 3) to the
[3.6][4.5][5.6][8.0]-band images. It is undetected in the WFC I-
band image and the LRIS /Z-band images (2000i1 and 1998iz1,
Table 1). In Fig. 11, we show its spectral energy distribution,
together with average ones of field dwarfs of T2 and T3 spec-
tral types. We caution that the object appears relatively faint
in the J-band and that the HK,-band centroids are 0.8 arcsec
south of the J-band centroid, although the JH-band data were
obtained on the same observing night. The FWHMs in the HK-
band images are approximately equal to those of nearby faint
point-like sources, of about 1.2 and 0.9 arcsec, respectively.
S Ori J053811.0-023601 appears as an L/T transition object,
but from the J versus J — [3.6] and J — [4.5] diagrams (Figs. 4
and 5) and as for S Ori J053840.8—024022, it is redder than
the expected cluster sequence and could be a galaxy (Fig. 8).
S Ori J053811.0-023601 is particularly bright in the [5.8]- and
[8.0]-bands and displays a colour [3.6]—[8.0] = 2.5 + 0.1, red-
der than most o~ Orionis low-mass member candidates (Zapatero
Osorio et al. 2007; Scholz & Jayawardhana 2008; Luhman
et al. 2008). Considering that >50% of the known o Orionis
planetary-mass candidates exhibit excesses longward of 5 um
(Zapatero Osorio et al. 2007), it appears to be a cluster member.
In Figs. 6, 7, and 9, its optical and near-infrared colours differ
from those of AGN and galaxies, but in Fig. 10, its other colours
are consistent with the AGN hypothesis (see also Fig. 1 in Stern
et al. 2005, representing spectroscopically identified stars, AGN,
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and galaxies). Hence, although we cannot exclude completely
this source beeing a peculiar cluster member with extreme in-
frared excesses, our data seem to indicate that it is more probably
an AGN.

4.3. Cluster membership

Because our search area is larger than that of the GOODS-
MUSIC catalogue, contamination by red galaxies and AGN is
even more likely to explain some of our candidates. Caballero
et al. (2008b) present low-resolution optical spectroscopy and
spectral energy distributions between 0.55 and 24 um of two
sources fainter than the star-brown-dwarf cluster boundary,
which were interpreted to be peculiar o Orionis members with
very red colours related to discs. They are instead two emission-
line galaxies at moderate redshift, one with an AGN and the
other ongoing star formation. In the present study, we assume
that S Ori J053840.8—-024022 and S Ori J053811.0-023601 are
galaxy- or AGN contaminants and that the other objects are
Galactic candidates awaiting confirmation by higher resolution
imaging, proper motion, or Spectroscopy.

In our search, we must also account for contamination by
field dwarfs. Caballero et al. (2008a) provide predictions of
the number of L5-T0, TO-T5, and T5-T8 field dwarf contam-
inants per square degree towards the o Orionis region, in one-
magnitude /-band intervals and from / = 21.0 to 29.0 mag.
We convert the bright and faint boundaries of the range J =
19.7-21.1 mag (as a prolongation of the search range of
Caballero et al. 2007) into the /-band magnitudes correspond-
ing to the earliest and latest spectral types of each of the three
contaminant groups. We then sum the predicted numbers of con-
taminants accounting for the /-band ranges and scale the sums to
the search area that is complete to J > 21.1 mag (~790 arcmin?).
We obtain about three L5-T8-type field dwarfs, which all con-
tribute the most to the light close to J = 21.1 mag. This pre-
dicted value remains mostly indicative, because the initial mass
function and scale heights of late L- and T-type dwarfs are still
uncertain. Interestingly, Caballero et al. (2008a) assume a rising
mass function in the planetary mass regime and predict spatial
densities of TO-8 dwarfs that are a factor of two higher than
those derived from observations (Metchev et al. 2008; Lodieu
et al. 2009a).

SOri 73 and SOri 70 are located” at 11.9 and 8.7 arcmin
from o Ori AB, respectively. S Ori 72 and S Ori 74 are closer,
at 3.6 and 4.1 arcmin, respectively. Interestingly, the location
of these faintest, presumably least massive candidates contrasts
with that of the eleven 13-6 My, free-floating planetary-mass
candidates from Caballero et al. (2007), further out at 26—13 ar-
cmin in the survey area (see Fig. 2). Caballero (2008a) find
an apparent deficit of low mass objects (M < 0.16 M) to-
wards the o Orionis cluster centre. If the cluster membership
census and the individual masses are confirmed, this configura-
tion could be explained by several mechanisms, including e.g.,
a possible photo-erosion by the central OB stars (Hester et al.
1996; Whitworth & Zinnecker 2004) in the deep gravity well.
Complementary studies of the dense cluster core (Bouy et al.
2009) and other cluster regions could thus help us to understand
the formation of low-mass planetary-mass objects.

° S Ori 73 is the only candidate found in one of the deeper multi-band
search areas, summing up to ~470 arcmin?, see Sect. 3.
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Fig.12. J-band luminosity function with the LT-type candidates at J >
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Fig. 13. Mass spectrum with contamination-corrected data. The dotted
segment represents the linear fit to the data points from Caballero et al.
(2007) in the mass range 0.11-0.006 M, which are previously scaled to
the search area. The shaded region is our estimate of 0-2 cluster mem-
bers in the mass range 0.006-0.004 M. From left to right, the vertical
dashed lines represent the hydrogen and deuterium burning mass limits,
respectively.

4.4. Mass spectrum

We consider the luminosity and mass functions for the ISAAC-
and additional areas, where the search is complete down to J >
21.1 mag (~790 arcmin?).

In Fig. 12, we show the J-band luminosity function. The
magnitude bins in the range J = 19.7-21.1 mag correspond to
the three new LT-type candidates and S Ori 70 (dashed line).
The magnitude bins in the range J = 14.1-19.7 mag corre-
spond to the cluster member candidates from Caballero et al.
(2007), i.e., in the ISAAC area; they are scaled by the area factor
(790)/780 = 1.0128. The magnitude bins have equal widths of
about 0.7 mag.

We estimate the masses of our new cluster member candi-
dates by comparing with the theoretical bolometric luminosities
from the Lyon group (e.g., Baraffe et al. 2003), using exactly
the same method as in Caballero et al. (2007). If cluster mem-
bers, S Ori 72-74 would each have an estimated theoretical mass
of 413 My, accounting for age, distance, and photometric un-
certainties. This rounded up result does not change significantly
by using a cluster distance of 400 pc (Mayne & Naylor 2008)
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or 440 pc (Sherry et al. 2008) instead of 360 pc (Brown et al.
1994). The effective temperature corresponding to that mass
would be of ~1400 K. In Fig. 13, we display the mass spec-
trum (AN/AM). The filled circles represent the contamination-
corrected data points from Caballero et al. (2007) scaled to the
search area of ~790 arcmin®. The last bin (shaded region) cor-
responds to the result from the present study for the magni-
tude range J = 19.7-21.1 mag. Subtracting the three possible
contaminants (see Sect. 4.3) from the four LT-type candidates
and accounting for the Poissonian error, we estimate 0-2 cluster
members with a mass of 0.006-0.004 M.

Previous studies of the substellar population in the o Orionis
cluster find that the mass spectrum increases toward lower
masses. Béjar et al. (2001) show that it can be represented by
a potential law (AN/AM o« M~%) with an « index of 0.8 in the
mass range 0.11-0.013 M. Gonzdlez-Garcia et al. (2006) and
Caballero et al. (2007) extend this mass spectrum to 0.006 M,
and find a slightly lower index @ = 0.6. For the substellar mass
range of 0.073-0.006 M, Caballero et al. (2007) obtain an even
lower « index of 0.4. An extrapolation of the mass spectrum
with an index @ = 0.4-0.8 predicts 3—-7 objects in the mass
range 0.006-0.004 M. From our survey, the most likely num-
ber of cluster members in this mass interval is in the range 0-2.
This could be an indication of a turnover in the substellar mass
spectrum. However, given the low statistics and the possibility
that the number of contaminants could be overestimated, such a
change in the slope of the mass spectrum should be considered
with caution. If real, the turnover could be related to an opacity
mass limit, turbulence effects, or a different mass-luminosity re-
lation (if less massive objects were fainter than predicted). Wider
and deeper searches would be very valuable in constraining the
mass spectrum more reliably at these and lower masses.

5. Conclusions

The mass function in young open clusters can provide clues
about the formation mechanism of free-floating planetary-
mass objects. We therefore decided to explore the substel-
lar mass function for M < 6 Mj,, in the ~3 Myr old
o Orionis open cluster. We extended to J = 19.5-21.5 mag
the ~780 arcmin? INT/WFC-VLT/ISAAC [J-band search of
Caballero et al. (2007). J-band sources (ISAAC and CAHA
3.5 m/Omega2000) were cross-matched with /- (WFC and
Keck/LRIS) and HK-band sources (Omega2000, NTT/Sofl,
WHT/LIRIS, and CFHT/CFHTIR). We selected sources redder
than a boundary at I — J > 3.1-3.5 or without an /-band de-
tection or fainter than / = 24 mag. These sources were then
checked visually in all available images, including Z-band im-
ages from LRIS and WFC, and archival mid-infrared images
from Spitzer/IRAC.

We recover SOri 70 and the two faintest cluster member
candidates from Caballero et al. (2007), and we find five red
I — J sources, with J ~ 21 mag, located within 12 arcmin of
the cluster centre. The near- and mid-infrared colours indicate
that one of the sources, S Ori 73, is probably of T spectral type.
If confirmed as a cluster member, it would be the least massive
free-floating T type object detected in o~ Orionis, with 4‘_'3 Myyp.
The four other sources appear to be L/T transition objects, but
two are likely to be galaxies because of their strong mid-infrared
excesses, similar to those of galaxies at J 2 20.5 mag. S Ori 72
and S Ori 73 are relatively close to the expected cluster sequence
in the J versus J—[3.6] and J—[4.5] colour—-magnitude diagrams.
S Ori 74 is located 11.8 arcsec (~4250 AU) away from the solar-
type cluster star Mayrit 260182. From the effective search area
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Appendix A: Representation of individual fields in the IZJHK-bands
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Fig. A.1. Individual fields used in the search: IJ-bands (top left), Z-band (top right), H-band (bottom left), and K-band (bottom right). Symbols

are defined as in Fig. 2.

of ~790 arcmin? complete to J = 21.1 mag, we estimate there

to be, after contaminant correction, between zero and two clus-
ter members in the mass interval 6-4 Mj,,. The low number of
candidates in this mass bin may be indicative of a turnover in the
substellar mass function. Wider and deeper optical-to-infrared
surveys are required to confirm whether this is the case, by con-
straining the mass function more tightly at lower masses.
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ABSTRACT

Context. The fundamental properties of brown dwarfs evolve with age. Models describing the evolution of luminosities and effective
temperatures, among other physical parameters, can be empirically constrained using brown dwarfs of various masses in star clusters
of well-determined age and metallicity.

Aims. We aim to carry out a spectroscopic and photometric characterization of low-mass brown dwarfs in the ~120 Myr old Pleiades
open cluster.

Methods. We obtained low-resolution, near-infrared spectra of the J = 17.4—18.8 mag candidate L-type brown dwarfs PLIZ 28 and
35, BRB 17, 21, 23, and 29, which are Pleiades members by photometry and proper motion. We also obtained spectra of the well-
known J = 15.4-16.1 mag late M-type cluster members PPI 1, Teide 1, and Calar 3.

Results. We find that the first six objects have early- to mid-L spectral types and confirm previously reported M-types for the three
other objects. The spectra of the LO-type BRB 17 and PLIZ 28 present a triangular H-band continuum shape, indicating that this
peculiar spectral feature persists until at least the age of the Pleiades. We add to our sample 36 reported M5-L0-type cluster members
and collect their /- and UKIDSS ZYJHK-band photometry. We confirm a possible interleaving of the Pleiades and field L-type
sequences in the JHK absolute magnitude versus spectral type diagrams, and quantify marginally redder Pleiades J — K colours, by
0.11 + 0.20 mag, possibly related to both reddening and youth. Using field dwarf bolometric correction — and effective temperature —
spectral type relations, we obtain the Hertzsprung-Russell diagram of the Pleiades sample. Theoretical models reproduce the spectral
sequence at M5.5-9, but appear to overestimate the luminosity or underestimate the effective temperature at L0-5.

Conclusions. We classify six faint Pleiades brown dwarfs as early to mid L-type objects using low-resolution near-infrared spectra.

We compare their properties to field dwarfs and theoretical models and estimate their masses to be in the range 0.025-0.035 M.

Key words. open clusters and associations: individual: Pleiades — brown dwarfs — stars: fundamental parameters

1. Introduction

About 600 field L-type dwarfs have been spectroscopically iden-
tified to date!. Most of them have been discovered by large sky-
area surveys such as 2MASS (Skrutskie et al. 2006) and SDSS
(Abazajian et al. 2009). Spectroscopy has allowed the determi-
nation of physical properties and the derivation of effective tem-
peratures (in the range ~2300-1400 K, e.g. Leggett et al. 2001),
and parallax studies have provided distances and luminosities for
about 10% of these objects, indicating that they are most prob-
ably very low-mass stars or massive brown dwarfs. For individ-
ual field L-dwarfs, an estimation of mass from the luminosity
and effective temperature requires additional information on age,
which is in general difficult to obtain. This limits our ability to
determine the field substellar mass function and formation his-
tory (Reid et al. 1999; Chabrier 2002, 2003; Kroupa & Bouvier
2003; Burgasser 2004; Allen et al. 2005; Pinfield et al. 2006).

! http://spider.ipac.caltech.edu/staff/davy/ARCHIVE/
index.shtml, 2010 May 17.

An empirical determination of the evolution of effective
temperature and luminosity with age for L-type dwarfs could
be obtained by identifying such objects in stellar associations
of various ages. Brown dwarf- and planetary-mass candidates
of (mostly early) L-type have been studied photometrically
and spectroscopically in the Serpens- (Lodieu et al. 2002),
Ophiuchus- (Jayawardhana & Ivanov 2006a), Chamaeleon I-
(Luhman et al. 2006, 2008; Luhman & Muench 2008; Schmidt
et al. 2008), Chamaeleon II- (Jayawardhana & Ivanov 2006b;
Allers et al. 2007), Taurus- (Itoh et al. 2005; Luhman et al.
2009), Trapezium- (Lucas et al. 2001, 2006; Weights et al.
2009), and Lupus 1 clouds (Neuhduser et al. 2005; McElwain
et al. 2007), the o Orionis open cluster (Zapatero Osorio et al.
1999a, 2000; Béjar et al. 2001; Martin et al. 2001; Barrado y
Navascués et al. 2001, 2002; McGovern et al. 2004), and the
TW Hydrae- (Gizis 2002; Chauvin et al. 2004; Looper et al.
2007), Upper Scorpius- (Lodieu et al. 2008; Lafreniere et al.
2008; Béjar et al. 2008), and Tucana-Horologium associations
(Chauvin et al. 2005). All these star-forming regions are very
young, with ages of a few Myr to a few tens of Myr. Finally,

Page 1 of 10



Table 1. Spectroscopic observations.

Object Jb Opt. Instrument Date Texp‘l Airmass Aairmassr_g S/N Near-IR
(mag) SpT¢ (min) SpT

PPI 1 15.36 + 0.01 M6.5 NICS(JHK) 2002 Oct. 31 8§x2 1.08 0.14 50 M7.0 +0.5
Calar3  16.08 +0.01 M8 NICS(JHK) 2002 Oct. 31 8§x2 1.15 0.07 49 M8.0 £ 0.5
Teide 1  16.21 +0.01 M8 NICS(JHK) 2002 Nov. 27 8x2 1.03 0.73 32 M8.0 + 0.5
BRB 17 17.41 £0.03 LIRIS(zJ, HK) 2006 Dec. 28 (12,18)x2 1.74,1.41 0.44, 0.89 4,6 L0.0+ 1.0
PLIZ28 17.60 + 0.04 NICS(JHK) 2005 Nov. 20 15x2 1.11 0.57 18 L0.0+ 1.0
PLIZ35 18.07 £0.05 NICS(JHK) 2005 Sep. 18 65 x 0.6 1.03 -0.03 15 L20+1.0
BRB 21 18.14 £ 0.06 NICS(JHK) 2005 Sep. 18 80 x 0.5 1.21 0.15 7 L3.0+1.0
BRB 23 18.23 +0.04 NICS(JHK) 2007 Feb. 7 10x5 1.33 -0.27 14 L35+1.0
BRB29 18.69 +0.10 LIRIS(HK) 2006 Dec. 29 12x2 1.09 -0.02 3 L4515
J0829¢ 12.80 £0.03 L2V  LIRIS(zJ, HK) 2006 Dec.28 (4,6)x 1.5 1.38,1.36 0.80, 0.94 29,37 L20+1.0

Notes. > SSSPM J0829-1309. > From the Galactic Clusters Survey (GCS) component of UKIDSS (Lawrence et al. 2007, sixth data release) for
the Pleiades members and from 2MASS (Skrutskie et al. 2006) for the field object. ¢ From Martin et al. (1996) for the three Pleiades objects and
from Scholz & Meusinger (2002) and Lodieu et al. (2005) for the field object. ¥ Dithers x detector integration time.

several L-type dwarfs characterized photometrically and spec-
troscopically have been associated with moving groups, such
as the all-sky, 400 + 100 Myr old Ursa Major moving group
(Bannister & Jameson 2007; Jameson et al. 2008; Casewell et al.
2008).

In this context, the Pleiades open cluster is well-suited to
providing a reference sequence for L- and T-dwarfs at an age of
~120 Myr. Proper-motion studies (Moraux et al. 2003; Bihain
et al. 2006; Lodieu et al. 2007) have shown that there is a sig-
nificant population of low-luminosity members of the cluster
that, based on their optical and near-infrared colours, are likely
to be of spectral type L. Casewell et al. (2007) have extended
the brown dwarf search beyond these objects with some candi-
date members of spectral type T. Here, we report near-infrared
spectroscopy for six of the nine L-type candidates confirmed as
Pleiades proper motion members by Bihain et al. (2006), which
allows us to study the relationship between spectral type and lu-
minosity for L dwarfs at a homogeneous age and solar metallic-

1ty.

2. Observations and data reduction

Low-resolution spectra of four candidate L-type Pleiades brown
dwarfs and three well-known late M-type Pleiads were ob-
tained with the Near Infrared Camera Spectrometer (NICS) and
its Amici prism, mounted on the 3.6 m Telescopio Nazionale
Galileo (TNG; Observatorio del Roque de Los Muchachos
—ORM-, Spain). Additional spectra of two other candidate
L-type Pleiades brown dwarfs and an L2-type field dwarf were
obtained with the Long-slit Intermediate Resolution Infrared
Spectrograph (LIRIS), mounted on the 4.2 m William Hershel
Telescope (WHT, ORM). Table 1 lists the object names, J-band
magnitudes, optical spectral types (when available), instruments
(and bandpass coverage), observing-night dates, exposure times,
mean airmasses, differences in mean airmasses between tel-
luric standard stars (T) and the science objects (S), and pseudo-
continuum signal-to-noise ratios. The weather conditions were
clear, except on the nights of 2002 November 27 and 2006
December 28, when some clouds were present. The seeing
(0.6—1.5 arcsec) implied in most cases the use of a slit width
of 1.0 arcsec and in the case of Calar 3 and PPI 1 a slit width
of 1.5 arcsec. The NICS/Amici spectra have a constant resolv-
ing power R = 1/AA ~ 50 in the range 0.8-2.5 um (dispersion
3—10 nm pix“); for Calar 3 and PPI1 1, R ~ 33. The LIRIS zJ-
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band (0.887-1.531 um) spectrahave R ~ 960 at A ~ 1.17 um and
a constant dispersion of 0.61 nm pix~!, whereas the HK-band
(1.388-2.419 um) spectra have R ~ 945 at 4 ~ 1.83 ym and a
constant dispersion of 0.97 nm pix~!. Small dithers over two or
three different positions along the slits were performed to allow
for sky subtraction. Spectra of hot, B9—A1V stars were obtained
during each observing night, except in 2002, when the spectra
of a DAO white dwarf and a K1 dwarf were obtained, relatively
close in coordinates to the scientific targets, for the correction of
the instrumental response and the telluric absorption.

The raw spectroscopic data were reduced using standard rou-
tines within the IRAF? environment. Amici spectra were sky-
subtracted, flat-fielded, aligned, combined, optimally extracted,
and wavelength-calibrated using the look-up table provided on
the instrument’s webpage® and the deep telluric absorption fea-
tures. LIRIS raw images were corrected for pixel mapping and
row cross-talk, and the spectra were sky-subtracted, flat-fielded,
wavelength-calibrated (using vacuum wavelengths of Ar arc
lamps), shifted, and combined using routines in the LIRISDR
package developed by J. A. Acosta-Pulido before they were op-
timally extracted. The instrumental response and telluric bands
were removed by dividing by the “telluric” spectra and multiply-
ing by black-body spectra with the same effective temperature.
The intrinsic lines in the LIRIS hot-star spectra were removed
before dividing the science spectra. A vacuum-to-air correction
was applied to the LIRIS spectra, using the default standard tem-
perature and pressure. As indicated in the column Aairmassy_g
of Table 1, some of our science spectra were acquired at air-
masses quite different to the telluric spectra, thus yielding a poor
correction of telluric bands. The reduced Amici spectrum of
BRB 23 was cut longwards of 2.245 um because the level of
the sky counts entered the non-linear regime of the detector. The
LIRIS zJ and HK spectra were flux-calibrated using published
JH-band photometry, allowing us to combine both parts. The
pseudo-continuum signal-to-noise ratios (Table 1) were mea-
sured in the interval 2.14-2.24 um, or for the LIRIS zJ-band
data, in the interval 1.28-1.32 um.

2 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.

3 http://web.archive.org/web/20071126094610/http://
www.tng.iac.es/instruments/nics/spectroscopy.html
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Fig. 1. NICS/Amici low-resolution 0.85-2.40 um spectra of Pleiades
low-mass members (black lines). The spectra are in air wavelengths,
normalized to the average flux between 1.56 and 1.74 um, and offset by
constants. The main regions affected by tellurics are represented by dot-
ted lines. Field dwarf spectra are overplotted in red and their references
are: 2MASS J04071296+1710474 and 2MASS J00552554+4130184
(Burgasser et al. 2004), 2MASS J23515044-2537367 (Burgasser
et al. 2008), 2MASS J01415823-4633574 (Kirkpatrick et al.
2006), 2MASSI J0753321+291711, 2MASSI J0409095+210439, and
2MASSW J1246467+402715 (Testi 2009). A model atmospheric trans-
mission rebinned to a dispersion of 7 nm pix~! is represented in blue in
the lower panel.

3. Spectral types

In Figs. 1 and 2, we show the reduced Amici and LIRIS spec-
tra, respectively, and also a model atmospheric transmission
(Hammersley 1998). The main absorption features of our tar-
get spectra are indicated (see Cushing et al. 2005 for details).
As expected for late M- and L-type objects, the spectra display
intense water absorption bands at 1.3-1.51 and 1.75-2.05 ym.
Also, as expected for lower effective temperatures and dustier
atmospheres (see Fig. 2 in Tsuji et al. 1996), the fainter objects
have a flux at 0.85-1.3 um that is decreased compared to that at
H or K band.

The Amici spectra were classified spectroscopically by com-
parison with spectra of the Amici (Testi et al. 2001; Testi 2009)
and SpeX Prism libraries* (Adam Burgasser), with resolving
power R ~ 100 and JH K-bandpass coverage. The LIRIS spec-

4 http://www.browndwarfs.org/spexprism
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Fig. 2. LIRIS intermediate-resolution spectra of the Pleiades low-mass
members BRB 17 and BRB 29 and the field dwarf SSSPM J0829-130
(black lines). The spectra are in air wavelengths, normalized by
the average flux between 1.56 and 1.74 um, rebinned to disper-
sions of 3 (BRB 17 and SSSPM J0829-1309) and 5 nm pix!
(BRB 29), and offset by constants. The main regions affected by tel-
lurics are represented by dotted lines. The spectra of the field dwarfs
2MASS J03454316+2540233 (composite spectrum of Leggett et al.
2001, rebinned to 3 nm pix~!) and SDSS J213240.36+102949.4 (R ~
150; Chiu et al. 2006) are shown in red. A model atmospheric transmis-
sion rebinned to 3 nm pix~! is represented in blue in the lower panel.

tra were classified similarly using in addition the R ~ 150-600
spectra from the L- and T-type dwarf data archive of Sandy
Leggett® The first, second, and third libraries adopt L spec-
tral types from (i) the far-red optical (classification scheme of
Kirkpatrick et al. 1999); (ii) the far-red optical or near-infrared;
and (iii) the near-infrared (classification scheme of Geballe et al.
2002, which agrees in the LO-L5 range with the optical schemes
of Martin et al. 1999; and Kirkpatrick et al. 1999), respectively.
For the objects of the second and third libraries, we preferred to
adopt their optical spectral types, when available®.

We classified the spectra first visually by considering
the change in the continuum shape from the earlier to the
later spectral types (e.g. the 0.85-1.3 um region and the
H,O absorption bands), and then by chi-squared minimiza-
tion for optimization. The errors were obtained by account-
ing for the plausible earliest- and latest-type field dwarf spec-
tra matching those of our targets. For BRB 17 and PLIZ 28,
however, the spectra differ notably from those of normal
field dwarfs. Figure 3 illustrates this with a sequence of
field dwarfs whose optical-typing references are LP 944-
20 (Kirkpatrick et al. 1999), 2MASS J12212770+0257198
(Reid et al. 2008), 2MASS J01415823-4633574 (Kirkpatrick
et al. 2006, 2008; Cruz et al. 2009), GJ 1048B (Gizis et al.

> http://staff.gemini.edu/~sleggett/LTdata.html
® http://www.dwarfarchives.org
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Fig. 3. Spectra of Pleiades L-type brown dwarfs compared to field dwarf
spectra (overplotted in red). The spectra are normalized to the average
flux between 1.56 and 1.74 um and offset by constants. The LIRIS spec-
trum of BRB 17 is rebinned to a dispersion of 7 nm pix~!. The refer-
ences of the field spectra are: LP 944-20, 2MASS J12212770+0257198,
and GJ 1048B (Burgasser et al. 2008), 2MASS J01415823-4633574
(Kirkpatrick et al. 2006), 2MASSW J0015447+351603 (Testi et al.
2001), 2MASSW J1506544+132106 (Burgasser 2007), and G 196-3B
(Allers et al. 2010).

2001), 2MASSW J0015447+351603 (Kirkpatrick et al. 2000),
2MASSW J1506544+132106 (Gizis et al. 2000), and G 196-3B
(Cruz et al. 2009). The best match is with the spectrum of the
low surface-gravity field dwarf 2MASS J01415823-4633574
(Kirkpatrick et al. 2006). Therefore we adopted its LO = 1 (pe-
culiar) spectral type. The match is less good with the spectrum
of G 196-3B, another low surface-gravity field dwarf (Rebolo
et al. 1998; Martin et al. 1999; Kirkpatrick et al. 2001; Allers
et al. 2007; Kirkpatrick et al. 2008). For the other Pleiades
spectra, the best match is with the spectra of the normal field
dwarfs overplotted in Figs. 1 and 2. We verified whether the
J — H and H — K colours of our nine Pleiades targets agree
with those of the specific field dwarfs providing the best spec-
tral match. For the Pleiades dwarfs we used UKIDSS’ pho-
tometry and for the field dwarfs we used 2MASS photome-

7 UKIDSS uses the UKIRT Wide Field Camera (WFCAM, Casali et al.

2007) and a photometric system described in Hewett et al. (2006). The
pipeline processing and science archive are described in Hambly et al.
(2008).
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try converted to the WFCAM photometric system using the
transformations of Hodgkin et al. (2009), or else when avail-
able UKIDSS- (2MASSI J0409095+210439) or MKO photom-
etry (SDSS J213240.36+102949.4; Chiu et al. 2006). On aver-
age, the colours agree within the error bars, and, in all cases
but two, better than about 1.5 times the sum of the error
bars. 2MASS J00552554+4130184, with H — K =~ 0.0 mag,
is 0.5 mag bluer than Teide 1, which disagrees with the
very similar fluxes in the spectra of the two objects (Fig. 1).
2MASS J01415823-4633574 is 0.20 mag redder in H — K than
BRB 17.

Our derived spectral types (Table 1) indicate that the low-
mass brown dwarfs confirmed by proper motion in Bihain et al.
(2006) are indeed ultra-cool dwarfs of spectral type L. They also
indicate that our near-infrared classification of the late M-type
Amici spectra is consistent with their optical spectral classifi-
cation. Steele et al. (1995), Williams et al. (1996), and Greissl
etal. (2007) have already presented near-infrared, low-resolution
spectra of Pleiades early M- to LO-type dwarfs, including PPI 1,
Teide 1, Roque 33, and Roque 25, which at least qualitatively
support the optical classification.

For the Pleiades L-type spectra, we measured five field-
dwarf spectral indices, in regions less affected by telluric ab-
sorption bands: sHJ, sKJ, sH,O’, and sH,O' from Testi et al.
(2001) and sH,O? from Reid et al. (2001) . For BRB 17, only
the sHJ and sKJ indices could be measured. We note that the
indices depend on narrow regions that are significantly affected
by noise in our data, implying that they are less reliable than
comparisons using all the available spectral regions. The average
spectral types derived from the field dwarf indices are shown in
the left part of Table 2 and agree with our adopted spectral types
(Table 1) except for BRB 17 and PLIZ 28. We also measured
the H,0 1.5 um (Geballe et al. 2002), H,O (Allers et al. 2007),
and H,O-2 (Slesnick et al. 2004) spectral indices, expected to
be gravity-independent in early to mid L-types. The two last in-
dices are more appropriate for spectra of higher spectral resolu-
tion than the Amici data. Nevertheless, we find good agreement
between the average spectral types derived from the field-dwarf
and “gravity-independent” indices. In the case of PLIZ 28 and
BRB 17, the spectral indices independent of the J band — es-
pecially the gravity-independent indices — give earlier spectral
types that are more consistent with the spectral type LO. This
results from the apparently shallower water bands at ~1.4 and
~1.9 um for the relatively depressed continuum at 0.85-1.3 um,
as compared to normal field dwarfs. Spectra of improved signal-
to-noise ratio and flux correction will permit us to confirm or
refute this unusual combination of spectral features.

4. Discussion
4.1. Spectroscopic properties

In Fig. 2, we compare the spectrum of the LO-type BRB 17
with those of two field dwarfs, the optical LO standard
2MASS J03454316+2540233 of Kirkpatrick et al. (1999) and
the L2-type SSSPM J0829-1309. In the blue part, the Pleiades
spectrum displays the VO band at ~1.05 um, which appears
more clearly than other local features. The FeH band at 1.2 um is
not covered because of bad pixel columns in the LIRIS frames.
In the central part (H band), the shape of the continuum is trian-
gular, instead of approximately flat-topped as in the comparison
spectra. These peculiarities can also be seen in the lower resolu-
tion spectrum of PLIZ 28 (Figs. 1 and 3). Deep VO bands and
triangular H-band continuum shapes, as well as weak FeH and
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Table 2. Field-dwarf- and gravity-independent spectral indices (left and right parts of the table, respectively).

Object sHJ sKJ sH,O/ sH,0! sH,0? (SpT)>  H,0 1.5 um H,O H,0-2 (SpT)*
(1.265-1.305, (1.265-1.305, (1.09-1.13, (1.45-1.48, (1.47-1.49, (1.46-1.48, (1.492-1.502, (2.035-2.045,
1.60-1.70) 2.12-2.16) 1.265-1.305) 1.60-1.70) 1.59-1.61) 1.57-1.59) 1.55-1.56) 2.145-2.155)
BRB17 023;124 0.63;L2.6 (L23) 122;L0.6 095 M84 (M9.5)
PLIZ28 0.12;1L45 0.51;L40 0.21;L3.0 035120 078L08  (L3) 1.30; L1 1.17; M9.5  0.88;L0.3  (L0O.5)
PLIZ35 021;12.7 0.66;L22 009;L1.2 037,123 0.79;L0.6  (L2) 1.31; L1 1.36;L4.0  0.80;L2.6  (L2.5)
BRB21 0.19;L3.1 0.55;L35 035152 038124 0.67;L3.6 (L3.5) 1.39; 1.2 1.42;152  0.89;L0.0 (L2.5)
BRB23 0.18;L3.4 055 L35 0.29;L43 0.58;L5.0 0.58;L62 (L4.5) 1.67; L7 1.51;L7.2  0.79;L2.8  (L5.5)
BRB 29 0.65;15.8 0.68;L3.4 (L4.5) 1.56; L5 1.25;L1.3  0.68;L5.6  (L4)

Notes. (@ Their spectral ranges in um are also indicated. ®’ Average spectral types derived from the spectral indices are approximated to the nearest

half subclasses.

CO bands and weak NaT and KT lines, have been observed in
spectra of L-type objects in star-forming regions and have been
associated with lower surface gravity (Martin et al. 1998b; Lucas
et al. 2001; McGovern et al. 2004; Allers et al. 2007). The trian-
gular H-band continuum shape could be explained by a reduc-
tion in the H; collision-induced and H,O absorptions in lower
surface-gravity and dustier atmospheres (Borysow et al. 1997;
Kirkpatrick et al. 2006; Mohanty et al. 2007). Possibly, the en-
tire apparently peculiar continuum of PLIZ 28 and BRB 17 (see
Sect. 3) could be explained by dustier atmospheres (see Fig. 2 in
Tsuji et al. 1996).

4.2. Spectrophotometric properties

We compare now the spectrophotometric properties of Pleiades
L-type brown dwarfs mainly with those of field dwarfs of
known parallax. We use Ic- and UKIDSS ZYJHK-band pho-
tometry. To our nine Pleiades targets, we add 36 other low-
mass Pleiades stars and brown dwarfs with spectral type mea-
surements (Table A.1). They are cluster members confirmed by
proper motion or the lithium test (Rebolo et al. 1992), and many
present spectral features of low surface gravity (see spectro-
scopic references in the table). We include the M9-type Roque 4
and the LO-type Roque 25, which have spectral features con-
sistent with cluster membership (Zapatero Osorio et al. 1997,
Martin et al. 1998b, 2000; Kirkpatrick et al. 2008); further-
more, Roque 25 has a proper motion consistent with cluster
membership (see Appendix B). To obtain JHK-band absolute
magnitudes, we use the Pleiades revised trigonometric paral-
lax distance of 120.2 + 1.9 pc (van Leeuwen 2009a,b). We do
not account for the distance uncertainty due to cluster depth
(=+0.2 mag towards the cluster centre, Pinfield et al. 1998). We
compute average JHK-band absolute magnitudes and average
Ic —J,Z—J, and Y — J colours in the spectral type intervals
[4.75+1/2,5.25+1/2[ with i = 0...,19 (where 5.0 corresponds to
M5.0, 14.5 to L4.5) and excluding known binaries. We also ob-
tain chi-squared linear fits to the J— H, H— K, and J — K colours
as a function of spectral type, including these binaries.

For field dwarfs compiled with trigonometric parallaxes and
spectral types (van Altena et al. 1995; Dahn et al. 2000, 2002;
Henry et al. 2004; Faherty et al. 2009), we use Ic- (Leggett et al.
2000; Dahn et al. 2000, 2002; Henry et al. 2004; Phan-Bao et al.
2008) and 2MASS or MKO JH K-band photometry. We convert
the 2MASS photometry to the (MKO-)WFCAM system using
the transformations of Hodgkin et al. (2009). For some field
dwarfs, we use available WFCAM ZYJHK-band photometry
(UKIDSS DDR6) or WFCAM Z — J and Y — J synthetic colours

(Hewett et al. 2006; Rayner et al. 2009). We cautiously assume
errors of 0.10 mag and 0.05 mag in the colours of the former
and latter studies, respectively. For all the field dwarfs, we pref-
erentially adopt their optical spectral types. Late M- and L-type
close binaries resolved by imaging (see references in Faherty
et al. 2009) are accounted for in the comparison. We compute
average absolute magnitudes, average colours and linear fits in
a similar way to the Pleiades sample, but using values with total
errors smaller than 0.4 mag. For illustrative purpose, we high-
light four relatively bright L4-type field dwarfs (HD 130948B
and C, Potter et al. 2002; Dupuy et al. 2009; HD 49197B,
Metchev & Hillenbrand 2004; 2MASSW J1841086+311727,
Kirkpatrick et al. 2000) and we add five subdwarfs associated
with the thick-disc or halo population (Bowler et al. 2009),
three low-mass substellar members of relatively young associ-
ations (2M1207AB, Chauvin et al. 2004; Mohanty et al. 2007;
Ducourant et al. 2008; AB Pic B, Chauvin et al. 2005; Bonnefoy
et al. 2010), and three field dwarfs without parallax measure-
ments (2MASS J01415823-4633574, G 196-3B and the can-
didate young L4.5-type 2MASS J18212815+1414010, Looper
et al. 2008).

As claimed in Bihain et al. (2006), the Pleiades and field
L-type dwarfs may have similar spectral energy distributions
and luminosities, and thus possibly similar (but not necessar-
ily equal) radii, based on the apparent overlapping of these ob-
jects in the J versus I — J, J — H, and J — K colour-magnitude
diagrams. Indeed, our near-infrared absolute magnitude versus
spectral type diagrams (Fig. 4) indicate that, unlike the Pleiades
M-type dwarfs, the L-type dwarfs appear no brighter than a few
tenths of magnitude than their field counterparts, especially in
the J band. Nevertheless, if we adopt the larger Pleiades distance
of 133.8 +3.0 pc (Percival et al. 2005) as in Bihain et al. (2006) —
obtained by main sequence fitting in the optical and near-infrared
using field stars — the Pleiades L-type dwarfs would be brighter
by 0.23 mag, implying less similar luminosities to those of field
L-type dwarfs. Besides, the diagrams in Figs. 5 and 6 show no
significant differences between the colours of Pleiades and field
L-type dwarfs.

At the M/L transition (see Fig. 4), we note that four Pleiades
brown dwarfs (NPL 40, BRB 17, PLIZ 28, and Roque 25)
appear to have a relatively lower flux towards the J band,
which could be due to too early spectral typing or some atmo-
spheric or interstellar extinction. The effect is stronger for the
~30 Myr old low-mass brown dwarf or massive planet AB Pic B,
and even stronger for the later-type ~8 Myr few-Jupiter-mass
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Fig.5.Ic —J,Z — J,and Y — J versus spectral type diagrams (left-, middle-, and right panels, respectively). Same symbol definitions as in Fig. 4.

2M1207B%, for which ongoing accretion/formation processes
have been proposed (Mohanty et al. 2007; Mamajek & Meyer
2007; Ducourant et al. 2008; Patience et al. 2010). Finally, the
very nearby (5 pc) M9-type field brown dwarf LP 944-20, with
lithium absorption and an age estimated to be of several hun-
dred Myr (Tinney 1998; Ribas 2003) appears also to be fainter,
but equally in the HK bands as in the J band, an effect that could
be real or related to uncertainties in the parallax measurement.
The near-infrared colour diagrams of Fig. 6 indicate that late
M- and L-type Pleiades dwarfs are marginally redder in J—H and
H — K than their field counterparts. The difference reaches 0.11 +

8 2M1207B is less luminous than the Pleiades and field dwarf se-
quences, by about 3, 2, and 1 mag in the J, H, and K bands, respectively,
assuming a spectral type LS.
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0.20 mag in J — K and at spectral type L3, using the chi-squared
linear fits. If we consider only the field dwarfs with UKIDSS
photometry (10 M6-L4-type dwarfs), the J — K difference at
L3 increases by 0.08 mag. This suggests that the slightly redder
colour is not due to some bias in the photometric transformations
of Hodgkin et al. (2009). It could be associated with both:

1. the reddening in the line of sight of the faint Pleiades
brown dwarfs. The E(B — V) values could be in the range
0.02-0.14 mag (Taylor 2008), which using the E(J -
K;)/E(B—V)relation of An et al. (2007), would lead to small
infrared excesses E(J — K) = 0.01-0.09 mag for an intrinsic
colour (J — K)o = 1.5 mag;

2. the youth of the Pleiades brown dwarfs. Indeed, the J — K
colour is found to be redder, on average, for L-type field
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dwarfs with smaller velocity dispersion, and thus of younger
age (Faherty et al. 2009; Schmidt et al. 2010). The 0.1 Gyr
old Pleiads would likely have lower surface gravities than
those of the older field dwarfs, which furthermore could
have lower metallicities than the Pleiades ([Fe/H]pejades =
0.03 + 0.05 dex, Funayama et al. 2009; Soderblom et al.
2009). Both lower surface gravities and higher metallicities
may cause lower H; collision-induced absorption or dustier
atmospheres, and therefore redder J — K colours (Linsky
1969; Saumon et al. 1994; Borysow et al. 1997; Mohanty
et al. 2007). Also, several field L-type dwarfs with spectral
features of low surface gravity have very red near-infrared
colours (see Fig. 6 and Kirkpatrick et al. 2008; Cruz et al.
2009).

4.3. Hertzsprung-Russell diagram

Altogether, the L-type Pleiades and field dwarf sequences appear
to be rather close in the photometric — spectral-type diagrams.
We now build the Hertzsprung-Russell (HR) diagram of our
sample of 45 Pleiades members. We convert observed J-band
magnitudes into luminosities using the open cluster revised par-
allactic distance and an average of field dwarf J-band bolometric
corrections BC; (Dahn et al. 2002; Vrba et al. 2004) as a func-
tion of spectral type. The J band is chosen because the spectral
energy distributions of the Pleiades objects peak in this band,
and the J — K colour excesses with respect to their field dwarf
spectral type counterparts are only 0.1-0.2 mag. For the effective
temperatures (7eg), we use an average of field dwarf Teq deter-
minations (Basri et al. 2000; Dahn et al. 2002; Vrba et al. 2004)
also as a function of spectral type. We provide the luminosity
and Ty values for our nine Pleiades targets in Table 3, where
the error bars account for the uncertainties in the photometry,
cluster distance, spectral types, and the spread in the field dwarf
BC and Te. Figure 7 shows the Hertzsprung-Russell diagram.
The Pleiades substellar sequence clearly extends to mid-L spec-
tral types or Teg ~ 1700 K. The “single-object” sequence has a

luminosity dispersion of about 0.1 dex (except at ~M9-L0) and
no apparent temperature gap between 2900 and 1700 K. The se-
quence of suspected equal-mass binaries is clearly seen at the
warmest temperatures, whereas below 2400 K there is no obvi-
ous hint of such objects, despite the photometric surveys tending
to be biased towards their detection.

We overplot the theoretical 120-Myr isochrones of Chabrier
et al. (2000, DUSTY model) and Burrows et al. (1997) in Fig. 7.
Both models make similar predictions for luminosity, Teg, and
mass, and both appear to reproduce the slope of the mid- to
late-M single-object sequence of the Pleiades within about 1-
o uncertainty. There is, however, a discrepancy between theory
and observations in the L-type regime (<2400 K): our objects
appear 100—400 K warmer (1-3 spectral subclasses earlier) or
0.1-0.4 dex less luminous than the isochrones. Using the abso-
lute K-band magnitude and the field dwarf bolometric correction
BCg from Golimowski et al. (2004) increase the luminosities
by <0.10 dex for the Pleiades L-type objects with the largest
J — K colour excess, thus only slightly reducing the discrepancy.
It is uncertain whether the field dwarf bolometric correction- and
Teg-spectral type relations may be valid for the Pleiades L-type
brown dwarfs because of gravity dependence. However, these
objects appear to have spectral energy distributions and lumi-
nosities that are in general very close to those of their field spec-
tral type counterparts. Thus, the discrepancy in the Hertzsprung-
Russell diagram may also come from incorrect model predic-
tions, such as an underestimation of the contraction rate of the
Pleiades L-type dwarfs.

The Iuminosity range of the spectroscopic sample as com-
pared to the theoretical luminosities of the 120 Myr DUSTY
isochrone (Fig. 7) would imply a mass range of ~0.025-0.1 M,
(without accounting for the brightest, probable binaries). In
Table 3, we list individual masses for our targets, obtained by
interpolating linearly between the model points using our es-
timated luminosities. The faintest and coolest brown dwarf is
BRB 29, with an estimated mass of 25 + 8 My,,.
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Table 3. Luminosities, effective temperatures, and masses for our
Pleiades targets.

Object SpT logL/Ls Test M
(dex) X) (Mo)
PPl 1 M6.5+0.5 -290+0.04 2676+ 120 ~0.074
Calar3 MS8.0+05 -3.18+0.04 2584 +100 ~0.054
Teidel M8.0+0.5 -324+0.04 2584+ 100 ~0.052
BRB17 L0010 -3.68+0.06 2350+100 ~0.035
PLIZ28 L0.0+1.0 -3.76+0.06 2350+ 100 ~0.033
PLIZ35 L20+1.0 -394+0.06 2110+180 ~0.028
BRB21 L3.0+1.0 -395+0.06 1950+ 150 ~0.028
BRB23 L35+1.0 -398+0.06 1875+ 150 ~0.027
BRB29 145+15 -4.14+0.12 1735+190 ~0.024
—
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Fig.7. Hertzsprung-Russell diagram of Pleiades low-mass stars and
brown dwarfs. Same symbol definitions as in Fig. 4. Theoretical
120 Myr isochrones of Chabrier et al. (2000, DUSTY) and Burrows
et al. (1997) are represented by dotted and solid lines, respectively.
Spectral types and DUSTY theoretical masses are indicated.

5. Conclusions

We obtained near-infrared NICS/Amici and LIRIS spectra of
six J = 17.4-18.8 mag candidate L-type brown dwarfs of the
~120 Myr old Pleiades cluster, as well as Amici spectra of three
other members that are well-known late M-type brown dwarfs.
We confirm that the former objects have early- to mid-L spec-
tral types and also confirm the optical spectral types reported for
the last objects. PLIZ 28 and BRB 17, the two earliest L-type
brown dwarfs, present a triangular H-band continuum shape and
a noticeable VO band, associated to low surface gravity, dust and
youth. The Pleiades L-type brown dwarfs appear to have simi-
lar absolute magnitudes and colours as their field counterparts,
but have slightly redder near-infrared colours, possibly related to
both reddening and youth.

We build the Hertzsprung-Russell diagram of our Pleiades
sample using field dwarf relations and find good agreement with
theoretical models for the M5.5-9 type objects. However, for
the LO-5 type brown dwarfs, models appear to overpredict the
luminosity (AlogL/Ls = 0.1 — 0.4 dex) or underestimate the
effective temperature (AT.¢ = 100-400 K). It is also possi-
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ble that the adopted field-dwarf relations are not truly valid
for ~120 Myr-old objects. Additional optical-to-infrared spec-
troscopy and higher resolution imaging of the Pleiades L-type
brown dwarfs may allow us to account more for dust opacities
and binarity (e.g. Knapp et al. 2004; Burgasser et al. 2008), and
refine our estimates of spectral types, effective temperatures, lu-
minosities, and masses. Current models predict masses in the
range 0.025-0.035 M, for the Pleiades LO-5 type brown dwarfs.
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Appendix A: Pleiades spectroscopic sample
of low-mass stars and brown dwarfs

Appendix B: Cluster membership confirmation
of Roque 25 by proper motion

As part of the project to characterize the Pleiades L-type pop-
ulation by both proper motion and spectroscopy, we obtained
H-band imaging data of Roque 25, the first L-type object iden-
tified in the Pleiades (Martin et al. 1998b, 2000), to assess its
cluster membership by proper motion. The observations were
done on the night of 2006 February 15 with the Omega-2000
instrument (15.4 x 15.4 arcmin?, 0.45 arcsec pix") mounted
on the 3.5 m Telescope (Centro Astronémico Hispano-Aleman
de Calar Alto, Spain). They consisted of 1.6 s X 23 coadds
X 36 dithers on the science target, as well as dome flats. These
data were reduced as in Bihain et al. (2006). We performed aper-
ture and point-spread-function (PSF) photometry using routines
within the DAOPHOT package. The H-band photometry was cali-
brated using 341 stellar sources from UKIDSS GCS DDR®6, with
aperture corrected magnitudes of errors oy (ukipss) < 0.1 mag
(2.0 arcsec aperture diameter). The photometry has an average
relative calibration error of 0.04 mag. For Roque 25, we mea-
sure H = 16.85 + 0.05 mag, in agreement with H(UKIDSS) =
16.86 + 0.04 mag. Using the Omega-2000 image of Roque 25
and the discovery /-band image (Zapatero Osorio et al. 1999b),
corresponding to a time baseline of 10.01 yr, and the method
described in Bihain et al. (2006), we obtain a proper motion
(1aCOS0, us) = (27.4 + 7.3,-32.6 + 3.9)mas yr~!. Considering
the average cluster proper motion (u,cosd, us) = (19.15 =+
0.23, —45.72 + 0.18) mas yr~' (Robichon et al. 1999) and the
fact that the low mass cluster members have a larger intrinsic
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Table A.1. Pleiades spectroscopic sample of 45 low-mass stars and brown dwarfs.

Object SpT a5 Ic d Y? Jb H" K? Ref.
(mag) (mag) (mag) (mag) (mag) (mag)

HHJ 2 M6.5 03382752 253018.1 1730  16.591 +0.011 15938 +0.007 15284 +0.007  14.747 £ 0.005  14.355 + 0.006 1-17
HHJ 3 M6.0 03485045 2244299 17.51 16562 +0.010  15.825+0.006  15.098 +0.006  14.531 +0.005  14.141 + 0.004 11,7
HHJ 6 M6.5 03414241 235457.1  17.00  16.171 £0.007 15464 +0.006  14.709 +0.004  14.124 + 0.004  13.760 + 0.050 11,7
HHJ 7 M6.0  035749.37 220831.0 17.00  16.149 +0.007 15498 +0.005  14.831 +0.005  14.286 + 0.005  13.884 + 0.003 11,7
PPI 1 M6.5 03454127 235409.8 1821  17.166 +0.014  16.189 +0.008 15360 +0.006  14.782 + 0.005  14.305 + 0.006 48,75
PPl 14 M5.5 03443430 2351246 1743 16920+ 0.011  16.157 £0.007 15438 +0.007  14.884 +0.005  14.478 + 0.006 4271
PPI 15 M6.5  034804.66 2339302 1791  17.014+0.012  16.054 +0.007 15283 +0.006  14.704 + 0.005  14.256 + 0.006 42,72
Calar 3 M8.0 03512557 2345213  19.00 16.083 +0.010 15478 +0.009  15.009 = 0.011 4353
Teide 1 M8.0  034717.92 2422317 1926  18.174+0.029 17.067+0.013  16.215+0.010  15.591 + 0.009  15.096 + 0.011 43,52
PIZ 1 M9.0 03483152 2434373  20.00 19218 £0.065 17.883 +0.025  16.715+0.015 15977 +0.012 15357 +0.014 57,6
Roque 4¢ M9.0  034353.55 243111.6 2025 18970 +0.054 17709 +0.025  16.649 +0.016 15942 +0.016  15.260 + 0.040 6.--.5
Rogque 11 M8.0  034712.08 2428317 19.06 16.988 £ 0.013  16.174+0.087 15505+ 0.009  15.048 + 0.012 6,-,8,2
Rogque 13 M7.5  034550.66 2409035 18.67 17.478+0.017 16.582+0.010  15.705+0.008  15.095 + 0.006  14.580 + 0.008 6.8,7,5
Roque 14 M7.0 03464298 2424507 1827  17.484+0.018 16403 +£0.009 15550 +0.066  14.890 + 0.006  14.391 + 0.007 68,7
Rogque 16 M6.0  034739.02 2436222 1791  17.112+0.013 16271 £0.008  15.548 +0.007  14.992 + 0.006  14.570 + 0.008 6.8,7.3
Rogque 17 M6.5 03472397 2242374 1787 16.123 +£0.008  15.354 £0.007  14.809 + 0.006  14.402 + 0.007 6.-2.7
Teide 2 M6.0 03520672 241600.5 18.02  17.079+0.013  16.255+0.009  15.515+0.008  14.971 +0.008  14.507 + 0.008 71,73
CFHT 9 M6.5 03491512 2436225 1771 16847 £0.011  16.059 £0.007 15371 £0.006  14.890 + 0.005  14.433 + 0.007 8.8,7.3
CFHT 10 M6.5 03443232 2525180 1778  16.994+0.012 16209 +0.009  15.450 +0.008  14.883 + 0.007  14.476 + 0.007 8.8,7.3
CFHT 12 M8.0 03535512 2323362 17.97 16947 £0.012  16.027 +0.007  15.172+0.006  14.569 + 0.005  14.088 + 0.005 8.8,3.3
CFHT 15 M7.0  035512.60 2317373  18.62  17.842+0.022 16.877 +0.012 15977 +0.010  15.348 + 0.009  14.842 + 0.010 8.8,3,3
MHObd3  M8.0 03415416 2305047 1827  17.349+0.016 16376 £0.010  15.522+0.008  14.975 £ 0.007  14.415 + 0.007 8.8,7.4
NPL 26 M5.0  034707.89 2423379 1570  15.094 +0.004 14598 +0.003  13.954+0.003  13.415+0.002  13.080 + 0.002 9,-,4,2
NPL 34 M6.0  034855.65 242140.1  17.05 16220 +0.007 15.636 +0.005  14.963 +0.005  14.416 +0.004  14.055 + 0.005 9,12
NPL 36 M7.5  034819.02 2425127  18.66  17.655+0.020  16.668 +0.011 15930 +0.009  15.365 + 0.008  14.935 + 0.011 9,-,7.2
NPL 38 M8.0 03475041 2354479 1918  18.179+0.028  17.138 £0.014 16311 £0.011  15.622+0.009  15.093 + 0.012 9,-.8,2
MHObd I M7.0 03445242 2436495 1795 17.147+0.014 16294 +0.008 15487 +0.059  14.948 + 0.006  14.525+0.007  10,10,—4
Rogque 5 M9.0 03442244 2339013  20.19  19.107 +0.064  17.857 +0.025 16.874+0.017  16.254+0.016  15.666 +0.018  11-,7.5
CFHT 1 M4.9  035151.56 233449.1  16.10 15431 £0.005  14.857 +0.004  14.260 +0.003  13.768 + 0.003  13.385+0.003  12,-,3,3
CFHT 2 M4.9 03524429 2354150 16.61 15738 +0.005 15.184 +0.004  14.554+0.004  14.000 = 0.004  13.654 +0.004  12,-3,3
CFHT 5 M5.5  034844.69 2437235  17.02 16260 +0.008  15.584 +0.005  14.911 +0.005  14.419 +0.004  14.002 +0.005  12,-7.3
CFHT 7 M5.6  035205.83 241731.0 1734  16.512+0.009  15.860 +0.007  15.176 +0.006  14.618 + 0.006 14251 +0.007  12-,7.3
CFHT 16 M9.3 03443516 2513428  18.66  17.656+0.020  16.584 +0.010  15.662 +0.007  14.985 + 0.006  14.448 + 0.008  12,12,7,3
CFHT 17 M7.9  034300.17 2443523 1880  17.791 £0.021  16.841 +0.013  16.022+0.010 15425+ 0.010  15.070 +0.060  12,-,3,3
CFHT 25 M9.0 03540535 2333593  19.69  18.651 £0.041  17.573 +£0.024  16.647 +0.018 15964 +0.016 15434 +0.017  12,-33
NPL 40 M9.8  034849.03 2420254 2055 19.222+0.069 18227 +0.035 17.237+0.023  16.569 + 0.020  16.059 +0.029  12,-8.2
Roque 7 M8.3 03434031 2430112 1950  18.552+0.038  17.490 +0.021  16.494 +0.014  15.853 +0.015 15470 +0.020  12,-3,3
Roque 25 LO.1 03483075 2244504  21.80  20.389+0.193  18.936 +0.065 17.714+0.039  16.861 +0.035 16251 +0.027  12,-9,5
BPL 327 M7.1  035523.08 2449049  18.07 17.087+0.014 16311 £0.009 15528 +0.008  15.013 +0.007  14.595+0.008  13,-,6,5
BRB 17 LO.0 03540798 235427.9 2092  19.841 +0.111  18.451 £0.050  17.408 = 0.033  16.628 +0.030  16.028 £0.029  14,-5.6
PLIZ 28 LO.O 03541406 231752.0 2120  20.028 +0.136  18.873+0.062  17.601 = 0.035  16.818 +0.031  16.138 £0.030  14,-5.6
PLIZ 35 L2.0  035239.16 244629.5 2146  20292+0.030 19.271 £0.100  18.066 + 0.055  17.106 + 0.042  16.509 +0.042  14,-5,6
BRB 21 L3.0 03541027 2341402 21.68 20.215+0.030 19260 = 0.101  18.143+0.062  17.171 £ 0.046  16.393 +0.040  14,-,5,6
BRB 23 L35 035039.54 2502547 22.03 19786 £0.112  18225+0.044  17.358 +0.038  16.563 = 0.043 14,56
BRB 29 L45 03540143 2349577 22.84 18.686 +0.103 17711 +0.081  16.999 + 0.070  14,-5.6

Notes. @ Coordinates from UKIDSS Galaxy Cluster Survey DDR6. ® ZYJHK-band photometry from UKIDSS Galaxy Cluster Survey DDR®6,
except for the measurements at Z band of PLIZ 35 and BRB 21 (Casewell et al. 2007), MKO K band of HHJ 6, Roque 4, CFHT 17, and
Roque 7 (Pinfield et al. 2003), and J band of MHObd 1 (2MASS, converted to UKIDSS photometric system). ) References for the quadruplet
(SpT,Li,u,Ic): Spectral type or lithium test: 1) Steele & Jameson (1995); 2) Basri et al. (1996); 3) Rebolo et al. (1996); 4) Martin et al. (1996);
5) Cossburn et al. (1997); 6) Zapatero Osorio et al. (1997); 7) Martin et al. (1998a); 8) Stauffer et al. (1998b); 9) Festin (1998b); 10) Staufter
et al. (1998a); 11) Martin et al. (1998b); 12) Martin et al. (2000); 13) Pinfield et al. (2003); 14) this study. Spectral type uncertainties for our
L-type targets are listed in Table 1; for the other objects the uncertainties are typically of half a subclass. Proper motion: 1) Hambly et al. (1993);
2) Pinfield et al. (2000); 3) Moraux et al. (2001); 4) Deacon & Hambly (2004); 5) Bihain et al. (2006); 6) Casewell et al. (2007); 7) Lodieu et al.
(2007); 8) Staufter et al. (2007); 9) this study. Ic-band photometry: 1) Stauffer et al. (1994); 2) Festin (1998a); 3) Bouvier et al. (1998); 4) Stauffer
et al. (1998a); 5) Jameson et al. (2002); 6) Bihain et al. (2006); 7) Stauffer et al. (2007). Magnitude errors are of 0.05-0.1 mag. ” Roque 4 has
radial velocity and spectral features consistent with cluster membership (Zapatero Osorio et al. 1997; Kirkpatrick et al. 2008).

velocity dispersion than that of the high-mass members (Pinfield
et al. 1998; Bihain et al. 2006), our result confirms that Roque 25
is also a Pleiades member by proper motion.
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