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Abstract

Keywords: Binaries, ultracool dwarfs, brown dwarfs, statistical and physical properties of

ultracool dwarfs

This work presents the results of a detailed study of the statistical and physical properties of binary
ultracool dwarfs and brown dwarfs (spectral type later than M7).

As for the statistical properties, we found that the frequency of binaries among ultracool objects is
significantly lower than for earlier type objects, with a lower limit at 10-15% in the field, and <10%
in the Pleiades Open cluster. While we were sensitive to systems with separations up to 100 A.U, we
did not find any multiple system with separation greater than 20 A.U. At even larger separations, no
wide binaries were reported by the all sky surveys such as 2MASS, DENIS or SDSS. The distribution of
separations looks similar to that of F and G dwarfs (Gaussian), but with a peak at 4-8 A.U. Although
we were sensitive to mass ratios down to 0.65, we found most of the objects to have mass ratios larger
than 0.85. This latter result needs to be confirmed by further statistical studies on well defined statistical
samples. Although the sample of known binaries in the Pleiades is too small for a similar analysis, we
note that the binary frequency, the distributions of mass ratio and separations are similar, indicating
that the properties of binary brown dwarfs might not depend on the age and environment after 125 Myr.
Finally, although we did not have the opportunity to perform a similar statistical study in a star forming
region, we report the first detection of a young binary brown dwarf with a disk in the R-CrA association.

These results provide strong constraints on the models of ultracool dwarf formation and evolution.
The binary frequency is currently not reproduced by any of these models. The models of ejection could
explain the lack of binaries wider than 20 A.U and the apparent preference for equal mass systems, but
they predict a much lower binary frequency. The model assuming that brown dwarfs form in a smilar
way than stars could reproduce the binary frequency we observe, but could not explain the distributions
of separation and mass ratio. More efforts are required on the theoretical side in order to better explain
the observed properties, and on the observational side to give new and improved constraints.

As for the physical properties, our observations lead to the discovery of a short period binary L
dwarf. Observations at high angular resolution spread over 4 years allowed us to follow the companion
on 60% of its orbit. For the first time, we were then able to compute the orbital parameters and total
mass of such a very low mass object. In the near future, similar studies should enable us to calibrate
brown dwarf mass and luminosity models. Using high angular resolution spectroscopy, we were able to
disentangle the spectra of the individual components of 4 binary ultracool dwarfs and to compute their
spectral types. Two binaries have companions with spectral types significantly later than their primary
(by 3 to 4 spectral subclasses), allowing us to compare the evolution of their effective temperature and
atmosphere. Finally, using our high angular resolution images, we were able to detect a possible third
component in one of the binaries of our sample.
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Résumé

Mots-clefs: Binaires, naines ultrafroides, naines brunes, propriétés physiques et statistiques

des naines ultrafroides

Ce travail présente les résultats d’'une étude détaillée des propriétés statistiques et physiques des
binaires de naines brunes et ultra-froides (type spectral plus tardif que M7).

Concernant les propriétés statistiques, nous constatons que la fréquence de binaires parmi les objets
ultra-froids est inférieure & celle des objets de types spectraux plus précoces, avec une limite inférieure
a 10~15% pour les objets du champ, et <10% dans ’amas ouvert des Pleiades. Alors que nous étions
capables d’identifier les systémes binaires jusqu'a des séparations de ~100 U.A, nous n’avons trouvé
aucun systéeme mutliple aux séparations superieures a 20 U.A. A plus grande séparation encore, aucune
binaire n’a été trouvée par les surveys 2MASS, DENIS ou SDSS. La distribution des séparations est
semblable a celle des naines F et G (gaussienne), mais avec un maximum autour de 4~8 U.A. Bien que
nous étions sensibles aux binaires avec des rapports de masse allant jusqu’a 0,6, nous n’avons detecté
aucune binaire avec un rapport de masse inférieur a ~0,6; la plupart des objets ayant un rapport de masse
plus grand que 0,85. Ce résultat devra étre confirmé par d’autres études sur des échantillons mieux définis
statistiquement. Bien que ’échantillon de binaires connues dans les Pleiades soit trop petit pour nous
permettre de faire une analyse semblable, nous obervons que la fréquence de binaires, les distributions
de rapport de masse et de séparations sont semblables, indiquant que les propriétés des naines brunes
binaires ne dépendent probablement pas de I’age et de I’environnement passé 125 millions d’années. Enfin,
bien que nous n’ayons pas eu 'occasion de pouvoir mener une étude statistique similaire dans une région
de formation stellaire, nous présentons la premiére détection d’une jeune naine brune binaire entourée
d’un disque dans la région de la Couronne Australe (R-CrA).

Ces résultats apportent de fortes contraintes sur les modeles de formation et d’évolution. La fréquence
de binaires n’est actuellement reproduite correctement par aucun des modeles. Les modeles d’éjection
pourraient expliquer le manque de binaires aux séparations supérieures a 20 U.A ainsi que le manque
apparent de systemes de faibles rapports de masses, mais elle prévoit une fréquence de binaires beaucoup
trop faible. Le modele prévoyant que les naines brunes se forment d’'une maniere analogue aux étoiles
pourrait quant a lui reproduire la fréquence de binaires que nous observons, mais ne pourrait pas expliquer
les distributions de rapport de séparation et de masse. Plus d’efforts sont donc nécessaires a la fois du
coté théorique afin de pouvoir expliquer les propriétés observées, et du coté observationnel pour apporter
des contraintes nouvelles et plus precises.

Concernant les propriétés physiques des binaires de naines ultra-froides, nos observations ont mené a
la découverte d’une binaire de naines L. de courte période. Les observations a haute résolution angulaire
réparties sur quatre ans nous ont permis de suivre le compagnon sur 60% de son orbite. Pour la premiére
fois, nous avons pu calculer les parametres orbitaux et la masse totale d’'un objet de ce type. A moyen
terme, ce genre de mesures devraient nous permettre de calibrer la trés importante relation masse-
luminosité. En utilisant la spectroscopie a haute résolution angulaire, nous avons été en mesure de séparer
les spectres des composantes individuelles de quatres binaires de naines ultra-froides, et de calculer leurs
types spectraux. Deux de ces binaries ont des compagnons de types spectraux relativement plus tardifs
que leurs primaires (3 et 4 sous-classes spectrales de plus), nous permettant de comparer 1’évolution de
leurs températures effectives et leurs atmospheres. Enfin, utilisant nos images a haute résolution angulaire,
nous avons détecté une possible troisieme composante dans une des binaries de notre échantillon.
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Kurzfassung

Stichworte: Doppelsterne, ultrakiihle Zwerge, braune Zwerge, statistische und physikalische

Eigenschaften brauner Zwerge

Diese Arbeit prisentiert die Ergebnisse einer detaillierten Untersuchung der statistischen und phy-
sikalischen Eigenschaften von ultrakiihlen Zwergsternen und braunen Zwergen (Spektraltyp spiter als
M7).

Hinsichtlich der statistischen Eigenschaften fanden wir, da3 die Haufigkeit doppelter Systeme unter
ultrakiihlen Objekten mit 10-15% im Feld und <10% in dem offenen Sternhaufen Pleiaden signifikant
niedriger ist als fiir Objekte mit fritherem Spektraltyp. Obwohl wir Systeme mit Absténden bis zu
100 A.U. hdtten nachweisen konnen, fanden wir keine Mehrfachsysteme mit Abstanden grofier als 20 A.U.
Die Himmeldurchmusterungen 2MASS, DENIS oder SDSS entdeckten kein einziges weites Doppelsys-
tem mit noch groferen Abstéinden. Die Verteilung der Abstéinde dhnelt der von F- und G-Zwergen
(Gaussverteilung), allerdings mit einem Maximum bei 4-8 A.U. Die meisten Doppelsysteme weisen
Massenverhiltnisse grofler als 0.85 auf, obwohl wir Doppelsysteme mit Massenverhéltnissen bis hinunter
zu 0.6 hitten nachweisen kénnen. Dieses Ergebnis mufl durch zukiinftige Untersuchungen statistisch
wohldefinierter Stichproben iiberpriift werden. Obwohl die Stichprobe der bekannten Doppelsysteme
in den Pleiaden zu klein ist fiir eine den Feldobjekten vergleichbare Untersuchung, weisen wir darauf
hin, daf§ die Haufigkeit der Doppelsysteme und die Verteilung der Massenverhéltnisse und der Abstédnde
dhnlich sind. Dies deutet an, dal sich die Eigenschaften doppelter brauner Zwerge ab einem Alter
von etwa 125 Myr nicht mehr als Funktion des Alters oder der Umgebung dndern. Obwohl keine Gele-
genheit bestand, eine dhnliche statistisch signifikante Untersuchtung in einem Sternentstehungsgebiete
durchzufiihren, fithrte diese Arbeit zur Entdeckung des ersten jungen, doppelten braunen Zwerges in der
CrA-Assoziation.

Die Ergebnisse liefern starke Randbedingungen fiir Entstehungs- und Entwicklungsmodelle brauner
Zwerge. Die Haufigkeit der Doppelsysteme wird momentan von keinem der Modelle richtig wiedergegeben.
Dynamische Ausstofimodelle kénnen den Mangel an weiten Doppelsystemen mit Abstéinden grofler als
20 A.U. und das bevorzugte Auftreten von Doppelsystemen mit Komponenten gleicher Masse erkléren.
Diese Modelle sagen allerdings eine noch geringere Haufigkeit von doppelten Systemen voraus. Der Ster-
nentstehung analoge Fragmentations- und Kollapsmodelle kénnen die beobachtete Haufigkeit der Doppel-
systeme erkldren, allerdings nicht die Verteilung der Abstdnde und Massenverhéltnisse. Weiterreichende
theoretische Modelle sind nun notwendig, um die beobachteten Eigenschaften zu erkldren. Von Seiten
der Beobachtung sollten die Randbedingungen weiter eingeschriankt werden.

Im Hinblick auf die physikalischen Eigenschaften der untersuchten Systeme, fithrten unsere Beobach-
tungen zur Entdeckung eines doppelten L-Zwerges mit kurzer Umlaufperiode. Uber vier Jahre verteilte
Beobachtungen mit hoher riumlichen Auflésung erméglichten uns, 60% der Umlaufbahn des Doppel-
systems zu vermessen. Zum ersten Mal waren wir hiermit in der Lage die Bahnparameter und die
Gesamtmasse eines derartig massearmen Doppelsystems zu bestimmen. In naher Zukunft werden dhn-
liche Studien die Eichung der Masse- und Leuchtkraftmodelle von braunen Zwergen ermdoglichen. Spek-
troskopische Beobachtungen mit hoher Winkelauflosung erlaubten uns die Spektraltypen der individu-
ellen Komponenten in vier Doppelsystemen zu bestimmen. Zwei der Begleiter weisen deutlich spétere
Spektraltypen auf als die Primérkomponenten (3 bis 4 spektrale Unterklassen), was vergleichende Unter-
suchungen des Abkiihlverhaltens und der Atmosphéreneigenschaften erméoglicht. Dariiber hinaus konnten
wir in unseren hochauflésenden Bildern ein mogliches Dreifachsystem identifizieren.

X






Contents

Il Dpﬁni‘ri(msl .....................................

|2 History: hunting_bmmjﬂaﬁel ..........................

vii

viii

ix



Contents

Il 2 Data HHH]VSiJ .................................... 23
Il 2.1 _Identification of the multiple Svstemsl .................. 23
I] 2.2 _Relative astrometry and photometry with WEPC2: PSF fitting| . . . 25
Il 3 __Accuracy of the results and limits of the ana]vsis] ................ 25
Il 4 __Photometry, Spectral Classification and Distancesl ............... 33

Il 6.1  Binary fremlen(‘vl ............................. 50

lL6.2  Distribution of Separationd . . . . - .o 53
h6a Tominesityratios] . .. 53

xii



IChapter 2 Ultracool dwarfs in a young open cluster: the Pleiades 65
b1 Introduction: The Pleiaded . . . . .. ... .. .. 65
b2 WFPC2 search for multiple systems in the Pleiaded . . . . .. . . ... . .. 66

IZ.Z.Jmea.Lj.QmI ................................ 66
boo Sampd 66
W&ﬂmﬁe@s&.@dﬂw ................. 66
bod Dataamalysid. . ... 63
b.LAﬁiaeamhiomempJ&SMﬁmmMﬂadﬁl ................
Maarxa.ﬁ.onel ................................ Zz
bao sawmpd 69
b.3.3  Observational strategies and techniqued . . . . .. ... ...
bad Data Avalysid .. ii

|2 41 CI* Melotte 22 CFHT-PI 1ﬂ ....................... 72
|2 4.2 CI* Melotte 22 CFHT-P] 14 ....................... 75
|2 4.3 CI* Melotte 22 TPMBD 2[4 ........................ 75
|2 4.4 CI* Melotte 22 TPMBD 24 ........................ 76

b5 Confirmed photometric binary candidated . . . . . . ... 76
b6 Unreslved photometric binary candidated . . . . . oo oo 78
t2.lZ..._4éLI1i1l;z:ii:i;..l2il1;1J;;L_f133111153111;;J ............................ 79
bs Discussiol . . ... 80
wwwwhmmmj ................. 80
b.82 Photometric binary frequency| - - . - oo oo 81
IZﬁﬁ_S.epa.ta.Lans_a.u.d_mass_na.tiozl ....................... 84

o A o] et o the — —] .
B1 Introductiod . ..o 85
b.ulbs.emanonsl .................................... 85

Bo1 DENIS-P JI85950.9-370682] . . . . oo 85
529  Observation Summaryl . « . o oo 88
Ba awalsisl .. 92

xiii




Contents

Xiv

|2 2.1 High Angular Resolution imaging with HST/ACS and STTFJ .....
|2 2.2 High Angular Resolution imaging with VLT/NA(*d ..........
|2 2.3  Speckle Observations with Ke(‘kl .....................

104

107
107
107
107
109
111
111
112
114

119
119
119
119
120
120
125



135

I?..I Intmd]]gi;jorl .............................. 135
bo DENISPjeemeetmeE] 136
I?..ﬁ Qbserxai;jgnsl .............................. 136
I?..é_l Data anal;csisl ................................... 137
|3.._4..1 PSE S]].bi;' r'a_c‘LiQ‘ n. and Besid]]asl ..................... 137

|23.4.2 PSE ﬁ];j;jné ............................. 137
|3...5_Dl.scnssm_|' anl 141
|3_5_J_Empm1.es_o.f_thm' " """" iple s;zstenJ ...................... 141

B2 Dynamical Stabilicd . . .. ..o 144
|3_.6_QQ.U.C]J.lsznEI ................................. 144
IBar_LIII_D_I.S.Qussm.n_l' i 145
Chapter 1 Comparison with other studies 149
Mmmwmmm .................. 149

|I 1 Binary frequencyl .............................. 149
IJ_LZ_IhSIDbJ.m.Qn_OLmaﬁs_mmA ......................... 149

13 Distribution of separation . . . < o oo 150
anﬂd_dﬂwﬁummﬁmwhﬂﬂadﬁj ................ 150

I] 3___Comparison of field /clusters/SFR. binary ultracool dwarfsl ........... 152
IJ.A_Eh;LmLaLpLop.eLtms_of_bmal;uMamm_dmaﬁsl .................. 152
wmmmuMmmemismmmmm&l .. .. 152

a2 Ouhit of wiracal binaried . . . ... 153
I&lham.&LZ_Clonsemmms_oan&deﬂJ 155
B1 The different models of formation and their predictiond . . . . . .. . . . .. 155
|2.I. Star like mgdeel .............................. 155

|2. 1.2 Planetary deelsI ............................. 157
w_oimmobmammmmh&modﬂmﬁom&m&l ....... 158
I&lham.&LB_Em;mpm&p.ths_and_Qn;gojng_ms.eamﬂ 159
I?..I [mprovements of the currently available measurementJ ............. 159
wmmmmmm ..................... 159

|3. .2 __Improvement of the quality of the samp ﬁﬁl ............... 161
hummm&mdiesl ............................. 161
k21 Fxtension of the coverage of the sindied . . . .. ... ... ... ... 161

XV



Contents

|Appendix C Other studies: X-ray emission of brown dwarfs 177
oot D Gt v o Lt o Pubiicatior] 105
M 201
m 203
m 213

xvi



List of Figures

3 Star formation numerical simulations of Bate et all (2003) . . . . . ... .. ...
U HST image of the Trapezium in the Qrion Nebulal . . . . . . . ... ... ....
5  Disk Instability Models of Mayer et. all (IZO_O_dj ....................

[6_1# vs. Age for stars and brown dwarfd . . . . . . . . .. ... 10

© 00 N S =~

[1.3  Surface plots of the PSE fitting . . . . . o o v v oo o 28
.4 Timits of detection with WFPC2/PA . . . . . . . . . . . oo 29
[.L5 Best Fit parameters (separation and position angl@\ obtain with the PSF fitting . 31
1.6 Contonr plots of HST/WFEFPC?2 image of 2MASSW JOR56479+223518 . . . . . . 40
[L7__Surface plots of the closest field ultracool binaried . . . . . . . ... ... ..... 41
[.8 Distribution of separation in the sample of field ultracool dwarfd . . . . .. . .. 52
h_ﬁ_maﬁblm_ongf_angular separations of field binarv ultracool dwarfd . . . . . . . . 54
[L10 Distribution of difference of magnitude of field binary nltracool dwarfd . . . . . . 55

h_llilolou_LMa‘gnmldidiagram of the GOS720 sampld . . . . . . . . .. .. .. ... 57

.1 Residuals after PSF subtraction of the Pleiades ultracool dwarfs (WEPC2) . . . 68
.2 (T vsI-7) colour-magnitude diagram of the ACS-HRC Pleiades sampld . . . . . . 71

2.3 Moaved ACS exposired . . . . . o 72

B4 Limit of detection with ACS/HRA . . .. .. ... ... ... ......... 73




List of Figures

B.5__Results of the PSF fitting on DENIS-P_J185950.9-370634 . . . . . . . ... ... 91
B.6 Comparison of DENIS-P _J1859-3706 and DENIS-P _J1619-2347 spectral . . . . . . 93
B.7 _Comparison of DENIS-P_J185950.9-370632 and VB 10 spectral . . . . . .. ... 94
B.8 Extinction map of the B=CrA Regionl . . . . v o v oo 95
.9 Ho emission of DENIS-P J185950.9-3706324 . . . . . . . . . . ... ... .. 99
[3.10 DENIS-P J185950.9-370632 spectra compared with synthetic spectral . . . . . . . 100
[3.11 Spectral energy distribution of DENIS-P J185950.9-370632 . . . . . . . ... .. 102
[.L1 Extraction of the individual HST/STIS spectral . . . . . . . . o o . o .. 109
[1.2  Optical Spectra of 2MASSW J1311391+803222 A & Bl . . . . . . . . . . . . ... 110
[L.3__Spectral types of 2MASSW J1311391£803222 A & B . . . . . . . . . . ... ... 110
[1.4 Optical Spectra of 2MASSW J1426316+155701 A & Bl . . . . . . . . . . . . ... 111
[.5 Spectral types of 2MASSW J1426316+155701 A & Bl . . . . . o o oo v 112
[1.L6 Optical Spectra of DENIS-P_J035726.9-441730 A & B . . . . . . . o . oo ... 113
- 441730 A& B ... 113

1.8 Onptical Spectra of DENIS-P J100428 3-114648 A & Bl . . . . . . . . . ... ... 114
[L9 Spectral types of DENIS-P J100428.3-114648 A & Bl . . . . . . . ... ... ... 115
(.10 T.re vs Age & Log(g) vs Ag&ndaﬁm_fnm_th&m_lsmmg_dﬂé .......... 116
[L11 EW(K 1) of the primary and secandary of field brown dwarfd . . . ... ... .. 117
D.1  Images of 2MASSW J0746425+2000321A and B obtained at different epochd . . 122
h.LAm_bj,guitv in_the orbital parameters of 2MASSW_I07464254-2000321 . . . . . . . 127
2.3 Pasitions of 2MASSW J0746425-£2000321A and B and best fit of the orbitl . . . 129
2.4 Spectral type of 2MASSW _J0746425+2000321A! . . . . . . . ... 130
D5 Spectral type of 2MASSW J07464254+20003218 . . . . . . . oo 131
2.6 Colour-Magnitude diagrams My, vs (] — Kg) for 2MMASSW J0746 . . . . . . . . 133
B.1 _Results of the PSF subtraction for DENIS-P_J0205-1159 at different epochd . 138
.2 Residuals after PSF subtraction on HST/WFPC2 1maggs_0_f_DEleﬁ_EJ_O2_O_5_Uj_d 139
B.3__Results of the dual-PSF fitting on DENIS-P_J020529.0-115924 . . . . . ... .. 140
B.4 My vs Spectral Type relation . . . . . . . ... .. ... 142
B.5 M. vs Effective temperaturd . . . . .. ... 143
_ _M- 151

2.1 Distribution of mass ratio in [mbreit et all (2004) simulationd . . . . . .. ... 157
[A.1_Calibration of the PSF fitting method for WFPC?2: Separation and P.Al . . . . . 164
|A.2 Calibration of the PSF fitting method for WEPC2: AMag . . . . . . . . . .. .. 166
method for ACS: Separation and PAl . . . . . .. 170

[B.2 _Calibration of the PSF fitting method for ACS: AMag . . . . . . . . .. .. ... 173
[B.3_Calibration of the PSF fitting method for ACS: AMag . . . . . . .. . .. .... 175

xviii



List of Tables

[L3__Photometry of the unresolved objects of program GO87201 . . . . .. .. .. .. 34
jects of program GOS8146 . . . . . .. ... ... 35
[L5 Photometry of the unresolved objects of DrogLam_GQS_S_SJJ ............. 36

2.6 Results for Pleiades Binary Systems (WEPC2 sample)|. . . ... ... ... ... 80

2.7 Visual Binary Frequency measured in snccessive studies. | . . .. . ... .. ... 81

XixX



List of Tables

[A.1 Svstematic errors and 1-g uncertainties on the photometric resultd . . . . . . . . 165
|A.2Systematic errors and 1-g uncertainties on the astrometric results| . . . . . . . . 167
IB.1__Svstematic errors and 1-g uncertainties on the separation and P.A for ACY . . 171




Introduction



Introduction




Very Low Mass stars and Brown
Dwarfs

1 Definitions

Brown dwarfs are compact self-gravitating, self-luminous gaseous objects which are not suffi-
ciently massive to ignite a in thermonuclear hydrogen fusion reactions in their core and cannot
therefore be considered a star. The I.A.U defines brown dwarfs as “substellar objects with true
masses above the limiting mass for thermonuclear fusion of deuterium and below the limiting
mass for thermonuclear fusion of hydrogen, no matter how they formed nor where they are lo-
cated’. Recent calculations place the deuterium burning limit around ~0.013 My, and the
hydrogen burning limit around ~0.075 M), both for solar metallicities. Although this defi-
nition of brown dwarfs is still a matter of intense debates (especially regarding the boundary
between giants planets and brown dwarfs), most astronomers agree to use it, until a better one
is proposed. Figure [l shows that brown dwarfs are among the faintest objects.

2 History: hunting brown dwarfs

Although their existence was suspected since the early sixties (IKumai [1963), brown dwarfs
have been identified for the first time in 1995, when [Nakajima et all (1995) observed the first
unambiguous substellar object: Gl 229B. With increasing efficiency of infrared detectors and
larger telescopes, the main problem to find brown dwarfs is not anymore to be sensitive enough,
but to differentiate them from very low mass stars. The so-called “lithium test”, proposed by
Rebolo et all (19954), allowed astronomers to confirm unambiguously the nature of most of
the before discovered brown dwarfs (see e.g [Rebolo et all 1995h, [1996; [Zapatero Osorio et al.
1997; Stanffer et all[1998). The lithium test takes advantage of the fact that objects below the
hydrogen burning limit retain their initial lithium abundances forever, while the destruction of
lithium via the nuclear reaction Li”(p, a)He* consumes the whole lithium of very low mass stars
in only ~50 Myr. The presence of lithium absorption lines in the spectrum of a candidate brown
dwarf therefore allows to conclude unambiguously on its substellar nature. The non detection is
nevertheless inconclusive, because this reaction also takes place in the core of the most massive
brown dwarfs at the beginning of their lives. Brown dwarfs with masses between ~0.065 and
~0.080 Mg, are indeed able to fuse lithium into helium during their first ~50 to 250 Myr.
Although substellar, an older and more massive brown dwarf could have fused all its lithium
during its youth and would not show any sign of it in its spectrum. The presence of lithium
therefore gives not only a proof that the object is substellar, but also an indication on its age.
It is thus ideally suited to identify brown dwarfs in star forming regions or young open clusters.
Table [ gives a summary of these properties.
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Figure 1 The position of brown dwarfs in the colour-magnitude diagram. Stars are represented
with blue crosses; L dwarfs as solid magenta points; and T dwarfs as 5-point cyan stars. The
boundaries between some spectral types are also indicated.

Effective strategies nowadays used to detect wltracool dwarfﬂ are proper motion surveys
(e.g Rmiz et _all 11997), wide field CCD surveys in star forming regions and open clusters like
the Pleiades (e.g Stanffer et all 1994; [Zapatero Osorio et all [1997; Bouvier et all [1998), or the
new generation of optical and near-infrared all sky surveys. The Sloan Digital Sky Survey
(York 2000), the DEep Near Infrared Survey (DENIS, [Epchtein et all [1997), and the 2 Micron
All Sky Survey (2MASS, |Cutri et all 2003) have thus identified several hundreds of nearby
free-floating brown dwarfs, and many more candidates are waiting for confirmation. So far,
DENIS has produced a list of ~ 300 nearby very low-mass objects (see e.g [Delfosse et al.
1997, 2003; Martin_et. all [19994), and a similar number has been detected by 2MASS (see e.g

Yor the purpose of this study, and although it is not officially defined by the I.A.U, we will refer to objects
with spectral type later than M7 as “ultracool dwarfs”. This definition therefore includes not only brown dwarfs
but also very low mass stars.

Table 1. The lithium test

Object type  Mass range  Fusion of H  Fusion of D Presence of Li
Stars >0.075 yes yes no

Brown dwarfs  0.065-0.075 briefly briefly yes, but age dependent
Brown dwarfs 0.013-0.065 no briefly yes
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Kirkpatrick et all 1997, (1999, 2001; Kirkpatrick 2003; Burgasser et all [1999; |Gizis et all 2000).
This nearby sample is ideal for resolving ultracool and brown dwarfs binaries, and is large enough
for statistical studies.

3 State of the art at the beginning of my thesis

3.1 Models of formation

The formation and evolution of brown dwarfs and very low mass stars is still poorly understood,
and is one of the current fields of intense research. The currently most accepted scenarios of
formation and evolution can be split in two categories: the “star-like” scenarios, and the “planet-
like” scenarios.

Star-like formation

The Star-like formation scenario assumes that brown dwarfs form just like stars due to fragmen-
tation and collapse of molecular cloud cores. The contraction could then result in a brown dwarf
if: 1) the mass of the initial cloud is to small to form a star (we will refer to this scenario as
the scaled “Jeans” model); or 2) if the accretion is stopped at an early stage because of external
processes, preventing the object to accrete enough mass to start the fusion of hydrogen in its
core. Two external processes are currently admitted as possible explanations for the formation
of brown dwarfs and very low mass stars:

- the ejection of the lowest mass objects from forming multiple systems before they can
reach the critical hydrogen-burning mass limit (“embryo-ejection” model),

- the loss of the accretion envelope due to photo-evaporation through a nearby massive
star before the central object can reach the critical hydrogen-burning mass limit(“photo-
evaporation” model).

In the coming paragraphs we will give a short review of these three possible scenarios of
formation, starting with the Jeans model.

Stellar models and the Jeans theory had suggested that a true star must have a mass greater
than 0.08 M to be able to sustain fusion of hydrogen in its core. In the early sixties [Kumar
(1963) showed that under specific conditions smaller dense molecular clouds would also be able
to contract and form substellar objects. It took 32 years until astronomers discovered such
an object, after considerable observational efforts (Nakajima.et all[1995). Supporting Kumar’s
theory and the Jeans model, recent results of high angular resolution observations of molecular
clouds have showed that the clouds can have a clumpy small substructure (|Alves et all2001), in
which brown dwarfs and very low mass stars could later form. Figure Bl shows the visible (left)
and near-infrared (right) images of the molecular cloud Barnard 68. The dust is completely
opaque to the visible light of the background stars while the infrared light can pass through it.
Using these images, |Alves et all (2001) were able to draw detailed extinction and cloud density
maps, showing the small-scale substructures in which brown dwarfs are expected to be able to
form. Finally, the recent discovery that a large fraction (up to 50%) of brown dwarfs in star
forming regions have disks (see e.g lJayawardhana_et. all[20034; [Liu_et. all2003) is also supporting
the idea that brown dwarfs can form like stars from the collapse of cloud clumps followed by
accretion.

The embryo-ejection model was first suggested by IReipurth & Clarke (2001). This scenario
is motivated by the fact that many stars are known to form in clusters of two, three or even
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Figure 2 Visible and near-IR images of Barnard 68 (Alves et all 2001).

more stars. Brown dwarfs start out as the runts among these newborn stars, suffering from the
competition for accretion, and therefore growing slower. Due to gravitational interactions with
the “fratricidal” neighbouring stars, the smallest stellar embryos are ultimately ejected out of
the central feeding ground, preventing them to develop into large, hydrogen-burning grown-ups.
The calculations performed by Reipurth & Clarkd (2001) show indeed that the gravitational
interactions between stellar embryos almost always end up with the lightest member being
violently flung out of the little group. More recent and detailed numerical simulations of star
formation performed by Bate et all dZD_O_ﬂ) confirm these results. Figure Bl gives an overview of
the results of these extremely heavy and impressive calculationsﬁ, showing different stages in the
collapse and fragmentation of an initial molecular clouds into a small cluster of ~50 stars and
brown dwarfs. These simulations show that, while forming, stars are so close that they interact
with each other. The accretion of gas is always in favour of the more massive object, while the
least massive are not able to grow fast enough to start the fusion of hydrogen in their core before
they get ejected.

The photo-evaporation scenario is motivated by the observations in star forming regions of
protoplanetary disks perturbed by the influence of neighbouring massive stars. Figure Hl shows
the centre of the Orion Nebula where many so-called “proplyds” (star embryos with protoplane-
tary disks surrounded by ionization fronts) are visible. The intense ultra-violet radiation and
subatomic particle wind from nearby hot stars blow back the material from the disk’s surface,
producing the characteristic elongated comet-like tail. One can imagine forming very low mass
stars and brown dwarfs in a similar way, when such a disk is “evaporated” before the object can
accrete enough material.

Planet-like formation

The currently prevailing theory of planet formation says that planets form when dust particles
in a disk of material surrounding a young star begin to clump. Under the influence of the
gravitational interactions, these clumps accumulate into larger rocky cores called planetesimals.
If the planetesimal accumulates enough material to reach the critical mass (at 10~15 M),

2the simulations of Bate et all M) required about 100 000 CPU hours on a 128-processor supercomputer
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Figure 3 Star formation numerical simulations of Bate et all (2003). This simulation followed
the collapse of an interstellar gas cloud which was over one light year across and 50 times the
mass of the Sun, eventually resulting in the formation of a cluster of 50 stars and brown dwarfs.
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Figure 4 Left image: HST image of the Trapezium in the Orion Nebula. Many proplyds appear
in the field, all oriented toward one of the bright central star (as indicated by the dotted lines),
showing that the radiative pressure and the stellar wind from the hot star push the dust and
gas away from the outside layers of the proplyds. (Credit: C.R. O’Dell and S.K. Wong (Rice
University); NASA)

Right images: Zoom on individual proplyds. (Credit: C.R. O’Dell/Rice University; NASA)
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it will start to attract gas and form a gaseous giant like Jupiter, until it eventually becomes
massive enough (~13 My, ) to fuse deuterium and form a brown dwarf. This process, called
core accretion, is thought to occur in between one million to eight million years.

Figure 5 Snapshots of the numerical simulations of Mawal] (|2110_ﬂ) showing a 200 000 parti-
cles disk of material around a young star. The disk is evolved until it starts to form spiral waves
of density, which generate the tidal instabilities causing the fragmentation and speeding up the
formation of planetary cores.

Another theory recently developed by Boss M) holds that tidally-induced instabilities
- caused by waves that naturally emerge in the dust disk - speed up the nucleation process
greatly, producing planetary objects in only a few thousand years. Studies of infinitesimal
thin, self-gravitating disks have indeed shown that, under certain conditions, the disk becomes
unstable and starts to develop long-wavelength, spiral shaped instabilities ([Ea.pa.lmzml_&_[d.d
11989; [Shu_et. all [1990). In his numerical simulations, Bosd M) was able to form clumps of
material that began to spin and condense, but did not have enough computing power to follow the
process until the creation of a stable planet. Mayer et all (2002) recently refined and extended
his study and were able to follow the formation of individual planets in the arms of the disk over
a longer time-scale, showing that the clumps that form can persist long enough to become stable
giant planets. Figure Bl shows the results of their simulation at different stages. The 200 000
particles disk starts to form spiral waves of density, which generate the tidal instabilities causing
the fragmentation and speeding up the formation of planetary cores. Some of these cores might
then form brown dwarfs before or after they eventually get ejected from the multiple system.

3.2 Models of evolution & physical properties

After their deuterium is exhausted, brown dwarfs continue to glow in red and infrared light,
caused by their gravitational contraction and from the leftover heat generated by their formation
and by the earlier deuterium and lithium fusion. The temperatures of known brown dwarfs range
from about 2800 to 800 K. All brown dwarfs cool steadily over time; more massive objects cooling

9
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more slowly than the less massive ones (see Fig. Bl). For brown dwarf cooler than T.sr ~1500 K,
lithium starts to form molecules and it becomes more difficult to detect lithium absorption
features in the spectra ([B.Lm”_oms_&_s.h.ald |]_9_9_£j) On the other hand, the temperature is so low
that it allows the formation of CHy, a molecule that luckily shows strong absorption features
in the near-infrared (see Fig. [). It becomes therefore possible to identify these brown dwarfs
via the detection of methane in their spectra. These “cool” brown dwarfs are called “methane
dwarfs”, and form a new spectral class: the T dwarfs.

With spectral properties intermediate between those of giant planets and late-type stars,
ultracool dwarfs have opened a new chapter in the study of atmospheric physics and chemistry.
While theoretical models on the interplay of chemical and physical processes governing brown
dwarf atmospheres have now reached a high level of sophistication, the observational side has
fallen behind. In particular, precise calibrations of the basic physical properties of brown dwarfs,
like mass, age, radius, luminosity, or surface gravity are still missing. Unfortunately, the de-
generacy in the age-temperature relation for brown dwarfs makes it difficult to pin down their
physical properties. Luminosities and effective temperatures of brown dwarfs are indeed func-
tion of both age and mass (IBlmazs_Qt_a.lJ 11991; [Chabrier et all |2110ﬂ) so that an older, slightly
more massive brown dwarf can exhibit the same effective temperature as a younger, less massive
one (see Fig. [l). Developments on both the observational and theoretical fronts are essential
to obtain meaningful and important estimates of the physical properties of the very low mass
stars.

Evolution of luminosity with time for different masses

Evolution of stars
Evolution of brown dwarfs
Evolution of plonets

uuuuuuu

-10

log,q age(yr)

Figure 6 T.sy vs. Age for stars and brown dwarfs from the models of Burrows et all (1997)

3.3 Models of atmospheres
As stated by [Allard & Hanschildf dl&&d), the energy distribution of brown dwarfs is very pe-

culiar. The molecular opacities, which globally define the continuum, cause the spectral energy
distribution to peak around 1.1 pgm for solar metallicities, almost independently of the effective
temperature. While the initial atmospheric models were successful in reproducing the strong
HsO and H, absorption bands that depress the infrared flux in favor of near-infrared band-

10
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Figure 7 Spectral Sequence from M6 to T8 in the optical (left panel) and in the near infrared
(right panel). Some molecular bands and atomic lines are indicated. The CH,4 absorption at
22000 A is characteristic for T-dwarfs. Data from [Leggett et all (2001).

passes, they at the same time failed to accurately reproduce the photometric properties for
objects cooler than M6. All models predicted colours (V—K, I-K, J—K) to be bluer by as much
as 1 mag than actually observed.

This discrepancy between observations and theory led to the suggestion that dust formation,
in particular the condensation of corundum (Al»O3), is taking place in brown dwarf atmospheres
(Tsujiet all 1996). The new AMES-Dusty 1999 models of |Allard et all (2000) which employ
the NASA AMES water lines list and a more detailed treatment of dust, appear to be more
successful than previous models. In the extreme case of no dust settling, heating effects due to
dust opacities hinder the formation of methane and ease the dissociation of H2O. Surface gravity
(and the depth/height of the convection zone) determines the efficiency of dust settling, and also
affects the strength of hybrid bands (CaH at 624 and 639 nm). Surface gravity also influence
the strength of atomic “gravity sensitive” lines (Tir1 at 735.8 nm, Calrl at 854.2 nm, Nal doublet
at 818.3 and 819.5 nm, and Ha).

Figures [ shows two spectral sequences, in the optical for the M to L transition, and in the
near infrared for the L to T transition.

3.4 Multiple systems among very low mass stars and brown dwarfs

While systematic surveys of the physical properties of ultracool dwarfs were just starting, we
already had indications that binaries are not rare. PPL 15, the first brown dwarf in the
Pleiades with confirmed lithium (Basri et all [1996), turned out to be a spectroscopic binary
(Basri_& Martin [1999). Several direct imaging surveys in the field or in open clusters using the

11
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high spatial resolution provided by both HST and/or adaptive optics led to the discovery of a
dozen of visual binaries (IMa.r_tm_&t_a.th.ﬂﬂ, |l99.95, |2011Qd; Koerner ef. all |l9.9.9; Reid et all |20.0.]])
This sample of binaries was nevertheless too small for a systematic study of their properties,
such as the binary frequency, the distribution of separations or of mass ratio. Using HST and
adaptive optics, my main goal at the beginning of my thesis was to identify more binaries, in
order to increase the sample, and start to derive statistical and physical properties.

12



Open questions and goals of my
thesis work

1 How do ultracool dwarfs form ? Binaries as testimonies

To this key question brown dwarf binaries are an important piece of the puzzle. Where do free-
floating brown dwarfs originate? Are they ejected stellar embryos (Reipurth & Clarke 2001
Bate et _all 2002; Delgado-Donate et all2003), or do they form more isolated like ordinary stars
due to fragmentation of collapsing molecular cloud clumps (Bodenheimer [1998, 1999)7

These different scenarii, reviewed in the previous chapter, lead to different outcomes in the
properties of the brown dwarf population, and in particular in the properties of multiple systems.
In the first case, the dynamical interaction leading to ejections would disrupt most primordial
binaries, and most brown dwarfs ought to be single objects. In the second scenario, the binary
frequency among brown dwarfs can be expected to be similar to that of stars (~30% for the
early M-dwarfs). In the embryo-ejection scenario, the few remaining multiple systems should
have small separations, because of the gravitational interactions responsible for their ejection,
while in the star-like scenario, one can reasonably expect that the distributions of separations of
star and brown dwarf binaries should be similar. These properties hold important clues on the
origin of (binary) ultracool dwarfs. Hence, measuring and comparing the occurrence of binary
systems in substellar populations hold clues to their formation and evolution mechanisms. One
can then ask how the binary properties of brown dwarfs, such as their frequency, distribution
of separations, distribution of mass-ratios (is there a lower mass limit for companions to brown
dwarfs and very low mass stars?), or the relation between orbital period and eccentricity, compare
to the properties of stellar binaries. What role does duplicity play in stellar and substellar
evolution? How does multiplicity change with time? How does it depend on the environment
(is it different in star forming regions, open or globular clusters, than in the field)? How does
multiplicity depend on the spectral classification (see Figure [M)?7 An agreement of ultracool
dwarf and stellar binary properties would suggest the same formation mechanism for both types
of objects.

2 Binaries as scales

The mass is the fundamental quantity which determines an astrophysical object’s luminosity,
size, lifetime, heavy element generation, and ultimate fate, so that one of the ultimate goals of
a theory of very low mass and substellar objects is an accurate determination of the mass of an
object based on spectroscopic characteristics and luminosity. Brown dwarf binaries provide a
very valuable opportunity to measure substellar dynamical masses. The first such measurement
has been reported by [Lane et all (2001) for the brown dwarf binary Gliese 569B, discovered

13
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Figure 1 How does multiplicity depend on the spectral class 7

by Martin et all (2000h). Dynamical masses for brown dwarfs of different ages are very much
needed, as the mass estimates currently depend on untested theoretical evolutionary tracks,
model atmospheres, and assumptions on the internal structure of brown dwarfs. In particular
and as mentioned in Section of the previous chapter, a brown dwarf with a given age and
mass might have colours and luminosity very similar to that of a younger brown dwarf with
a lower mass. This degeneracy in the mass-luminosity relation for substellar objects makes it
very hard to pin down the physical properties of brown dwarfs, and to achieve the interplay
between observation and theory which is necessary in order to improve, adapt, fine-tune models,
and to guide the interpretation of the observations. A search for binary brown dwarfs, and a
detailed study of their properties directly addresses these questions. Dynamical masses, which
are model-independent, are therefore highly required.

3 Models of atmospheres of ultracool dwarfs

As mentioned above, theoretical models and evolutionary tracks have not been calibrated yet by
observation, and the characteristics of an ultracool dwarf of a given age and mass are very much
model dependent. By measuring dynamical masses independently from any model, we should be
able to calibrate them and therefore be able to understand the physical properties of this class
of objects (inner structure, dust formation, settling and depletion of refractory elements, and on
the underlying opacities). Such a study will provide a more accurate picture of the differential
evolution at the substellar transition for objects with the same age, but differing masses.

14
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4 Goals and strategy of the thesis project

4.1 Statistical properties of multiple systems

The first part of this thesis focuses on the statistical properties of binaries in two different
environments and ages: 1) in the field, and 2) in the Pleiades Open Cluster. Using high angular
resolution instruments, the goal was to resolve visual multiple systems in order to derive the
main statistical properties of visual binaries: the binary fraction, the distribution of separation,
and the distribution of mass ratio. We aimed at looking in two different environments in order
to see if these properties depends on: 1) the environment (presence or absence of neighbours)
2) the age (well known and relatively young in the Pleiades, unknown but usually older in the
field). A complete study would have included observations in an even younger environment, such
as a star forming region. The lack of time and of data did not allow me to perform a detailed
study in a star forming region, but we could nevertheless study in details one interesting and
peculiar binary brown dwarf in the R-CrA star forming region.

Advantages and disadvantages of field very low mass stars and brown dwarfs

Nearby free-floating brown dwarfs do not form a coeval sample, but they are close enough
to measure their distance (angular parallax) precisely, and — by using high angular resolution
instruments — it is possible to detect and resolve binary brown dwarfs with separations down to
0.4 A.U. (0706 at 7 pc). The corresponding orbital periods can be as short as a couple of years,
and are therefore ideal for follow-up observations in order to determine the total dynamical
mass. On the other hand, since their ages cannot be easily and independently constrained, they
are not ideally suited for the calibration of evolutionary models.

Advantages and disadvantages of Pleiades very low mass stars and brown dwarfs

The Pleiades, the first cluster in which a significant population of (coeval) brown dwarfs was
identified, is at a distance of 135 pc. This makes it hard to detect and resolve visual binary
brown dwarfs with separations less than ~6.5 A.U (0”705 at 135 pc). Orbital periods of resolved
brown dwarf binaries in the Pleiades will be excessively long (> several 100 yrs), making it
impractical to compute their orbits and to derive dynamical masses. But with the age and the
distance of the Pleiades cluster being well known, the masses and effective temperatures of the
member objects can directly be obtained using the most recent evolutionary models.

4.2 Physical properties of binary brown dwarfs

After we had discovered enough multiple systems, it was time to study their individual properties,
and see how the physical properties of very low mass stars and brown dwarfs depend on the age
or the mass.

Physical properties of the individual components

Binaries offer a great advantage for the study of the physical properties: even if the age is not
well constrained, both components of each binary are expected to be coeval, removing part of
the above mentioned degeneracy in the mass-luminosity (age-temperature) relation. In one shot,
one can thus see how the properties of very low mass stars and brown dwarfs depend on the mass
at a given age. We thus aimed at studying the physical properties of the individual component

15
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of several multiple systems. In order to do so we decided to take advantage of the very high
angular resolution of HST to obtain spatially resolved optical spectra of four multiple systems.

Determination of the dynamical mass

In our sample we had the chance to find a short period binary. This object represented a unique
chance to follow up the companion in its orbit and to determine, for the first time, the total mass
of the system. The object is a pair of field L dwarfs. The spectroscopic orbit could unfortunately
not be measured, because the rotational velocity of the components is too fast and covers the
Doppler shifts of spectral lines. We could estimate the individual masses only using theoretical
evolutionary tracks. Although this particular object will not allow us to constrain the models
yet, it gives promising results for the near future.

Duplicity is not enough

Although many questions remain unanswered regarding the properties of binaries among very
low mass objects, one can wonder if this class of objects is also able to form triple, quadruple,
etc... systems stable enough that we can observe them. Although the frequency of higher orders
multiple systems (n > 2) and the probability to observe one must be very low, our high angular
resolution observations with HST led us to the discovery of a very good triple system candidate
consisting of brown dwarfs. If confirmed by higher angular resolution observations, this would
be the first triple system of brown dwarfs reported to date, opening a new field for investigations,
and giving new constraints on the models of formation and evolution.

16
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Chapter 1

Ultracool dwarfs in the field

In order to look for multiple systems and measure their statistical properties, we performed a
search for visual binaries among a sample of ultraccol dwarfs using the high angular resolution
provided by HST and its WFPC2 Planetary Camera.

1.1 Observations

1.1.1 Sample

The initial sample consists primarily of 34 objects detected by the near-infrared sky surveys
DENIS, 2MASS and SDSS. They have been selected by analysing their positions in a colour-
magnitude diagram, looking for the reddest objects.

In order to increase the sample of objects and the quality of the statistical study, the total
sample presented in this work put together data from program (GO8720, P.I. Brandner) with
public data from the HST archive, coming from programs GO8146 (P.I. Reid), including 21
objects (Reid et all 2001), and program GO8581 (P.I. Reid) (Gizis et all 2003), including 84
objects. The total sample thus had 134 objects.

The complete list of targets of the program is shown in Table [LTl Eleven of these objects
were already previously identified as binary brown dwarfs.
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Table 1.1. List of Targets
Name R.A2 Dec @ SpT I J H K Obs. Date Dist.°
GO8720
DENIS-PJ020529.0-115925 * 02 05 29.0 -11 59 25 L7 18.30 14.43 13.61 13.00 2000-10-28 19.8 °
DENIS-PJ024351.0-543219 02 43 51.0 -54 32 19 M9 17.60 14.13 12.93 2001-07-02 34.4
DENIS-P030149-590302 03 01 49.0 -59 03 02 ~LOP 16.84 13.71 12.56  2001-03-14  31.3
DENIS-PJ031433.1-462339 03 14 33.1 -46 23 39 ~LOP 1799 14.88 13.71  2001-06-12  54.7
DENIS-P035726.9-441730 ** 03 57 26.9 -44 17 30 ~L3P 18.07 14.58 12.91  2001-04-07 22.2
DENIS-PJ042655.9-573551 04 26 55.9 -57 35 51 ~L1P 1845 15.28 2001-03-03  62.3
DENIS-P044111.34-010554 04 41 11.3 +01 05 54 ~L0P 19.38 16.27 2001-01-14 103.7
DENIS-PJ090957.1-065806 09 09 57.1 -06 58 06 LO 17.21 13.9 13.09 12,55  2000-10-29  26.4
DENIS-P100428.3-114648 ** 10 04 28.3 -11 46 48 ~LOP 180 14.9 13.67  2000-10-27  46.8
DENIS-P101621.9-271428 10 16 21.9 -27 14 28 ~L2P 1845 15.10 2000-10-22  47.1
DENIS-P104731.1-181558 10 47 31.1 -18 15 58 L2.5 17.75  14.24 12.88  2001-07-27  20.9
DENIS-P104814.7-395606 10 48 14.7 -39 56 06 ~LOP 1267 9.59 8.58 2001-04-07 4.9
2MASSWJ1145572+4-231730 11 45 57.2 +23 17 30 L1.5 18.62 15.37 14.52 13.92 2001-04-04 41.1
DENIS-PJ115442.2-340039 11 54 42.2 -34 00 39 ~L4P 1790 14.26 12.64 2001-04-07 20.9
DENIS-P121612.1-125731 12 16 12.1 -12 57 31 ~L1P 1830 15.11 2001-03-04 56.5
DENIS-PJ122813.8-154711 * 12 28 15.2 -15 47 34 L5 18.19 14.43 12.73 2001-03-04 20.2 ¢
DENIS-PJ122821.6-241541 12 28 21.6 -24 15 41 ~L5P 18.00 14.28 13.4 12.71  2001-02-27  20.2
DENIS-PJ131500.9-251302 13 15 00.9 -25 13 02 ~M9 P 1821 15.16 2001-03-29  65.3
2MASSW1342236+175156 13 42 23.6 +17 51 56 L2.5 19.81 16.06 15.12 14.59  2000-11-23  48.2
2MASSI1J1346464-003150 13 46 46.4 -00 31 50 T 20.0 15.86 16.05 15.74 2001-03-15 15.5
DENIS-PJ141217.1-043358 1412 17.1 -04 33 58 ~L5P 1878 15.05 13.61  2001-03-27  25.7
2MASSWJ1439409+182637 14 39 40.9 +18 26 37 L1 19.87 16.21 1547 14.53  2001-03-26  65.4
SDSS144001.84-002145.8 14 40 01.8  +00 21 45.8 L1 18.8 15.9 15.1 14.6 2001-01-28  101.1
DENIS-PJ144137.3-094559 * 14 41 37.3 -09 45 59 L1 17.32 14.25 12.37  2001-01-16  29.2
DENIS-PJ161928.3+005012 16 19 28.3 +00 50 12 ~L2P 1779 14.40 13.01  2001-06-02 324
DENIS-PJ191903.9-413433 19 19 03.9 -41 34 33 ~L3P 194 15.9 2000-08-03  55.6
DENIS-PJ202333.6-181500 20 23 33.6 -18 15 00 ~L3 P 1850 15.0 2001-03-24  36.7
DENIS-PJ221538.2-080912 22 15 38.2 -08 09 12 ~L1P 17.86 14.56 13.26  2001-06-28  39.0
DENIS-PJ232931.7-540858 23 29 31.7 -54 08 58 M8 P 1818 15.15 13.53  2001-07-03  64.3
GO8146

2MASSW003616+182110 00 36 16.0 +18 21 10 L3.5 16.0 12.44 11.58 11.03  2000-02-15 08.7 *®
2MASSW07082134-295035 07 08 21.3 +29 50 35 L5 20.2 16.75 15.54 14.69  2000-03-23  44.8
2MASSW0740096+321203 07 40 09.6 +32 12 03 L4.5 19.6 16.2 14.8 14.2 2000-03-27  37.6
2MASSWO0746425+4-200032 * 07 46 42.5 +20 00 32 L0.5 15.1 11.7 11.0 10.5 2000-04-15 12.3 °
2MASSW0820299+450031 08 20 29.9 +45 00 31 L5 20.0 16.3 15.0 14.2 2000-04-24  36.4
2MASSWO0825196+211552 08 25 19.6 +21 15 52 L7.5 18.9 15.1 13.8 13.0 2000-03-25 10.7 ¢
2MASSWO0850359+4-105715 * 08 50 35.9 +10 57 15 L6 16.5 15.2 14.5 2000-02-01  41.0 *
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Table 1.1—Continued

Name R.A 2 Dec # SpT I J H K Obs. Date Dist.©
2MASSW0913032+4184150 09 13 03.2 +18 41 50 L3 19.4 15.9 14.8 14.2 2000-04-05 414
2MASSW0920122+4-351742 * 09 20 12.2 +35 17 42 L6.5 194 15.6 14.7 13.9  2000-02-09  20.1
2MASSW0928397-160312 09 28 39.7 -16 03 12 L2 18.8 15.3 14.3 13.6 2000-04-28  36.8
2MASSW1029216+162652 10 29 21.6 +16 26 52 L2.5 14.3 13.3 12.6 2000-03-06  21.4
2MASSW1123556+4-412228 11 23 55.6 +41 22 28 L2.5 19.6 16.1 15.1 14.3 2000-04-19  21.7 ®
2MASSW1146344+223052 * 11 46 34.4 +22 30 52 L3 14.2 13.2 12.6 2000-04-28 27.2 °
2MASSW1155008+-230705 11 55 00.8 +23 07 05 L4 19.5 15.8 14.7 14.1 2000-03-18  33.8
2MASSW132855+-211449 13 28 55.0 +21 14 49 L5 19.8 16.1 16.0 14.3 2000-04-23  32.2 °
2MASSW1338261+414034 13 38 26.1 +41 40 34 L25 17.6 14.2 13.3 12.8 2000-04-25  20.5
2MASSW1343167+4394508 13 43 16.7 +39 45 08 L5 19.8 16.2 14.9 14.1 2000-04-21  34.7
2MASSW1439284+4-192915 14 39 28.4 +19 29 15 L1 16.1 12.8 12.0 11.6 2000-03-22 144 °
2MASSW1507476-162738 15 07 47.6 -16 27 38 L5 17.0 12.8 11.9 11.3 2000-02-24 07.3 °
2MASSW1632291+4190440 16 32 29.1 +19 04 40 L8 19.7 15.9 14.6 14.0 2000-04-20 15.2 ¢
2MASSW1726000+153819 17 26 00.0 +15 38 19 L2 19.4 15.7 14.5 13.6 2000-03-24  44.2

GO8581

2MASSWO0010036+343609 00 10 03.6 +34 36 09 M8 18.5 15.6 15.1 14.4  2001-01-20 79.1
SDSS00191174-0030179 0019 11.7 400 30 17.9 L1 18.4 14.9 14.2 13.6 2001-07-09  35.8
2MASSW0028394+150141 00 28 39.4 +15 01 41 L4.5 20.0 16.5 15.3 14.6 2001-01-14  43.2
2MASSWO0030300-145033 00 30 30.0 -14 50 33 L7 18.6 16.8 15.4 14.4  2001-01-13 33.5
2MASSW0033239-152131 0033239 -1521 30.9 18.3 2001-05-13
2MASSW0208183+-254253 02 08 18.3 +25 42 53 L1 17.7 14.0 13.1 12.6 2000-08-26  23.6
2MASSW0224366+-253704 02 24 36.6 +25 37 04 L2 19.7 16.6 15.4 147 2001-01-09  66.9
2MASSW0326422-210205 03 26 42.2 -21 02 05 L3.5» 19.9 16.11  14.77 13.88  2000-12-30 32.2 °
2MASSW0328426+-230205 03 28 42.6 +23 02 05 L8 20.3 16.7 15.6 14.8 2001-02-28  27.3
SDSS0330351-002534 03 30 35.1 -00 25 34 L2 19.0 15.29 1442 13.83  2001-06-30  36.6
2MASSWO0335020+4-234235 03 35 02.0 +23 42 35 ~L2> 157 12.26 11.65 11.26 2001-07-21  11.3
2MASSW0337036-175807 03 37 03.6 -17 58 07 L4.5 194 15.6 14.4 13.6 2000-12-25  28.5
SDSS0344089+011125 0344 08.9 +01 11 25.0 18.2 2001-07-12
2MASSW0345432+4-254023 03 45 43.2 +25 40 23 Lo 17.7 14.0 13.2 12,7 2001-03-27 269 *
2MASSW0350573+181806 03 50 57.3 +18 18 06 ~L2P  16.4 13.0 12.2 11.8 2001-02-26  16.8
2MASSW0355419+-225701 03 55 41.9 +22 57 01 L3 19.6 16.1 15.0 14.2 2000-08-25  45.4
SDSS0539519-005901 05 39 51.9 -00 59 01 L5 18.0 14.02 13.09 12,51  2000-11-27  12.7
2MASSWO07533214-291711 07 53 32.1 +29 17 11 L2 19.0 15.5 14.5 13.8 2000-09-08  40.3
2MASSW0801405+462850 08 01 40.5 +46 28 50 L6.5 19.7 16.3 15.4 14.5 2001-03-08  28.7
2MASSW08295704265510 08 29 57.0 +26 55 10 L6.5  20.6 17.0 15.8 14.9 2001-04-18  39.7
2MASSW0832045-012835 08 32 04.5 -01 28 35 L15 179 14.1 13.3 12.7  2000-09-23  22.9
2MASSWO0856479+-223518** 08 56 47.9 +22 35 18 L3 19.2  15.65 14.58 13.92  2001-04-24  34.7
2MASSW0914188+-223813 09 14 18.8 +22 38 13 ~L1» 186 15.30 14.40 13.90 2001-04-07 54.8
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Table 1.1—Continued

Name R.A2 Dec # SpT I J H K Obs. Date Dist.¢©
2MASSW09510544-355802 09 51 05.4 +35 58 02 L6 20.7 171 15.8 15.1 2001-01-26  44.9
2MASSW1017075+4130839** 10 17 07.5 +13 08 39 L3 17.8 141 13.2 12.7  2001-04-16 214
SDSS10432514+000148 10 43 25.1 400 01 48 L3 19.3 1595 15.17 14.53  2001-05-02  42.4
2MASSW1102337-235945 11 02 33.7 -23 59 45 L4.5 204 17.0 15.6 14.8 2001-05-10  54.3
2MASSW11040124-195921 11 04 01.2 +19 59 21 L45 183 144 13.5 13.0 2001-04-26  16.4
2MASSW11083074-683017 11 08 30.7 +68 30 17 L1 172 13.31 122 11.92  2000-10-02 17.2
2MASSW1112256+4-354813** 11 12 25.6 +35 48 13 L45 185 14.6 13.5 12.7  2001-02-14 21.7 ®
2MASSW11275344-741107** 11 27 53.4 +74 11 07 ~L2° 16.5 13.1 12.4 12.0 2001-05-05 14.6
2MASSW12391944-202952 12 39 19.4 420 29 52.0 17.8 2001-05-13
2MASSW1239272+4-551537** 12 39 27.2 +55 15 37 L5 18.6  14.7 13.5 12.7  2001-03-18 21.3
2MASSW1311391+4-803222** 13 11 39.1 +80 32 22 ~L2P 162 12.8 12.1 117 2000-07-30  13.7
2MASSW14032234-300754 14 03 22.3 +30 07 54 M85 16.3 12.7 12.0 11.6 2001-06-14  19.2
2MASSW1411175+4-393636 14 11 17.5 +39 36 36 L1.5 182 147 13.8 13.3 2000-09-19  30.2
2MASSW1412244+163312 14 12 24.4 +16 33 12 L0.5 176 13.89 13.06 12.59  2000-09-02  24.3
2MASSW1426316+4155701* 14 26 31.6 415 57 01.3 M9 16.5 12.87 12.18 11.71 2001-07-19  26.7
2MASSW14304354-291540** 14 30 43.5 +29 15 40 L2 18.0 14.3 13.4 12.7 2001-04-19 294
2MASSW1434264+194050 14 34 26.4 419 40 50.0 18.5 2001-05-11
SDSS1435172-0046129 143517.2  -00 46 12.9 Lo 19.7  16.5 15.6 15.3 2001-07-23  87.5
SDSS1435357-004347 14 35 35.7 -00 43 47 L3 19.2 165 15.7 15.0 2001-05-11  54.6
2MASSW1438549-130910 14 38 54.9 -13 09 10 L3 19.1 155 14.5 13.9 2001-03-12  34.5
2MASSW1438082+-640836 14 38 08.2 +64 08 36 ~L6Y 16.8 1292 12.03 11.57 2001-03-10 7.2
2MASSW1449378+-235537** 14 49 37.8 +23 55 37 Lo 189 15.6 15.0 14.5  2000-12-21  63.7
2MASSW1457396+4451716 14 57 39.6 +45 17 16 ~L3b 167  13.1 12.4 11.9 2000-10-31  13.1
2MASSW1506544+132106 15 06 54.4 +13 21 06 L3 174 134 12.4 117 2001-05-09 13.1
SDSS151547.2-0030597 1515 47.2  -00 30 59.7 17.5 2001-05-06
2MASSW1526140+4-204341 15 26 14.0 +20 43 41 L7 19.1  15.6 14.5 13.9 2001-05-09  19.2
SDSS154831.7+0029415 15 48 31.7  -00 29 41.5 18.5 2001-05-30
2MASSW1550382+4-3041037 15 50 38.2  +30 41 03.7 16.3 2001-05-10
2MASSW1551066+-645704 15 51 06.6 464 57 04 ~L3b 165 129 12.1 11.7  2000-09-17  12.0
2MASSW1600054+170832** 16 00 05.4 +17 08 32 L15 193 16.1 15.1 14.7  2001-01-14  60.6
2MASSW1627279+4-810507 16 27 27.9 +81 05 07 ~L5” 16.8 13.0 12.3 11.9 2001-03-15  19.0
2MASSW16351914-422305 16 35 19.1 +42 23 05 ~L3b 165 129 12.2 11.8 2001-05-12  12.0
SDSS1653297+6231365 16 53 29.7  +62 31 36.5 L3 18.1  15.1 14.4 13.9 2001-05-04  28.7
2MASSW1656188+-283506 16 56 18.8 +28 35 06 L4.5 203 17.1 15.9 15.0 2001-04-25  56.9
2MASSW1707333+4-430130 17 07 33.3 +43 01 30 Lo 176  14.0 13.2 127 2001-05-13  27.7
2MASSW1707183+4-6439334 17 07 18.3  +64 39 33.4 16.3 2001-05-13
2MASSW1710254+4-210715 17 10 25.4 +21 07 15 ~M8P 18.6 15.87 15.02 14.46  2001-03-19  106.7
2MASSW17114574-223204 17 11 45.7 +22 32 04 L6.5 204 17.1 15.8 147 2001-03-20 41.6
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1.2. Data analysis

1.1.2 Observationnal strategy and techniques

The observations occurred between February 2000 and August 2001 during HST Cycles 8 and
9. They have been carried out in snapshot mode. Each object was observed with the Planetary
Camera of HST/WFPC2, in the F675W (600 s) and F814W (300 s) for our own program, in
the F606W (100 s) and F814W (3004350 s) filters for program GO8146 (Cycle 8, P.I. Reid,
see Reid et all 2001) and in the F814W (100 s, 200 s or 400 s) and F1042M (500 s) filters for
program GO8581 (Cycle 9, P.I. Reid, see |Gizis et _all 2003). Some objects have been observed
twice : once during our own HST program and the second time during HST program GO9157
(P.I. Martin). Our targets are very red, thus the observations in F814W were sensitive to even
lower mass companions than the observations in F675W, despite the shorter exposure time and
the lower quantum efficiency of WFPC2 at longer wavelengths. For our program (GO8720),
only one exposure was taken in each filter for each object, thus not allowing to reject cosmic
rays automatically. This choice was done to minimise overheads and maximise exposure times.

1.2 Data analysis

1.2.1 Identification of the multiple systems

We processed the data in two steps. We first identified the multiple systems either directly
when resolved or by performing a detailed PSF analysis. Taking advantage of the extremely
stable PSF of HST/WFPC2, we performed a PSF subtraction on each target using 9 different
unresolved objects from programs GO8720 (P.I. Brandner, [Bouy et. all2003) and GO8581 (P.I.
Reid, |Gizis et all 2003), and 1 synthetic PSF obtained with Tiny Tim (Krist & Hook 2003)
as reference PSF stars. Using this technique, we tried to define a criterium that would allow
to determine quantitatively if the secondary is a multiple system or not. We thus performed
a detailed PSF analysis of all the WFPC2 images of programs GO8720, GO8146 (P.I. Reid,
Reid et alli2001) and GO8581. These three samples have the great advantage to be homogeneous
(all used the WFPC2/PC with the F814W filter), and were all dedicated to the search for
multiple systems among very low mass stars and brown dwarfs.

The relative intensity of the residuals, defined as the integrated intensity of the residuals
after PSF subtraction, divided by the integrated intensity of the object as expressed in equation
[C1l, appears to be a powerful criterium to identify binary candidates.

> Fr)
RI="1 (1.1)

> FB (i)
i=1

where: n is the number of pixels, Fr(i) is the flux in pixel i after PSF subtraction, and Fo(7)
is the flux in pixel ¢ before PSF subtraction.

Figure [CTl shows that R.Z is very low and very stable for unresolved objects, while it is
always higher than ~3-0 above the median value in the case of multiple systems. This technique
found easily and automatically all the multiple systems present in these samples (see [Reid et al.
2001; Bouy et all 2003; |Gizis et all 2003), except one (2MASSW J0856479+223518). This lat-
ter multiple system is indeed a good example to illustrate the limitations of this technique.
2MASSW J0856479+223518 is a very close binary (6=0"1) with a relatively large difference of
magnitude (AMag=2.8 mag, see Section [L5A]). The relative intensity of the residuals after PSF
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Table 1.1—Continued

Name R.A 2 Dec & SpT I J H K Obs. Date Dist.©

SDSS1723287+6406233 17 23 28.7  +64 06 23.3 e 19.1 e e e 2001-05-30
2MASSW17281144-394859** 17 28 11.4 439 48 59 L7 19.6 16.0 14.8 13.9 2000-08-12  20.4
2MASSW17433494-212711 17 43 34.9 +21 27 11 L2.5 19.3 1580 14.78 14.29  2001-01-24  42.8
2MASSW1743348+4-584411 17 43 34.8 +58 44 11 Lo.5 17.7 14.02 13.15 12.67 2001-06-15 25.8
2MASSW1841086+-311727 18 41 08.6 +31 17 27 L4 19.6 16.1 15.0 14.2 2001-03-08  38.8
2MASSW2054358+4-151904 20 54 35.8 +15 19 04 L1 19.6 16.5 15.6 14.8 2001-05-03  74.8
2MASSW20571534171515 20 57 15.3 +17 15 15 L15 19.4 16.1 15.2 14.6 2001-05-02  57.5
2MASSW21011544-175658** 21 01 15.4 417 56 58 L7.5 20.1 16.87 15.70 15.04 2001-05-07  23.2
2MASSW21402934-162518* 21 40 29.3 +16 25 18 ~L2°  16.4 12.9 12.3 11.8 2001-05-31  12.9
2MASSW2147436+4143131** 21 47 43.6 +14 31 31 ~L2°> 173 13.8 13.1 12.7 2000-10-09  21.8
2MASSW2158045-155009 21 58 04.5 -15 50 09 L4 18.8 14.9 13.9 13.1 2000-10-30  22.3
2MASSW2206449-421720 22 06 44.9 -42 17 20 L2 19.2 15.6 14.5 13.6 2001-03-22  42.2
2MASSW2206228-204705* 22 06 22.8 -20 47 05 M8 16.0 12.4 11.7 11.3 2000-08-13 22.2 °
2MASSW22081364-292121 22 08 13.6 +29 21 21 L2 19.5 15.82 14.83 14.09 2000-10-12  46.7
2MASSW22341394-235955 22 34 13.9 +23 59 55 M9.5 16.5 13.2 12.4 11.8 2001-01-14  20.7
2MASSW22425314-254257 22 42 53.1 +25 42 57 <M5P 183 14.8 13.8 13.0 2001-04-26
2MASSW2244316+4-204343 22 44 31.6 +20 43 43 L6.5 20.1 16.53 14.97 1397 2001-05-09 11.3 ®
2MASSW2306292-050227 23 06 29.2 -05 02 27 ~L4P 151 11.37 10.72 10.29  2000-08-18 8.6

2MASSW2309462+4154905 23 09 46.2 +15 49 05 .- 18.2 e .- e 2000-10-10
2MASSW2331016-040619* 23 31 01.6 -04 06 19 ~L2P 16.3 12.9 12.3 11.9 2001-05-06  26.2 ®
SDSS2335583-001304** 23 3558.3 -00 13 04.0 e 18.9 e e e 2001-06-29 62

2MASSW23494894-122438 23 49 48.9 +12 24 38 ~14b  16.2 12.6 12.0 11.6 2001-05-13  19.2

* indicates the previously known binaries

** indicates the new multiple systems candidates presented in this work
a J2000
b Spectral Types estimated using the SpT vs. (I-J) relation given in [Dahn_et all (2002)

¢ Distances in pc estimated as explained in the text or by trigonometric parallax (Dahn_et all[2002; [Perryman et all{1997)
when available (these latter cases are indicated with a sign e)
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1.8. Accuracy of the results and limits of the analysis

subtraction of the primary, corresponding roughly to the ratio of the intensity of the secondary
over that of the primary, is therefore of the order of a few percents only (AMag=2.8 mag is
equivalent to a flux ratio of fp/fa ~0.07). The relative intensity of the residuals after PSF
subtraction is therefore a good method to find multiple systems with moderate differences of
magnitude. As a sanity check, all images have been inspected manually to confirm the mutli-
plicity of objects found by this method and to ensure that we did not miss any candidate. The
method proves to be very efficient, since all the candidates found this way have been confirmed
by the visual check. Few objects had residuals just at or just above the limit, but a more careful
visual check of the images and of the residuals shows that they were due either to bad pixels or
to much lower S/N in the image than the S/N of the PSF stars used for subtraction. Although
they cannot be ruled out as possible very close binary candidates, we will not include them in
the rest of this study.
Figure is a gallery of all the multiple systems identified this way, plus CFHT-PL-18.

1.2.2 Relative astrometry and photometry with WFPC2: PSF fitting

The PSF of the HST at these wavelengths has a core of about 0”070, whereas the pixelscale is
070455 (Biretta 2002). The PSF is therefore badly undersampled. Nyquist sampling is generally
thought to be required to enable precise astrometric analysis, but fortunately we do not need
Nyquist sampling to be able to measure the precise positions of the objects in the images. The
PSF is indeed not so sharp that all of a star’s flux falls within a single pixel. If a reasonnable
amount of flux falls in the surrounding pixels, we have enough information to measure accurate
positions, by correlating not only one pixel but many more. Shifting the object’s position by a
small amount redistributes the light from one pixel to another. The program I wrote to measure
the relative astrometry and photometry of the multiple systems is based on this idea.

A single point source can be described by only three parameters: the position of its centroid
(z,y), and its total flux (f). In the case of a binary, the system must therefore be described by
6 parameters. The custom made program used here makes a non-linear fit of the binary system,
fitting both components at the same time. To make the fit, it uses different PSF of unresolved
stars from throughout the sample and for each of them compute a model of the binary system
(see Figure ). A minimum-—y? between the model and the binary system gives the best values
for the six parameters. In order to minimise the effects due to the slight position sensitivity of
the PSF shape in the detector and the slight change of HST focus from one orbit to another,
the program uses a library of eight different PSF stars in each filter. For each object, the fit
was performed once with each PSF and the final result obtained by calculating the mean of the
eight different values. As eight PSF stars were not available in every field of view, the program
used the same library of PSF stars to analyse all the images. Comparison with analysis of
images where 8 PSF stars were present in the field showed that this has no significant effect on
the accuracy of the results. The systematic errors and uncertainties associated to that method
are discussed in details in Annex [Al Figures and [[4] gives an overview of the results and
limitations of the method.

1.3 Accuracy of the results and limits of the analysis

An overview of the results is given in Table and Figure [[I and an example is given in
Figure The uncertainties given in Table correspond to the 1-o uncertainties calculated
as explained in Annex [Al As the observations in the F814W filter offer a much better S/N than
in the F675W and F1042M filters, and a much better sampling than the F675W (the diffraction
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Figure 1.1 Relative intensity of the residuals after PSF subtraction on the field ultraccol dwarfs
of our sample. Comparison with unresolved objects (black plus), visually resolved binaries (red
crosses, linked by a dot line when corresponding to the same object in different images). The
relative intensity of the residuals for unresolved objects is almost always smaller than 4.0% (=3-0
above the median), with a median value at 1.5%, while the residuals of visually resolved binaries
are always greater than 4.0%, except in the case of 2MASSW J0856479+223518. This latter
object is very peculiar since it is very close and it has a much smaller flux ratio than any other
object, explaining why the method is inconclusive in its case. Few objects are just above the
limit, but a careful visual check show that their are not visual binaries. The relative intensity
of the residuals appears to be a good indicator to detect possible multiple systems.
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Figure 1.2 Mosaic of the 26 binaries and binary candidates
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Chapter 1. Ultracool dwarfs in the field
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Figure 1.3 Surface plots of the PSF fitting. Top left panel : Binary system observed with
WFPC2-PC. Top right panel : PSF star from the field observed with the same settings and used
to modelize the binary system. Bottom left panel : Model of the binary system built with the
PSF Star. Bottom right panel : Residuals after subtraction of the model - All amplitudes are
normalized, and sky has been subtracted. The images were obtained in the F814W filter.
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1.8. Accuracy of the results and limits of the analysis
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Figure 1.4 Limits of detection. The largest difference of magnitude we were able to detect is
shown here as a function of the angular separation. At separations close to the pixel scale,
the detection of companions is limited by the contrast against the bright primary. At larger
separations, the detection is background limited. The full line represents the HST/WFPC2
limit of detection and the 2 dashed lines the 3-0 RMS noise in the faintest and brightest cases.
The limit of detection has been computed by calculating the average of the 3-0 RMS noise on
the radial profile of several unresolved objects. The results obtained for the 26 binaries reported
in this paper are represented by filled diamonds with their uncertainties.
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Chapter 1. Ultracool dwarfs in the field

limit is indeed 070703 in the F675W filter, and 070860 in the F814W filter, and the pixel scale
of the WFPC2/PC camera is 070455), they are considered more accurate.
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1.8. Accuracy of the results and limits of the analysis

Table 1.2. Results of the PSF fitting
Name Date of Obs. Sep. (mas) 4 P.A (°)d Amag? mag(A)° Filter
GO8720
DENISPJ0205-1159 2000-10-28 409 P 259.7 P 1.4740.19 20.75+0.26 F675W
2000-10-28 398 b 257.9 P 0.65+£0.16  18.324+0.24 F814W
2001-07-08 370.0 255.8 £ 0.3 0.63£0.09 18.584+0.15 F814W
DENISPJ0357-4417 2001-04-07 97.0 174 £ 1.2 1.23+0.11  20.37+0.18 F675W
2001-04-07 98.1 174.7£ 1.2 1.504+0.11 17.944+0.18 F814W
DENISPJ1004-1146 2000-10-27 146.0 306.1 + 1.2 0.254+0.07 20.884+0.18 F675W
2000-10-27 146.0 304.5 +1.2 0.66+0.11 18.40£0.18 F814W
DENISPS1228-1547 2001-03-04 264 @ 21.5 £ 1.0 0.53+£0.09  20.52+0.15 F675W
2001-03-04 246 2 23.1 £ 2.0 0.4440.09 18.374+0.15 F814W
2001-06-16 255.4 18.3 £ 0.3 0.36£0.07 18.344+0.14 F814W
DENISPJ1441-0945 2001-01-16 374.0 290.4 + 0.3 0.63£0.09 20.05+0.15 F675W
2001-01-16 375.1 290.3+ 0.3 0.37£0.07 17.84+0.14 F814W
2001-05-22 370.2 290.8+ 0.3 0.30+£0.07 17.82+0.14 F814W
GO8146
2MASSW0746+2000 2000-04-15 219.0 168.8 = 0.3  1.0£0.09 15.41£0.15 F814W
2MASSWO0850+1057 2000-02-01 157.2 114.7 £ 0.3  1.47+0.09 20.29+0.15 F814W
2MASSW0920+3517 2000-02-09 75.1 248.5 + 1.2 0.8840.11 19.83+0.18 F814W
2MASSW1146+2230 2000-04-28 294.1 199.5 £ 0.3 0.75+£0.09 18.17£0.15 F814W
GO8581
2MASSW1239+5515 2001-03-18 211.0 187.6 &= 0.3 0.34+0.07 18.86+0.15 F814W
2001-03-18 210.1 184.2 £ 0.3 0.54+0.09 14.624+0.15 F1042M
2MASSW1311+8032 2000-07-30 300.8 167.2 £ 0.3  0.39+0.07 16.00£0.17 F814W
2000-07-30 300.0 167.3 £ 0.3 0.454+0.09 13.65+0.17 F1042M
2MASSW1426+1557 2001-07-19 157.1 339.9 + 0.3 1.40£0.09 16.154+0.17 F814W
2001-07-19 154.2 340.1 +£ 0.3 1.304£0.09 13.9940.17 F1042M
2MASSW1430+2915 2001-04-19 83.0 327.1 £ 1.2 0.7840.11 18.16+£0.18 F814W
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Figure 1.5 Best Fit parameters (separation and position angle) obtained for each object using
different PSF stars for the fit. The eight values in each filters have been obtained using the
library of eight different PSF stars. The parameters derived using the PSF fitting are in very
good agreement for most of the objects, even at the smallest separations. The slight dispersion of
the values for DENIS1228, DENIS0205 are explained respectively in paragraphs and [T
and Chapter Bl One can notice that the values in the F814W filter are usually less dispersed
than in the F675W filter (worse S/N, worse sampling and coarser PSF).

Only the values obtained with the F814W filter are therefore used to compute the final
parameters given in Table For the data from the archive only the F814W and/or F1042M
filters are available (the objects were too faint in the F606W filter).

The PSF at these wavelengths is under-sampled by the 070455 pix~! plate scale of the
Planetary Camera, thus not allowing to use deconvolution in the Fourier space. By using non-
linear PSF fitting as described above, it is possible to push the limit of detection down to ~
07060 arcsec for non-equal luminosity systems. Figure [[4shows that we should have been able to
detect all the binary systems with differences of magnitudes between 1.5 < Am pg1aw < 3.0 mag
easily even in the faintest cases, and binary systems with differences of magnitudes between
3.0 < Ampguaw < 5.5 mag in the brightest cases.
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1.8. Accuracy of the results and limits of the analysis

Table 1.2—Continued

Name Date of Obs.  Sep. (mas) 9 P.A (°) d Amagd mag(A)° Filter
2001-04-19 88.0 3275 +£ 1.2 0.76+0.11 15.13+£0.18 F1042M
2MASSW1449+-2355 2000-12-21 134.0 64.4 £ 1.2 1.51+0.11  18.93£0.18 F814W
2000-12-21 129.0 63.4 + 1.2 1.08+£0.11  15.17£0.18 F1042M
2MASSW1600+1708 2001-01-14 57.0 156.2 = 1.2 0.69+0.11  19.81+0.17 F814W
2MASSW1728+3948 2000-08-12 131.3 276 £ 1.2 0.66£0.11  20.254+0.17 F814W
2MASSW2101+1756 2001-05-07 234.3 107.7 £ 0.3  0.59£0.09 20.844+0.17 F814W
2MASSW2140+1625 2001-05-31 159.0 132.4 £ 0.3 1.51+0.09 16.04+0.17 F814W
2000-05-31 157 132.8 £ 0.3 1.3840.09 13.78+0.17 F1042M
2MASSW2147+1431 2000-10-09 322.7 329.5 £ 0.3 0.62+0.09 17.38+£0.17 F814W
2000-10-09 333°¢ 332¢ 0.75£0.28° 14.67+0.30 F1042M
2MASSW2206-2047 2000-08-13 163.0 57.5 £ 0.3 0.36+0.07  15.69+0.14 F814W
2000-08-13 160.7 57.2 £ 0.3 0.30£0.07 13.844+0.14 F1042M
2MASSW2331-0406 2001-05-06 577.0 293.7 £ 0.3 3.90+0.09 15.63£0.17 F814W
2000-05-06 570.0 293.7 £ 0.3 3.54£0.09 13.63£0.17 F1042M
SDSS2335583-001304 2001-06-29 56.8 8.1+12 1.00£0.11  19.18+0.18 F814W

aThe object was observed in a corner of the HST/WF, where the pixel scale is coarser and the distortions
higher, hence implying higher uncertainties, explaining the discrepancy between the values obtained in the two
filters

bThe secondary fell on a boundary between two pixels and was very elongated on both images, thus increas-
ing the uncertainties and explaining the discrepancy between the values obtained in the two filters. As the
image in the F814W were more sensitive and as the secondary is brighter in that band, we hereafter keep the
corresponding value as final result

€A cosmic ray event fall too close to the primary to allow precise measurements
d1¢ uncertainties: refer to the description given in section unless a different value is specified in the
table.

°The uncertainties on these values includes both the uncertainties on the measure of the magnitude of the
whole system and the uncertainties on the difference of magnitude.
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Chapter 1. Ultracool dwarfs in the field

1.4 Photometry, Spectral Classification and Distances

An overview of values of photometry, spectral types, and distances for all the targets of the
sample is given in Tables [T, L3, and [L4l The I,J,K; values of the DENIS objects come
from the DENIS survey. The J,H K values of the 2MASS and some SDSS objects come from
the 2MASS survey (Kirkpatrick et all 2000) and from Davy Kirkpatrick’s on-line archive of L
and T dwarfd] . The I values of the 2MASS and SDSS targets have been calculated as follow
: using the F675W and F814W magnitudes obtained in the data (see Tables [L3ITH and [L4])
and the I magnitudes of the DENIS objects of our program (see Table [[Il), one can derive the
following relation:

Ippnis = —0.81 + 1.02 X mpgiaw + 0.28 X (mpersw — mpsiaw) (1.2)

with a dispersion of 0.18 mag (thus of the same order than the uncertainties on the DENIS
magnitudes themselves) and used it to compute the I magnitudesﬂ given in Table [CTl

The magnitudes have been measured with standard procedures using the aperture photom-
etry task phot in IRAF, with sky subtraction and a 3-0 rejection. We used a recommended
aperture of 0”5 in the case of unresolved objects (Baggett et all2002), and an aperture of 17365
(30 pixels) in the case of binaries, to measure the total flux of the system. The counts were trans-
formed to magnitudes using the relation : m[mag] = —2.5 - log(counts/exp) + ZP — 0.1 for the
unresolved objects, where counts is the number of counts measured with IRAF, exp the exposure
time, ZP the Vega Zero Point magnitude (ZPrgrsw = 22.042 mag, Z Ppgiaw = 21.639 mag,
and ZPpiosom = 16.148 mag, Baggett et all (2002)) and —0.1 is to correct from the finite to
infinite aperture, according to the HST data handbook, and the relation: mlmag] = —2.5 -
log(counts/exp) + ZP — 0.028 in the case of binaries, where —0.028 is the correction evaluated
as suggested in the HST data Handbook to correct from the finite to infinite aperture in that
case. For multiple systems, the magnitude of each component were deduced using the values
of flux ratios obtained with the PSF fitting. In many cases only one image was available, thus
not allowing to remove cosmic ray events automatically. Nevertheless cosmic rays should not
have influenced our photometry significantly since we would have been able to detect any cosmic
ray event too close to the object to be removed by the 3-0 automatic rejection. This situation
happened in only one case (2MASSW J2147437+143131, F1042M filter). All the cosmic ray
events sufficiently far away from the object have been corrected by the 3-o automatic rejection
of the IRAF phot task. The results are given in Tables [C2 T3], and [L4l Uncertainties for
the unresolved objects are 0.1 mag.

A few DENIS objects and most 2MASS and SDSS objects had accurate values of spectral
types found in Davy Kirkpatrick’s on-line archive of L and T dwarfs, and obtained through
spectroscopic measurements. For the other objects, we used the [Dahn et all (2002) spectral
type vs. (I — J) colour relation to deduce the spectral types given in Table [[1l These latter
spectral types will have to be confirmed by spectroscopic measurements. The sample thus covers
a large range of spectral types, going from ~MS8 to ~L8.

Two efforts by the United States Naval Observatory and by an Australian group led by Chris
Tinney are currently under way in order to derive precise angular parallaxes for these objects.
Some of the targets already have published angular parallaxes and distances (IDahn_et_all 2002).
For the unresolved objects without published trigonometric parallax, the photometric parallax
was evaluated using the [Dahn et all (2002) M; vs. Spectral Type relation when both J and

3hitp://spider.ipac. caltech. edu/staff/davy/ARCHIVE/
4IpEnN1s is very close to the Icousins (Delfosse X., PhD thesis, Universite Joseph Fourier, Grenoble, 1997)
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1.4. Photometry, Spectral Classification and Distances

Table 1.3. Photometry of the unresolved objects of program GO8720

Name?® mpsiaw ® mpersw P
DENISPJ0243-5432 17.1 19.5
DENISPJ0301-5903 16.6 19.2
DENISPJ0314-4623 17.9
DENISPJ0426-5735 18.3 19.9
DENISPJ0441-0211 18.7 20.7
DENISPJ1016-2714 18.0 20.4
DENISPJ1047-1815 174 19.8
DENISPJ1048-3956 124 15.1
2MASSWJ1145+42317 18.6 20.6
DENISPJ1154-3400 17.6 19.8
DENISPJ1216-1257 18.0 20.0
DENISPJ1315-2513 18.1 20.7
2MASSWJ1342+1751 19.2 21.6
2MASSIJ1346-0031 20.8 22.9
DENISPJ1412-0433 18.2 20.8
2MASSWJ1439+1826 19.4
SDSSJ14404-0021 19.2 21.5
DENISPJ1619+0050 17.6 20.0
DENISPJ1919-4134 20.0
DENISPJ2023-1815 18.0 19.5
DENISPJ2215-0809 17.9 20.0
DENISPJ2329-5408 18.3 20.4

aNot all object were bright enough to do photom-
etry.

bUncertainties on these values are ~0.1 mag

spectral type where available, and the [Dahn_ et all (2002) M vs. (I — J) relation in the other
cases. For the multiple systems, the distance was evaluated using the [Dahn et all (2002) My vs.
Spectral Type relation and then multiplied the photometric distance obtained by a correction
factor of v/1+ f, were f is the flux ratio (defined as fsec/fprim; in the F814W~1I¢ filter), to
correct for the bias introduced by the multiplicity. These results indicate that the ultra-cool
dwarfs in the sample are at distances between 7 pc and 105 pc (cf. Table [LTl). Some SDSS
objects had no published values of spectral types and J,H,Kg magnitudes. For these objects we
used the SDSS photometry obtained from the public SDSS data release and the M+ vs (¢* — J)
relation quoted in [Hawley et all (2002) (see section 5.4, and their equation 3).
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Chapter 1. Ultracool dwarfs in the field

Table 1.4. Photometry of the unresolved objects of program GO8146

Name mpsiaw
2MASSWO0036-+1821 15.9
2MASSWO0708+2950 20.4
2MASSWO0740+3212 19.7
2MASSW0820+4500 20.1
2MASSWO0825+2115 18.8
2MASSW0913+1841 19.3
2MASSW0928-1603 18.7
2MASSW1123+4122 19.6
2MASSW1155+2307 19.5
2MASSW1328+2114 19.9
2MASSW1338+4140 17.5
2MASSW1343+3945 19.9
2MASSW1439+1929 16.0
2MASSW1507-1627 16.4
2MASSW1632+1904 19.7
2MASSW1726+1538 19.3

2Uncertainties on these values are
~0.1 mag
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1.4. Photometry, Spectral Classification and Distances

Table 1.5.

Photometry of the unresolved objects of program GO8581

Name® mpglaw © mpioaem °
SDSS0019+0030 18.1 16.0
SDSS0344+0111 17.8 14.6
SDSS10434-0001 19.2
SDSS1435-0043 19.7
SDSS1435-0046 19.1
SDSS1548-0029 18.2 16.6
SDSS1653+6231 17.7 15.3
SDSS1723+6406 18.9
SDSS0330-0025 18.8 16.4
SDSS0539-0059 17.5 15.0
SDSS1515-0030 17.0 15.0
2MASS0326-2102 20.0
2MASSW0010+3436 18.1 16.3
2MASSW0028+1501 20.1 17.5
2MASSW0030-1450 18.3
2MASSW0033-1521 18.0
2MASSW0208+2542 17.2 15.0
2MASSW0224+2537 19.7
2MASSW0328+2302 20.4 16.5
2MASSW0335+2342 14.7 12.8
2MASSW0337-1758 19.4 16.3
2MASSW0345+2540 17.2 14.8
2MASSW0350+1818 15.6 13.6
2MASSW0355+2257 19.6
2MASSWO0753+2917 18.8 16.6
2MASSW0801+4628 19.6 16.4
2MASSW0829+2655 20.8 18.2
2MASSW0832-0128 174 14.9
2MASSW0914+2238 18.4 16.0
2MASSW0951+3558 21.0
2MASSW1102-2359 20.5
2MASSW1104+1959 17.9 15.8
2MASSW1108+6830 16.6
2MASSW1239+2029 17.3 15.2
2MASSW1403+43007 15.4 13.4
2MASSW1411+3936 17.8 15.5
2MASSW1412+1633 17.0 14.9
2MASSW1434+1940 18.1 15.1
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Chapter 1. Ultracool dwarfs in the field

1.5 Results for the individual objects

1.5.1 DENIS-P J020529.0-115925

DENIS-P J020529.0-115925 is a peculiar object. We strongly suspect it to be a triple system.
The results and the properties of DENIS-P J020529-115930 will be presented in details in Part [,
Section Bl, but a brief summary of general properties is reported here for completness. DENIS-
P J020529-115930 is a L7V brown dwarf in the Kirkpatrick classification scheme (L5 in the
Martin classification scheme). It has been discovered by Delfosse et all (1997), and announced
as a binary by [Koerner et all (1999), on the basis of K band observations at Keck (0”51+0702 and
106°£5°in July 1997, and 075140702 and 72°+10° in January 1999). This object has also been
observed in the 2MASS survey and is reported as 2MASSW J0205293-115930. [Leggett et al!
(2001) observed it in the IR with UKIRT on September 1999, and report a separation of 0735
+0”03 and a position angle of 77°+4°.

Delfosse et all (1997), IMcLean et all (2001) and IBurgasser et all (2003) report the detection
of methane absorption band in their IR spectra, which would imply a mass below the stellar limit,
and an effective temperature below 1800 K, as stated by ISchweitzer et all (2002). [Basri et al.
(2000) estimated this temperature to be T,ys = 1700 ~ 1800 K. [Tokunaga. & Kobayashi (1999)
also observed absorption feature in the spectra but attributed it to Hy rather than CHy.

1.5.2 DENIS-P J035726.9-441730

DENIS-P J035729.6-441730 is one of the new binary system candidates discovered in this survey.
It comnsists of a very close binary, with a separation of 98+2.8 mas and a position angle of
174.7£1.2°. The differences of magnitude are Ampgrsyy = 1.23 & 0.11 mag and Ampgiaw =
1.50 £ 0.11 mag, suggesting that the two components have slightly different masses. Despite the
very small separation, (we are here very close to WFPC2/PC pixel scale), the values obtained
for the separation and the position angle in the two filters are in very good agreement one with
each other (cf. Figure [[7)). The companion appears clearly after PSF fitting (see Figure [L).

As described in section [[4] its photometric distance corrected for multiplicity was evaluated
at 22.2 pc. To the projected separation of 22.2 x 0.098 = 2.2 A.U should correspond a semi-
major axis of 2.2 x 1.26 = 2.8 A.U. Assuming a face-on orbit, with a total mass of ~ 0.20 M,
(masses are here unknown and we assume masses of about ~ 0.1 M, for each component), and
a semi-major axis of 2.8 A.U, the period of this system would be ~ 10.5 years.

The physical properties of the individual components of DENIS-P J035726.9-441730 will be
studied in more details in Section [CZ4] of Chapter [l in Part [l

1.5.3 2MASSW J07464254-2000032

2MASSW J0746425+2000032 is also a very peculiar object of our sample, since we were able to
follow the secondary on its orbit and obtain the dynamical mass of the system. A more detailed
presentation of the results concerning this object will be given in Part [, Chapter B but a brief
summary of general properties is reported here for completness.

2MASSW J0746425+2000032 (spectral type L0.5 (Kirkpatrick et all2000)) has been discov-
ered by [Kirkpatrick et all (2000), and was suggested to be a binary by [Reid et all (2000) based
on its position in a colour-magnitude diagram. It has been confirmed as a multiple system by
Reid et all (2001), with a separation of 0722 and a position angle of 15°.

The distance of 2MASSW J0746425+-2000032 was estimated by trigonometric parallax mea-
surements to be 12.21+0.05 pc.
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1.5. Results for the individual objects

Table 1.5—Continued

Name?® mpsiaw © mpioaam ©
2MASSW1438-1309 19.0 17.0
2MASSW1438+6408 16.0 13.8
2MASSW1457+4517 16.0 13.9
2MASSW1506+1321 16.8 14.5
2MASSW1526+2043 18.9 16.5
2MASSW15504-3041 15.4 13.3
2MASSW15514-6457 15.8 13.6
2MASSW1627+8105 16.0 13.7
2MASSW1635+4223 15.7 12.2
2MASSW1656+2835 20.5
2MASSW1707+4301 17.1 14.9
2MASSW17074+6439 15.4 13.3
2MASSW17104-2107 18.4 15.8
2MASSW17114-2232 20.5
2MASSW1743+2127 19.2
2MASSW1743+5844 17.2 14.1
2MASSW1841+3117 19.5 16.8
2MASSW2054+1519 19.6
2MASSW20574+1715 19.3 17.1
2MASSW2158-1550 18.5 14.9
2MASSW2206-4217 19.1 15.8
2MASSW2208+-2921 19.4
2MASSW2234+-2359 16.3 14.1
2MASSW2242+-2542 18.0 15.2
2MASSW2244+4-2043 20.2
2MASSW2306-0502 14.0 12.0
2MASSW2309+1549 17.8 15.8
2MASSW2349+1224 15.3 13.2

aNot all object were bright enough to do photom-

etry.

bUncertainties on these values are ~0.1 mag
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Chapter 1. Ultracool dwarfs in the field

1.5.4 2MASSW J0850359+105716

2MASSW J0850359+105716 was a known binary brown dwarf (Reid et all 2001) of spectral
type L6 in the Kirkpatrick classification scheme (L5 in the Martin classification scheme) implying
Ters < 1800 K. This object shows a strong lithium line (Kirkpatrick et. all[1999) implying a mass
M <0.06 M. Its distance (25.6 pc) and proper motion (x4 = 144.7£2.0 mas/yr) were estimated
by USNO parallax measurements (Dahn_et_all2002). [Reid et _all (2001) measured a separation
of 0716 and a position angle of 250°0n the 1"%! of February 2001 using HST/WFPC2. On the
same data set we measured a separation of 157+2.8 mas and a position angle of 114.74+0.3°(cf.
Figure [[H). There is again a discrepancy between the values measured for the position angle.
Figure shows the image of 2MASSW J0850359+105716 and its orientation.

We measured a difference of magnitude of Am pgiaw = 1.47 £+ 0.09 mag. This implies again
a slight difference in the masses of the two components. On the same set of data [Reid et al.
(2001) measured a difference of magnitude of AI = 1.34 mag, in good agreement with our value.
Assuming a semi-major axis of 0.157 x 41.0 x 1.26 = 8.1 A.U, with an assumed total mass of
~ 0.14 M) (masses of the two components are unknown, but the presence of lithium in a L5
dwarf implies a mass less than 0.06 My, for one of them at least), the period of this system
would be ~61.6 years.

1.5.5 2MASSW J08564794-223518

2MASSW J0856479+223518 is a good candidate binary we report in this study. It has been
observed on the 24th of April 2001 in the F814W and F1042M filters, but was not resolved in
the latter one. We measured a separation of 98+9 mas and a position angle of 275+2.0 °. The
difference of magnitude is Ampgi4w = 2.76+0.11 mag, suggesting that the two components have
probably different masses. This large difference of magnitudes at such a small separation makes
it very difficult to measure precisely the different parameters, explaining the higher uncertainties
on the values. Nevertheless the two centroids appear clearly on the image (cf. Figure [l and
the PSF fitting makes appear a faint but obvious companion (see Figure [L7)). As we reach here
the limit of detection of our method, the multiplicity of this object should be considered with
caution and further followup observations with higher spatial resolution are required in order to
confirmed that it is a real binary.

As described in section [L4] we evaluated a photometric distance corrected for the multiplicity
of d = 34.7 pc, which leads to a semi-major axis of 4.4 A.U, and with a total mass of ~ 0.20 M),
to a period of ~ 20.8 years (masses are here unknown and we assume masses of about ~ 0.1 M,
for each component).

1.5.6 2MASSW J09201224-351743

2MASSW J0920122+351743 (L.6.5) has been identified as a brown dwarf by [Kirkpatrick et al.
(2000) and as a binary by IReid et all (2001). Nakajima. et all (2001) report the observation
of methane in the H and K bands, which makes more difficult the definition of the transition
between L and T dwarfs.

For that object, Reid et all (2001) report a separation of 75 mas and a position angle of 90°on
the 2nd of September 2000. On the same set of data we measured a separation of 754+2.8 mas and
a position angle of 248.5+£1.2°(cf. Figure and [[2). Once again there is a discrepancy in the
position angle. Figure shows the image of 2MASSW J0920122+351743 and its orientation.
We measured a difference of magnitude Am pgi4 = 0.88 £ 0.11 mag. On the same set of data
Reid et all (2001) measured a difference of magnitude of AI = 0.44 mag, lower than the one we
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Figure 1.6 Contour plot of 2MASS0856+2235 obtained with HST/WFPC2. We measured a
position angle of 275+2.0°and a separation of 98+9 mas. The two centroids appear clearly.

measure, but the uncertainties are not given. Considering only our uncertainties, the two values
are different by 4-o.

This makes of 2MASSW J0920122+351743 one of the closest resolved binaries observed in the
sample. Figure [’ shows the companion clearly appearing after PSF fitting. [Kirkpatrick et al.
(2000) estimated a distance of 21 pc for the unresolved system. Using our photometric measure-
ment we derive a distance of 16.7 pc. Correcting for multiplicity it gives a distance of 20.1 pc
for the multiple system. We can estimate the semi-major axis to be about 1.9 A.U.

Assuming a total mass of ~ 0.14 Mg, (masses of the two components are unknown, but the
presence of methane in this L6.5 dwarf implies a mass of less than 0.07 M), and a semi-major
axis of 1.9 A.U, the period of this system would be ~7.2 years.

1.5.7 DENIS-P J100428.3-114648

DENIS-P J100428.3-114648 is a new binary system candidate with a separation of 146+2.8 mas
and position angle of 304.5+£1.2°. It has also been reported in the 2MASS Survey as 2MASSW J1004282-
114648. The differences of magnitudes are Ampgrsiy = 0.25 &+ 0.07 mag and Ampgiaw =
0.66 +0.11 mag. Once again the agreement between the values for separation and position angle
obtained in the two filters is very good (cf. Figure[[H). As explained in section [[4], we estimated
its photometric distance corrected for binarity to be 46.8 pc.

Assuming a semi-major axis of 8.6 A.U, with a total mass of ~ 0.20 M) (masses are here
unknown and we assume masses of about ~ 0.1 Mg for each component), the period of this
system would be ~ 56.5 years.

The physical properties of the individual components of DENIS-P J100428.3-114648 will be
studied in more details in Section of Chapter [l in Part [l
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Figure 1.7 Surface plots representing the closest binary candidates of the sample and their
companion. The companion appears after subtraction of the primary using the PSF fitting.
All these plots correspond to the F814W images. Amplitudes are normalized and sky has been
subtracted. Even if the separations are very small, the companions appear clearly after the PSF
subtraction.
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1.5.8 2MASSW J10170754130839

2MASSW J1017075+130839 has been observed on the 16th of April 2001 in the F1042M and
F814W filters. We measure a separation of 104+2.8 mas and a position angle of 92.64+1.2°. The
difference of magnitude are Ampgigson = 0.74 £ 0.11 mag, and Ampgiaw = 0.77 £ 0.11 mag,
suggesting that the two components have probably similar masses.

We evaluated the photometric distance corrected for binarity at ~ 21.4 pc. Assuming a
semi-major axis of 2.9 A.U, with a total mass of ~ 0.20 M, (masses are here unknown and we
assume masses of about ~ 0.1 Mg for each component), the period of this system would be ~
11.0 years.

1.5.9 2MASSW J11122574354813

2MASSW J11122574354813 has been observed on the 14th of February 2001 in the F814W and
F1042M filters. For this object we measure a separation of 704+2.8 mas and a position angle of
79.64+1.2°. The differences of magnitude are Ampgiqyy = 1.07 &+ 0.11 mag and Ampipsom =
1.04 £+ 0.11 mag. Figure [L7 shows the companion appearing clearly after PSF fitting.

This object is particularly interesting since 2MASSW J1112257+354813 is also known as Gl
417B, confirmed as a L-dwarf and as companion of the GO-dwarf Gl 417A by [Kirkpatrick et al.
(2001)), who measured a separation between the G-dwarf primary and the 2MASSW J1112257+354813
unresolved system of 90”0 and a position angle of 245 degrees. As stated by Harrington (1968)
and then |Szebehely & Zare (1977) in their analytical study, triple systems with moderate eccen-
tricity are stable for ratios between the semi-major axes of the outer (a3) and the inner orbits
(a1) greater than as/a; >3.2. Assuming that the orbits of 2MASSW J1112257+354813 around
Gl 417A components have moderate eccentricities, the system would fit well above the stability
criterium, with a ratio between as/a; = 90/0.070 ~ 1300. Kirkpatrick et all (2001) estimated
an age of 0.08-0.3 Gyr for the G-dwarf primary and, assuming that the primary and its compan-
ions are coeval, they computed a mass of 0.035+0.015M ) for 2MASSW J1112257+354813, well
below the hydrogen burning limit. The G-dwarf primary appears clearly on the HST/WFPC2
image and saturates completely one of the four CCD of the HST/WFPC2 camera.

This triple system is thus similar to Gl 569Bab (Martin_et.all 2000H; [Kenworthy et_all 2001/)
and HD130948 (Potter et all 2002) (see Table [LCH).

The distance of the G-dwarf primary has been evaluated by trigonometric parallax (m =46.04 mas
or d=21.7 pc; Hipparcos, [Perryman et _all (1997)) and [Kirkpatrick et all (2000) assigned a spec-
tral type of L4.5. Assuming a semi-major axis of 1.26 x 21.7 x 0.070 = 1.9 A.U, with a total
mass of ~ 0.20 My, (masses are here unknown and we assume masses of about ~ 0.1 Mg for
each component), the period of this system would be ~ 5.8 years only. As its distance is known
precisely, and as its age can be constrained by studying the G-dwarf primary, this system is a
very good and very promising candidate to constrain theory and the mass/luminosity function.

1.5.10 2MASSW J1127534+741107

2MASSW J1127534+741107 is a M8.0 dwarf (Gizis et all 2000) and also one of the 15 new
binary candidates we report in this study. It has been observed on the 5th of May 2001 in
the F1042M and F814W filters. We measure a separation of 252.54+2.8 mas and a position
angle of 79.9+0.3°. The differences of magnitude between the primary and the secondary are
Ampipgopr = 0.39 £ 0.07 mag and Ampgiawy = 0.82 £ 0.09 mag, suggesting that the two
components have probably similar masses.
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Table 1.6. Ultra-cool Dwarfs Binaries associated to another star

Name Name of the  Distance* Sep. (A/B) Sep. (B/C) Period (B/C)P
primary (pe) (A.U) (A.U) (yrs)
2MASSW1112+3548 Gl 417 21.7 1953 1.5 5.8
Gliese 569B Gliese 569A 9.8 49 1.1 2.9
HD 130948BC HD 130948 17.9 47.2 2.4 10

aHipparcos trigonometric parallax of the Primary (Perryman_et all[1997)

bThis period is just an estimate, calculated as explained in the text.

We evaluated the photometric distance corrected for multiplicity at 14.6 pc. Assuming a
semi-major axis of 4.8 A.U, with a total mass of ~ 0.20 M« (masses are here unknown and we
assume again masses of about ~ 0.1 M, for each component), the period of this system would
be ~ 23.5 years.

1.5.11 2MASSW J1146344+223052

2MASSW J1146344+223052 has been discovered as a L3 dwarf by [Kirkpatrick et all (1999) and
as a binary by [Koerner et all (1999). It shows lithium lines and Basri et all (2000) estimated
its effective temperature to 1950 K. Its distance (27.2 pc) has been measured by trigonometric
parallax (Dahn_ et all 2002). Reid et all (2001) measured a separation of (0729 and a position
angle of 199.5°. On the same set of data we measured a separation of 294+2.8 mas and a
position angle of 199.5+0.3°(cf. Figure [CH). This time both position angle and separation are
in agreement with the values given by [Reid et all (2001). We also measured a difference of
magnitude Ampgiaw = 0.75 £ 0.09 mag. On the same set of data [Reid et all (2001) measured
a difference of magnitude of AI = 0.31 mag, again smaller than the one we measure, but
the uncertainties are not given. Considering only our uncertainties, the two measurements are
different by 5-0. Such a difference is much larger than the uncertainties on our measurement, as
explained in section [[2Z2], especially considering that with a separation of ~0”29 and a difference
of magnitude less than 1.0, 2MASSW J1146344+223052 was an “easy” case for the PSF fitting
program.

Assuming a semi-major axis of 10.1 A.U, with a total mass of ~ 0.12 M« (masses of the two
components are unknown, but the presence of lithium in a L7 dwarf implies a mass equal or less
than 0.06 M), the period of this system would be ~ 92.6 years.

1.5.12 DENIS-P J122813.8-154711

DENIS-P J122813.8-154711 has been discovered by [Delfosse et all (1997) and resolved for the
first time by Martin et all (1999a). It is a L4.5 brown dwarf in the Martin classification scheme
and a L5 in the Kirkpatrick classification scheme (Kirkpatrick et alll1999). This object has been
observed and studied several times. We provide a summary of the astrometric and photometric

measurements in Table [
This object has also been observed in the 2MASS survey and is reported as 2MASSW J-
1228152-154734. The designations are different mostly because the DENIS astrometric pipeline

44



1.5. Results for the individual objects

used at the time of discovery was not the final version and the uncertainties of the astrometry
were high.

Lithium absorption has been reported by both [Martin et all (1997) and [Tinney et all (1997),
implying a mass M < 0.06 M. DENIS-P J122813.8-154711 was the second field brown dwarf
to be confirmed by the lithium test.

For this object again we had two sets of data. The results obtained with the first set are
not very accurate because of coordinate mismatch. The target fell in a corner of one of the
Wide Field Camera of WFPC2 instead of in the centre of the Planetary Camera (PC), where
the distortions are more important and the pixel scale coarser, implying a worse sampling of
the PSF and thus higher uncertainties. Thus the results in the two filters are not in very good
agreement (cf. Table [[7 and Figure [[H). The second set of data was much better since the
target was in the centre of the PC and the exposure time was 1700s instead of 300s, spread over
several exposures and allowing to reject cosmic rays easily. The accuracy of the result is then
very good. The differences of magnitude in both filters indicate that the two components are
probably very similar : Amggiaw = 0.36 & 0.07 mag and Ampgrsyy = 0.53 £ 0.09 mag.

DENIS-P J122813.8-154711 has been observed now over more than 5 years, and we have
astrometric data related to the binary spread over more than 3 years. Within a few years
we should thus be able to compute orbital parameters and dynamical masses. The motion of
DENIS-P J122813.8-154711-B is already obvious. We see in Table [[1 a separation change by
~ 8% and a position angle change by 23 degrees in three years. If we assume a semimajor axis
of 6.6 A.U, and a total mass of 0.12 M), we find an orbital period of ~ 49 years.

1.5.13 2MASSW J1239272+551537

2MASSW J1239272+551537 has been observed on the 18th of March 2001 in the F814W filter.
We measure a separation of 2114+2.8 mas and a position angle of 187.640.3°. The difference of
flux between the primary and the secondary is Ampgiaw = 0.34 + 0.07 mag and Ampigaon =
0.54 + 0.09 mag, suggesting that the two components might have very similar masses. The
whole system is classified as L5 by [Kirkpatrick et. all (2000), who also evaluated the photometric
distance of the whole system considering it was a single object (17 pc). From our photometric
measurement we calculate a distance (corrected for the multiplicity) of 21.3 pc. Assuming a
semi-major axis of 5.9 A.U, with a total mass of ~ 0.20 M, (masses are here unknown and we
assume masses of about ~ 0.1 M, for each component), the period of this system would be ~
32.0 years.

1.5.14 2MASSW J1311392+8032222

2MASSW J1311392+4-8032222 is a M8.0 dwarf (Gizis et all[2000) and has been observed on the
30th of July 2000 in the F1042M and F814W filters. We measure a separation of 30042.8 mas
and a position angle of 167.3+0.3°. The difference of flux between the primary and the secondary
is Ampigsopm = 0.45 +0.09 mag and Ampgiawy = 0.0.39 £ 0.07 mag, suggesting that the two
components have similar masses.

We evaluate a photometric distance corrected for binarity of 13.7 pc. Assuming a semi-major
axis of 5.5 A.U, with a total mass of ~ 0.20 M, (masses are here unknown and we assume masses
of about ~ 0.1 M, for each component), the period of this system would be ~ 28.8 years.

The physical properties of the individual components of 2MASSW J1311392+8032222 will
be studied in more details in Section of Chapter [ in Part [l
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Table 1.7. Avalaible measurements on DENIS-P J122815.4-154730

DENIS-P J122815.4-154730 Ref.

Separation (mas) : P.A (°): Date :
975+ 2 41.0+0.2 02-06-1998 (1)
246 20 * 23+2°% 03-04-2001 (4)
255.4+2.8 18.3+£0.3 16-06-2001 4)
Distance (pc) : 18 +4 (1)

202+ 1 (2)
Proper Motion (mas/yr) : pu=224+1.3 (2)

P.A=143340.3 (2)
Parallax (mas) : 494+1.9 (2)
v.sin(i) (km.s™1) : 22+£25 (3)

References. — (1) Martin et all (1999a), (2) Dahn et all (2002), (3)

Basri et _all (2000), (4) this work.

2The object was observed in a corner of the HST/WF, where the pixel
scale is coarser and the distortions higher, hence implying higher uncer-
tainties
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1.5.15 2MASSW J1426316+155701

2MASSW J1426316+155701 is a M9 dwarf and has been reported as a binary for the first time by
Close et all (2002a]b) with Hokupa’a/Gemini. On the 22nd of September 2001, they measured
a separation of 15246 mas and a position angle of 344.1£0.7°. They estimated an age of O.ngzg
Gyr and a photometric distance of 23.6 £+ 6.0 pc, giving a separation of 3.6 + 0.9 A.U and a
period of 1720 years. They also estimated the mass of the whole system M, = 0.140f8:85é Mg
as well as the masses of each components : My = 0.074J_r8:8(1)é M) at the limit of the Hydrogen
burning limit for the primary and Mg = 0.066J_r8:8(1)2 M, for the secondary.

On the 17th of July 2001 we measured a separation of 157.142.8 mas and a position angle
of 339.9+0.3°. We also estimate a photometric distance corrected for binarity of 26.7 pc. These
values are close to the one of IClose et all (2002h) taken ~2 months later (within 1-0). |Gizis et al.
(2000) measured a proper motion of p =07121/yr, implying 20 mas of motion between the
observations, confirming that the system is a common proper motion pair. We also measured
differences of magnitudes of Am pgiay = 1.40 £ 0.09 mag, and Ampigson = 1.30 = 0.09 mag.
Assuming a total mass of 0.14M ¢ as given by IClose et all (2002aH) and a semi-major axis of
4.3 A.U, we estimate the period of this system to be 33.3 years.

The physical properties of the individual components of 2MASSW J1426316+155701 will be
studied in more details in Section of Chapter [ in Part [l

1.5.16 2MASSW J1430436+291541

2MASSW J1430436+291541 has been observed on the 19th of April 2001 in the F1042M and
F814W filters. We measure a separation of 88+2.8 mas and a position angle of 327.5 +1.2°. The
difference of flux between the primary and the secondary is Am gip4237 = 0.76 = 0.11 mag and
Ampgiaw = 0.78 +0.11 mag, suggesting that the two components have slightly similar masses.
The companion appears clearly after PSF fitting, as shown in Figure [

We evaluated the distance (corrected for multiplicity) of 29.4 pc. Assuming a semi-major
axis of 3.4 A.U, with a total mass of ~ 0.20 M, (masses are here unknown and we assume
masses of about ~ 0.1 Mg for each component), the period of this system would be ~ 13.9
years.

1.5.17 DENIS-P J144137.3-094559

DENIS-P J144137.3-094559 is a binary brown dwarf of spectral type L1 (Martin et _all [1999b),
first resolved in February 2000 with Keck/NIRC. It has been observed with Keck by IStephens et al.
(2001) on the 13th of April 2000 and resolved with a separation of 0.42 arcsec. [Kirkpatrick et al.
(2000) deduced a distance of 25.5 pc using photometric measurements, considering a single ob-
ject. We estimate a photometric distance corrected for multiplicity of 29.2 pc.

For this object we had two epochs of data, one from our HST program (two filters) and one
from an on going program (GO9157).

In the first set of data obtained on the 16th of January 2001 we measured a separation
of 375+2.8 mas and a position angle of 290.3+0.3°. The values obtained in both filters are
again in very good agreement (cf. Figure [[H). We measured Ampgrsy = 0.63 + 0.09 mag and
Ampgraw = 0.374+0.07 mag. In the second set of data, obtained four months later on the 22nd
of May 2001, we measured a separation of 3704+2.8 mas, a position angle of 290.8+0.3°, and
a difference of magnitude Ampggi4 = 0.30 & 0.07. These data are in good agreement with the
previous one. Assuming a semi-major axis of 14.1 A.U, with a total mass of ~ 0.2 M (masses
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are here unknown and we assume masses of about ~ 0.1 M for each component), the period
of this system would be ~ 118 years.

1.5.18 2MASSW J14493784-235537

2MASSW J1449378+235537 is another of the new binary candidates we report in this study.
The spectral type of the whole system is LO (Kirkpatrick et all 2000). It has been observed
on the 21st of December 2000 in the F814W and F1042M filters. We measure a separation of
13442.8 mas and a position angle of 64.4+1.2°. The difference of flux between the primary and
the secondary is Ampgiaw = 1.51 & 0.11 mag and Ampigsops = 1.08 4+ 0.11 mag, suggesting
that the secondary is redder than the primary.

Kirkpatrick et all (2000) evaluated the photometric distance of the unresolved system to
62 pc. From our photometric measurements we estimate a photometric distance corrected for
binarity of 63.7 pc. Assuming a semi-major axis of 11.0 A.U, with a total mass of ~ 0.20 M),
the period of this system would be ~ 81.1 years.

1.5.19 2MASSW J1600054+170832

2MASSW J1600054+170832 is a L1.5 dwarf according to [Kirkpatrick et all (2000). It has been
observed on the 14th of January 2001 in the F814W and F1042M filters. We measure a separation
of 5742.8 mas and a position angle of 156.2+1.2°. The difference of flux between the primary
and the secondary is Ampgiaw = 0.69 + 0.11 mag. At such a close separation, it might be
better to consider 2- or 3-o uncertainties on these values, since we reach here the very limit of
resolution of the WFPC2/PC camera. Nevertheless, the companion appears once again clearly
after PSF subtraction (see Figure [[7]). The object was too faint for PSF fitting in the F1042M
filter.

Kirkpatrick et all (2000) evaluated the photometric distance of the unresolved system to
62 pc. We estimate a photometric distance (corrected for multiplicity) of the primary of 60.6 pc.
Assuming a semi-major axis of 4.3 A.U, with a total mass of ~ 0.20 M (masses are here
unknown and we assume masses of about ~ 0.1 Mg for each component), the period of this
system would be ~ 19.9 years.

1.5.20 2MASSW J1728114+394859

2MASSW J17281144-394859 is also one of the new binary candidates. The spectral type of the
whole system is L7 (Kirkpatrick et all 2000). It has been observed on the 12th of August 2000
in the F814W and F1042M filters. We measure a separation of 131.3+2.8 mas and a position
angle of 27.6+1.2°. The difference of flux between the primary and the secondary in this range
of wavelength is Am pgiaw = 0.66 = 0.11 mag, suggesting that the two components have similar
masses. This object was also too faint for PSF fitting in the F1042M filter.

Kirkpatrick et_all (2000) evaluated the photometric distance of the unresolved system (20 pc).
We estimate the photometric distance (corrected for multiplicity) at 20.4 pc. Assuming a semi-
major axis of 3.4 A.U, with a total mass of ~ 0.20 M), the period of this system would be ~
13.8 years.

1.5.21 2MASSW J2101154+175658

2MASSW J21011544-175658 is a L7.5 dwarf according to [Kirkpatrick et all (2000) and is a new
binary we report in this study. It has been observed on the 7th of May 2001 in the F814W filter.
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We measure a separation of 234.34+2.8 mas and a position angle of 107.7°+0.3°. The difference
of flux between the primary and the secondary is Am pgiaw = 0.59 + 0.09 mag, suggesting that
the two components have similar masses. The object was too faint in the F1042M filter to be
able to use the PSF fitting.

Kirkpatrick et all (2000) evaluated its distance at 29 pc, considering a single object. We
estimate the corrected photometric distance to be 23.2 pc. Assuming a total mass of ~ 0.20 M
(masses are here unknown and we assume masses of about ~ 0.1 M, for each component), and
a semi-major axis of 7.1 A.U, the period of this system would be ~ 41.9 years.

1.5.22 2MASSW J2140293+162518

2MASSW J2140293+-162518 has been reported as a binary for the first time by IClose et al.
(20024 1) with Hokupa’a/Gemini. On the 22nd of September 2001, they measured a separation
of 155 + 5 mas and a position angle of 134.3 4+ 0.5 degrees. They estimated an age of 3.0f§:i
Gyr and a photometric distance of 23.9 + 6.0 pc, leading to a separation of 3.7 0.9 A.U and
a period of 1820 years. They also estimated the mass of the whole system My, = 0.162J_r8:8(1)§
Mgy as well as the masses of each components : M, = 0.087 fg:g?? Mg, for the primary and
Mp = 0.075f8:8% M, for the secondary, at the limit of the Hydrogen burning limit. From their
colours they estimated the spectral types of each component : M8.5 £ 1.5 for the primary and
L0 £ 1.5 for the secondary.

On this object we had data from the HST public archive (GO8581, P.I. Reid). The object
was observed on the 21st of May 2001, in the PC chip of WFPC2 in two filters (F814W and
F1042M), almost four months before |Close et all (20024) reported it. On this set of data we
measure a separation of 159.0 4 2.8 mas and a position angle of 132.4 4+ 0.3 degrees, as well as
difference of magnitude of Ampgi4 = 1.51£0.11 mag, and Ampigsopr = 1.384+0.11 mag. These
values are in agreement with the values given by |Close et all (2002h) within 3-0. We estimate
a photometric distance of 12.9 pc. Considering a semi-major axis of 2.6 A.U and a total mass
of 0.16 M as calculated by IClose et all (20021), the period of this system would be 10.5 years.
Gizis et all (2000) measured a proper motion of p, =-07008/yr and us =-07102/yr implying
35 mas of motion between the observations. Although the uncertainties on their astrometry are
relatively high, the system is likely to be a common proper motion pair. Better astrometric
measurements are required in order to confirm the multiplicity of this object.

1.5.23 2MASSW J2147437+143131

2MASSW J2147437+143131 is a M8.0 ultra-cool dwarf (Gizis_et_all [2000). It has been observed
on the 9th of October 2000 in the F1042M and F814W filters. We measure a separation of
322 + 2.8 mas, a position angle of 329.5 + 0.3 degrees and a difference of magnitude in the
F814W filter of Ampgiawy = 0.62 £ 0.09 mag. We were not able to measure accurately the
parameters in the F1042M filter due to a a cosmic ray event very close to the primary. We were
only able to evaluate a difference of magnitude of Am pigsops = 0.75 £ 0.28 mag.

The photometric distance given by |Gizis et all (2000) is 22.9 pc considering a single object.
From our measurements we estimate a photometric distance corrected for multiplicity of 21.8 pc.
Thus assuming a total mass of ~ 0.20 M, (masses are here unknown and we assume masses
of about ~ 0.1 Mg for each component), and a semi-major axis of 9.1 A.U, the period of this
system would be ~ 61.7 years.
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1.5.24 2MASSW J2206228-204705

2MASSW J2206228-204705 has also been reported as a binary for the first time by IClose et al.
(20024 b)) with Hokupa’a/Gemini. On the 22nd of September 2001, they measured a separation
of 168 7 mas and a position angle of 68.2 £ 0.5 degrees. They estimated an age of 3.01“21:2 Gyr
and a photometric distance of 24.68 +6.8 pc, giving a separation of 4.14+1.1 A.U and a period of

QOfg years. They also estimated the mass of the whole system M;,; = 0.17 8J_r8:8(1)§t M) as well as

the masses of each components : My = 0.090f8:89§ Mg, for the primary and Mp = 0.088J_r8:8(1)§L
Mg, for the secondary. From their colours they estimated the spectral types of each component
: M8.0£ 1.5 for the primary and M8.5+ 1.5 for the secondary. [Kirkpatrick et all (2000) assigned
MS to the whole system.

We used again data from the HST public archive (GO8581, P.I. Reid). The object was
observed on the 13th of August 2000, in the PC chip of WFPC2 in two filters (F814W and
F1042M), almost fourteen months before (Close et all (2002a) reported it. On this set of data
we measure a separation of 160.7 + 2.8 mas and a position angle of 57.2 4 0.3 degrees, as well as
difference of magnitude of Ampgi4w = 0.36 & 0.07 mag, and Ampiga2ps = 0.30 = 0.07 mag.

From our photometric measurement, we estimate a distance (corrected for multiplicity) of
22.2 pc. Considering a semi-major axis of 4.5 A.U and a total mass of 0.178 M, the period of
this system would be 22.6 years. If we consider the little motion we observe between the two
epochs (11 degrees in 14 months), and assuming a circular face-on orbit, it gives a period of 33
years which is of the same order of the previous estimation (and in good agreement since the
orbit is probably not circular face-on).

Gizis et all (2000) measured a proper motion of x =07065/yr, implying 76 mas of motion
between the observations. Although the uncertainties on their astrometry are relatively high,
the system is likely to be a common proper motion pair. Better astrometric measurements are
required in order to confirm the multiplicity of this object.

1.5.25 2MASSW J2331016-040618

2MASSW J2331016-040618 has also been reported as a binary for the first time by IClose et al.
(20024 ) with Hokupa’a/Gemini. On the 22nd of September 2001, they measured a separation
of 573 &+ 8 mas and a position angle of 302.6 £ 0.4 degrees. They estimated an age of 5.0:21:2
Gyr and a photometric distance of 25.2 4+ 6.8 pc, thus giving a separation of 14.4 + 3.9 A.U and

a period of 139f§$ years. They also estimated the mass of the whole system My, = 0.153f8:88§

Mg as well as the masses of each components : My = 0.091J_r8:8(1]§ Mg for the primary and
Mp = 0.062f8:8§8 Mg, for the secondary, thus clearly below the sub-stellar limit. From their
colours they estimated the spectral types of each component : M8.0 £ 1.5 for the primary and
L3 £ 1.5 for the secondary. This object is very peculiar because the differences of magnitudes
between the primary and the secondary are really high in the infrared. |Close et all (2002h)
measured AK = 2.38 + (.16 mag.

We used data from the HST public archive (GO8581, P.I. Reid). The object was observed
on the 6th of May 2001, in the PC chip of WFPC2 in two filters (F814W and F1042M), almost
4.5 months before IClose et all (2002a) reported it. On this set of data we measure a separation
of 577 + 2.8 mas and a position angle of 293.7 £ 0.3 degrees, as well as difference of magnitude
of Ampgiaw = 3.90 £ 0.09 mag, and Ampigson = 3.54 + 0.09 mag. The results we obtain in
the two filters are slightly different but still in agreement within 3-o (cf. Table [C2). Our value
for the separation is in good agreement with the values given by IClose et all (20025) but the
difference in the values for the position angle is larger. Even if the difference of magnitude is
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high, the separation is large enough to let us trust the results we obtained with our PSF fitting
method with the accuracy of 070028 for the separation and 0.3° for the P.A, as explained in
section

Gizis et all (2000) measured a proper motion of p, =07401/yr and ps =-07231/yr, implying
a motion of 07150 in right ascension and -0”’087 in declination between the observations, whereas
the variation of position angle occurs in the opposite direction, confirming that the system is a
common proper motion pair.

On the basis of distance and proper motions consistencies, IGizis et all (2000) suggested that
2MASSW J2331016-040618 is associated to the F8 dwarf HD221356. The distance (26.2 pc)
and proper motion (ue = 178.65 mas/yr and ps = —192.79 mas/yr) of HD221356 have been
measured precisely by Hipparcos. The distances of the two objects are very similar (26.2 pc for
the M-dwarf and 26.24 for the F-dwarf) but the proper motions measured by |Gizis et _all (2000)
and Hipparcos (Perryman et all [1997) are very different : more than 220 mas/yr of difference
for p, and almost 40 mas/yr for ps. We then suggest that these two objects are not linked on
the basis of proper motion discrepancy. HD221356 does not appear on the HST images we used,
thus not allowing to check for second epoch data. It might nevertheless be interesting to get
second epoch data in the future to confirm the values of proper motion of 2MASSW J2331016-
040618 given by |Gizis et all (2000). We therefore consider that 2MASSW J2331016-040618 is a
field binary ultra-cool dwarf.

We estimate a photometric distance corrected for the binarity of 26.2 pc. Considering a
semi-major axis of 19.0 A.U, and a total mass of 0.153 M), the period of this system would be
211 years.

1.5.26 SDSS2335583-001304

SDSS2335583-001304 is a new very close binary system candidate. We measured a separation
of 56.8+£2.8 mas and a position angle of ~8.1°4+1.2°. The system is so close that it was not
resolved in the F1042M filter. We are here very close to the HST/WFPC2 pixel scale and already
below the sampling limit, thus second epoch data with higher resolution will be necessary in
order to confirm the multiplicity of this object. The difference of magnitude in the F814W is
: Ampgiaw = 1.00 £ 0.11 mag. This value should be considered with caution, since we reach
here the limits of resolution of HST/WFPC2. It might thus be better to consider 2- or 3-o
uncertainties.

Nevertheless the clear elongation of the object in the image as well as the companion that
appears clearly after PSF fitting as shown in Figure [L7 allow us to conclude that SDSS2335583-
001304 is a good candidate multiple system.

Unfortunately the only photometric value available is the one we measured, thus not allowing
to compute the photometric distance.

Assuming a circular face-on orbit at a distance of 62 pc, with a total mass of ~ 0.20 Mg,
(masses are here unknown and we assume masses of about ~ 0.1 M, for each component), and
a radius of 3.5 A.U, the period of this system would be ~ 14.5 years

1.6 Analysis

1.6.1 Binary frequency

26 of the 134 targets in the sample appear to be multiple systems (see Figure [[2). Fifteen of these
still have to be confirmed by second epoch data, but given the relatively low star density, we will

o1



Chapter 1. Ultracool dwarfs in the field

consider that these objects are almost certainly binary systems. 2MASSW J1112256+354813
is associated to a G-dwarf in a triple system, and thus is not a field binary and we therefore
remove it from the statistics. We then hereafter count 25 field binaries. Eleven binary systems
were already known and thus confirmed by second and sometimes third epoch data.

Our observed binary frequency is based on the fact that we know 25 binaries in a sample

of 133 ultra-cool dwarfs. This corresponds to an observed binary fraction of 18.8 + 3.7%. This
value is only indicative and not related to any physical value for the following reasons:
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1. First because our detection was limited to binaries with differences of magnitude Am pgi4mw

less than 3 mag (5.5 mag in the best cases, ~4 mag in average, cf. Figure [A1l page
[[64]). We thus missed all the multiple systems for which the companion was too faint in
comparison with the primary. Nevertheless, as shown in Figures [A] (page [[64]) and [CT0I
and as explained in section [LB3l our observations suggest a strong preference for nearly
equal luminosity systems. We therefore go on the assumption that multiple systems with
high differences of magnitudes are rare among ultra-cool dwarfs and that we do not miss
a significant number of such multiple systems in our study except if there is a bimodal
distribution of mass ratio with a second peak at small mass ratio.

. Second because the sample selection introduced a bias, since we did not choose the targets

completely randomly among field brown dwarfs: some were selected from their colours
and brightnesses. The sample is thus limited in magnitudes rather than in distances, and
this introduces a bias: the multiple systems are detected at larger distances than simple
one, and their spatial density is thus overestimated. To be able to evaluate more precisely
the binary fraction we have been analysing the sample in order to find at which limiting
distance the sample cannot be considered as a complete volume-limited sample. As the
sample is made of objects coming from different surveys (DENIS, 2MASS ans SDSS), we
had to take their respective limits of completeness into account. The DENIS survey is
complete until objects with I<18 mag (IDelfosse et all[1999). For a typical ultra-cool dwarf
of spectral type L5 (latest DENIS spectral type of the sample, except DENIS0205-1159), it
corresponds to an absolute magnitude of M; ~ 17 mag (according to the My vs. Spectral
Type relation given in [Dahn et all 2002), and to a distance of ~ 16 pc. We consider
for our study that the 2MASS survey has a limit of completeness of K<14.5 mag. For
a typical ultra-cool dwarf of spectral type L8, this corresponds to an absolute magnitude
Mg ~13 mag, and to a distance of ~20 pc. We can therefore as a first approximation
consider that the sample was very close to a volume limited sample until 16 pc for the
DENIS objects and until 20 pc for the 2MASS objects. As the SDSS objects represent
only a very small number of objects in the sample, as many of them were also observed in
the 2MASS survey and as they are all further away than 20 pc, they do not count in the
statistical study hereafter. Figure shows that on the range 0~20 pc (distance corrected
for the resolved multiple systems), the sample behaves almost like a volume limited sample
and the number of objects increases like d3. After 20 pc, the sample behaves indeed more
like a magnitude limited sample and the number of objects decreases roughly like d 2.
All these considerations suggest us that in order to make a better statistical study, we
should consider only the DENIS objects of the sample that are closer than 16 pc and the
2MASS objects that are closer than 20 pc. Only one DENIS object (no binary) and twenty
five 2MASS objects (including four multiple systems) are thus included in the statistical
sample defined as explained above. This makes a binary fraction of ~ 15%.

3. Finally because the detections are limited to objects with separations greater than ~ 0.060
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Figure 1.8 Distribution of separation in the sample. The total sample is represented in light grey
and the binaries alone are over-plotted in dark grey. We also over-plot the expected distribution
for a volume limited sample. The sample is roughly limited in magnitude. For the statistical
study, we therefore consider only the DENIS objects at distances less than 16 pc and the 2MASS
objects closer than 20 pc.

arcsec. We therefore missed all the binaries with separations less than this value. This
effect becomes stronger with increasing distances. At a distance of 20 pc, it corresponds
to physical separations of 1.2 A.U. The value given above is then probably a lower limit
of the exact binary fraction.

Another way to estimate the bias corrected binary frequency is to apply a correction to the
observed binary frequency as described in [Burgasser et all (2003) (see their equations 4 and 5).
If we go on the assumption that the total sample is purely magnitude limited, and that the
correction factor for the increase of volume sampled for binaries is between 1.86 < o < 2.83 (see
section [[L6.3]), the corrected binary fraction is 7.6f?:?%. As we observe a preference for nearly
equal luminosity systems (see section [LE3)), o must be closer to 2.83 than to 1.86. The value
given above therefore corresponds to a =2.83, but its uncertainties includes the uncertainties on
« and on the observed binary fraction. This result is of the same order than the previous one
and in good agreement within the uncertainties. However, the two methods presented here to
correct the observed binary frequency take in account only the bias for visual binaries resolved
by HST, and not for the spectroscopic binaries of the sample that we miss. Indeed in order
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to construct our “volume limited” sample we correct the photometric distances of the identified
HST visual binaries, but not those of undetected spectroscopic binaries. The same is true for
the [Burgasser et all (2003) method; in their equation 4, only the volume sampled for HST visual
binaries is corrected. As result, the denominator of the binary fraction, which is the total
number of systems (single and multiple), is overestimated because the bias for multiplicity is
not corrected for all the multiple systems, and the binary fraction is therefore under-estimated.

Nevertheless, this sample of 134 objects is the largest studied to date, with the highest spatial
resolution available. We found 15 new binary candidates (to be added to the 11 previously
known). This allows us to make a meaningful statistical study over a sufficiently large number
of objects. Although it is biased, we can already make some preliminary comments on the
results, keeping in mind the limitations of this study.

With these considerations we obtain a HST visual binary fraction among ultra-cool dwarfs
of 7—10%. But even in these conditions and with these precautions the sample is not a purely
volume limited sample and the results will not be as accurate as the one we could get with a
statistically well defined sample.

1.6.2 Distribution of Separations

Figure shows the distribution of separations. It shows evidence of a lack of binaries with
separations wider than ~ 15 A.U. This was already mentioned as the possible “brown dwarf
wide binary desert” by IMartin (2000).

This is certainly not an artifact of incompleteness in the observations since this separation
corresponds to ~ 0”5 (at an average distance of ~ 20 pc), where multiple systems can easily
be detected either by HST/WFPC2 for the faintest companions or 2MASS and DENIS in the
brighter and wider cases (the resolutions of the 2MASS and DENIS surveys are ~ 2”0, corre-
sponding to ~ 40 A.U semi-major axis at 20 pc). Figure shows clearly that all the objects
have angular separations well below these limits. We estimate that we should have been able
to detect every companion candidate within 4”0 of the targets (within the limits of flux ratio
mentioned in Section [CE3)). We have been looking for wide companions by comparing the
colours of the objects in the WFPC2 field of view, and found only very few candidates with
colours very similar to those of the associated targets. The colours similarity being a poor con-
straint (especially with the HST filters used in this study), the probability that these objects are
physically associated to the corresponding targets is very low. One object from the literature
(CFHT-PI-18, cf. Table [CT) is currently known to have a wider separation (35 A.U), but even
in this case the separation does not exceed a few tens of A.U. This indicates that these objects
can exist but are probably very rare, and probably do not have separations greater than a few
tens of A.U.

1.6.3 Luminosity ratios

Figure [AZ1] and [CT0 also suggest that there is a lack of binary systems with large differences of
magnitudes, corresponding to unequal luminosities. Most of the values of differences of magni-
tudes are homogeneously spread between 0.1 < Ampgiapy < 2.0 mag. Only two systems have
Ampgiaw > 2.5 mag. As explained in Section [L22] this is probably not an artifact of incom-
pleteness, because even if the sample is magnitude limited (in a magnitude limited sample, the
selection bias is stronger for the equal luminosity systems, since the systems with unequal lumi-
nosities are detected in a smaller volume) Figure shows that we should have been able to
detect all the binary systems with differences of magnitudes between 1.5 < Am pgiawy < 3.0 mag
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Figure 1.9 Distribution of angular separations of the binaries presented in this paper. There is

an evident absence of systems with separation larger than 0”6. The observations were limited
to 07060 in the lower part (dark grey region) and ~ 470 for the upper part.
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Figure 1.10 Distribution of difference of magnitude in the F814W (~ I) Filter. Although we
would have been able to detect objects with Am pgiaw < 3.3 easily, we observe a clear lack of
systems with Ampgiaw > 2.0, corresponding to a mass ratio of 85% (the mass ratios indicated
here correspond to the one given by the (Chabrier et all (2000) models for a primary of 0.1 M,
and an age of 1 Gyr, cf. Table [CH).

easily even in the faintest cases, and binary systems with differences of magnitudes between
3.0 < Ampguaw < 5.5 mag in the brightest cases.

Binaries with a flux ratio f = fo/f1 can be detected /1 + f times further away. Therefore
the higher (~ 1) the flux ratio is, the larger the sampled volume is. This is an another well
known effect of the bias introduced by the multiplicity: the number of equal mass binaries is
over-estimated in comparison with the number of binaries with large differences of magnitudes.
This effect is maximum for equal mass binaries compared to binaries with mass ratio close to
zero. The volume sampled for equal mass binaries is then 2.83 times larger than the volume
sampled for systems with mass ratio close to zero. In our study we find a factor of 24/2 = 12
times more systems with 0.1 < Ampgiaw < 2.0 mag than system with 2.0 < Ampgiaw < 5.5
(see Figure [[TM). Such a very large ratio can not be explained by this bias.
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1.6.4 Colours

A colour-magnitude diagram (F814W vs. (F675W-F814W) ~ I vs. R-I) of the sample of the
GO8720 program is given in Figure [LTIl Plotted are the single or unresolved targets, as well as
the multiple systems represented by three points : one point for the whole system and two linked
points for the two individual components. Figure [LTI] shows clearly that the multiple systems
include some of the reddest objects of the sample. The slopes of the lines joining the primary and
the secondary might indicate that for two objects the secondary is bluer (higher R-I), whereas
for the three other it is redder. This might be explained by dust effects as described in the
DUSTY model (Allard et all 2001; [Chabrier_et._all 2000), but could also be due to the relatively
high uncertainties on the flux ratios and the corresponding uncertainties on the magnitudes of
the two components.

A colour-magnitude diagram (F814W vs. (F814W-F1042M) ~ I vs. I-z) of the sample of
the GO8581 program is given in Figure Not all the 15 binaries found in this sample were
bright enough in the F1042M filter to be able to do the PSF fitting, thus not allowing to measure
the flux ratios.

1.7 Discussion

This study allows us to point out three important results: the frequency of binaries, the lack
of binaries with separations greater than 15 A.U and the possible preference for equal-mass
systems. We will now discuss these results in the context of current scenarios of formation and
evolution of free-floating ultra-cool dwarfs.

1.7.1 Binary frequency

As shown in Figure [[T3 the value we found for the binary frequency (10~15%) is much lower
than the values given by [Duquennoy & Mayor (1991) for G dwarfs (~ 57%), and by Reid & Gizis
(1997h) or Marchal et all (2003) for the early M dwarfs (31 — 35%) considering that this latter
values covers larger ranges of mass ratios and separations whereas we were limited in both cases.
If we compare with only the G and M stellar systems having a separation 2.1 < a < 140 A.U
(corresponding to respectively 07060 and 470 at the average distance of our sample: 35 pc)
we find roughly ~ 30% in the [Duquennoy & Mayor (1991) distribution, which is still much
higher than the one we give here for ultracool dwarfs (spectral types between M7 and L8). For
comparison, in Figure [[T4] we combine a plot of the 25 field binary ultracool dwarfs presented
here, with the distribution of separations given by [Duquennoy & Magyor (1991) for the G-dwarfs.
In the left part of our histogram we missed the binaries with separations smaller than ~ 0”060.
Even if it is not correct to compare directly both distributions (the [Duquennoy & Mayor (1991))
distribution was indeed corrected for biases whereas the distribution of the 25 binaries is not
corrected at all), we can note the absence of systems with separations greater than 15 A.U, and
the strong peak between 4 ~ 8 A.U, instead of ~ 30 A.U for the G dwarfs.

In a recent study Burgasser et all (2003) report an observed binary frequency among T
dwarfs of 20717 % (2 multiple systems over a sample of 20 objects) corresponding to a biased
corrected fraction of 93115%. This number is in good agreement with the one we report here for
late-M and L dwarfs. They also computed a bias corrected value of the binary fraction of late-M
and L dwarfs of the sample of [Reid et all (2001) (HST program GO8146, 4 multiple objects
among 20 targets) and, assuming it was a purely magnitude limited sample, they estimated a
fraction of binary of the same order (9711%) (see section [CB.1] for a detailed discussion on the
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Figure 1.11 Colour Magnitude diagram of the sample (GO8720). Single or unresolved objects
are represented by filled diamonds. Binary systems are represented by various symbols. For
each binary system, both the binary system and the two components are represented (same
symbol), these latter two are joined by a dashed line. The T-dwarf G1229B is represented (by
an asterisk) in addition for comparison between M, L and T-dwarfs. Values for GI1229B from
Golimowski et all (1998). Not all objects were available in both filters (see Tables and [[C3)).
Spectral types of some objects were available (cf. Table [LTI).

58



1.7. Discussion

Typical uncertainties for Typical uncertainties for the
the unresolved objects components of the resolved objects
- I
13 T T T T T T
v Binaries (unrsolved)
3 2MASSWIN2+3548
2MASSWI239+5515
14 + . A 2MASSWI449+2355
2MASSWION7+1308
i . ®  2MASSWI430+2915
®  2MASSWI426+1557
15 ®  2MASSWIZ74+7411
| o8 2MASSWIBN+8032
® W L2 O 2MASSW2140+1625
16 L ““ ‘Qci ®  2MASSW2147+1431
e \ 00 2MASSW2206-2047
L ~o s T8 O 2MASSW2331-0406
NN .“ ~LO %  Cliese 2298
= y ° Singl led
I ']7 — * 0\\ ‘\ Y * ingle or unresole
Q PR e *
= L IR 4 » i
£ IR S L2
¢ / ® o
16 . . LA ~|
Ve .
o v \\ ‘| * LAO L3 B
* ! L7 v
\
19 \ L5 o . v A\\ . |
g ‘\ * AN
i o * * AN ]
L7.5 AN
20 — * v AN ]
AN T6.5
| . Ak i
.
21 - 7
L | L | L | L | L | L | L | L
1 15 2 2.5 3 2.5 4 45 5

1 (F&14W) m (1042M)

Figure 1.12 Colour Magnitude diagram of the sample (GO8581). Some multiple systems were
unresolved or too faint in the F0142M filter, thus not allowing to measure the flux ratios.
These latter cases are represented by a red triangle. The binaries resolved in both filters are
represented with 3 points like in Fig. [LTIl Typical uncertainties are given for the unresolved
objects and for the components of the multiple systems. The T-dwarf GI229B is represented
(asterisk) in addition for comparison between late M, L and T-dwarfs. Values for GI1229B from
Golimowski et all (1998). (see Tables and for the detailed values of magnitudes)
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difficulty to correct properly the bias). The results are again in good agreement within 1-o. Our
binary fraction is based on a total sample 6.65 larger than the samples of T-dwarfs and L-dwarfs
they present, including the sample of L-dwarfs of [Reid et all (2001)).

The binary frequency we report here gives also strong constraints on the models of formation.
In particular such a high rate of multiple systems cannot be explained by the hydrodynamical
simulations of [Delgado-Donate et all (2003); Bate et all (2002) that predict very few binary
ultra-cool dwarfs. They report that their models of formation and evolution predict a very low
frequency of binaries among very low mass stars and brown dwarfs (< 5%), because in most
of the cases the dynamical interactions involved in the ejection of the ultracool dwarfs lead to
the disruption of the multiple systems. Their important results obtained using high-resolution
hydrodynamical simulations of 5 bodies star forming regions (IDelgado-Donate et _all 2003) and
star formation from the fragmentation of turbulent molecular clouds (Bate_ et all2002) are thus
in contradiction with the results we present here on that point. Indeed, even if the binary
frequency we report here is not much higher than the upper limit predicted by these models,
we have to keep in mind that our value is a lower limit since we did not take in account the
spectroscopic binaries. We will discuss the impacts of our result on the models of formation in
more details in Part [Tl The binary frequency we present here should allow to constrain better
the properties of the initial molecular clouds in which ultra-cool dwarfs are supposed to form.

1.7.2 The brown dwarf wide binary desert

The lack of binaries with wide separations that we observe for ultra-cool and brown dwarfs
suggest that there are major differences in the formation and evolution processes of these ultra-
cool objects in comparison with stars. Whereas they cannot explain the binary frequency we
report here, the models of ejection (Delgado-Donate et all 2003; Bate_et._all 2002; [Durisen_et, al.
2001) are consistent with the wide binary desert. Only a close binary might indeed be able
to survive during the disruption process. As we observe a relatively high rate of binaries, it is
more likely that the observed desert might be the consequence of several effects: both formation
peculiarities and later evolution processes, such as disruption due to the gravitational interaction
with neighbouring stars and /or molecular clouds (see Burgasser et all (2003) for a discussion on
this last point). These results are consistent with the previous results presented by [Reid et al.
(2001); IClose et_all (2003, 2002h). We will also discuss this point in more details in Part [l

1.7.3 Distribution of Mass Ratios

The transformation of flux ratio to mass ratio is not straightforward, because the ages of various
individual systems can be very different, and second because of the degeneracy in the mass-
luminosity (age-temperature) relation in the case of brown dwarfs. Luminosities and effective
temperatures of brown dwarfs are indeed function of both age and mass (Burrows et all [1997;
Chabrier et all 2000). But since the two components of a binary system can be assumed to be
coeval, a difference in the luminosity must be associated to a difference in mass.

As we observe a strong lack of binaries between 1.5 < Ampgiaw < 2.5 mag (see Fig. [LI0),
and if we consider that the sample covers a randomly large range of ages (typically between 0.5
Gyr and 10 Gyrs), we can suggest that this might be evidence of a preference for equal-mass
systems, as it was thought before. Indeed Table shows that the mass ratios corresponding
to Ampgiawy = 1.5 mag for ages between 0.5 Gyr and 5.0 Gyrs are ranging between 75%
and 95%, whereas mass ratios corresponding to Ampgiaw = 4.0 mag are ranging between
55% and 74% (Chabrier et all 2000). If we consider a coeval binary system with a primary
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Figure 1.14 Distribution of separations of the 25 binaries presented in this paper, compared
with the h:h]glmm;L&_Ma.;mﬂ (|l9_91|) distribution of G-dwarf. The upper and lower limits of
detection are in the grey regions. These regions have been calculated considering an upper limit
in the distance at 35 pc (average distance of the sample) with corresponding maximum limits of
detection of 470 and 0”06 and a lower limit at 7 pc (closest distance of our sample) with minimum
limits of detection of 470 and (7060. Even if it is not correct to compare both distributions (the
distribution of ultra-cool binaries was not corrected for bias) the lack of binaries wider than 15
A.U and the strong peak around 4~8 pc appear clearly, although wider binaries should have
been identified despite the selection biases.
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1.7. Discussion

Table 1.8. Examples of mass ratios based on the DUSTY model

AmF814W 1.5 3.0 4.0 5.5
Age MQ/Ml MQ/Ml MQ/Ml MQ/Ml
0.5 Gyr 5% 62% 55% 45%
1.0 Gyr 85% 73% 68% 61%
5.0 Gyrs 95% 7% 74% 1%
Note. — Examples of mass ratios based on the DUSTY

model convolved with the HST/WFPC F814W filter, corre-
sponding to luminosity ratios of Ampggi4w = 1.5, 3.0, 4.0, and
5.5 mag, for a primary of 0.1 M), according to the DUSTY
model of (Chabrier et all (2000)

with Trr(A) = 2012K, 1Gyr and M4=0.07Me), a difference of magnitude Ampgiqw = 3 mag
corresponds to a secondary with T,¢r(B) ~ 1600K and Mp=0.06M«), whereas a a difference
of magnitude Ampgiaw = 5.5 mag corresponds to a secondary with T,rr(B) ~ 1500K and
Mp=0.052M,. These examples illustrates the limits we were able to reach in our study.

It is also interesting to mention that this lack is similar to the deficiency of low mass ratios
among binary early-M dwarfs in comparison with G dwarfs reported by [Fischer & Marcy (1992)
and to the excess of near equal mass M-dwarf binary systems in comparison with G dwarfs
systems reported by Reid & Gizid (1997h). All these observations suggest different formation
mechanisms and/or different processes of evolution.

The survey is of course biased by the limited sensitivity at smaller separations/lower flux
ratios, but nevertheless covers a relatively large dynamic and resolution range. Because of these
limits of detection we cannot exclude the possibility of a multi-modal distribution of mass ratio,
even if this scenario appears very unlikely in the current context of models of formation and
evolution. It is important to remember that we were not able to detect systems with Am pgi4m
greater than 5.5 mag, corresponding to systems with mass ratios of about 45%, 61%, 71%
respectively at the ages of 0.5, 1.0 and 5 Gyrs and for a primary mass of 0.1 M (according to
the DUSTY models of [Chabrier ef. all (2000), cf. Table [LH]).
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Table 1.9. Resolved Field Ultra-cool Dwarfs Binaries

Name Distance Sep. Semi-major  Periodd

(pe) (A.U) axis9(A.U) (yrs)

DENISPJ0205-1159 19.8 7.3 9.2 74.6
DENISPJ0357-4417 222 b 2.2 2.8 10.5
2MASSW0746+2000 12.3 2.7 3.4 14.0
2MASSW085041057 41.0 6.4 8.1 61.6
2MASSW0856+2235 34.7b 3.5 4.4 20.8
2MASSW0920+43517 20.1 b 1.5 1.9 7.2

DENISPJ1004-1146 46.8P 6.8 8.6 56.5
2MASSW1017+1308 21.4 b 2.3 2.9 11.0
2MASSW1127+7411 14.6 P 3.8 4.8 23.5
2MASSW1146+2230 27.2 8.0 10.1 92.6
DENISPS1228-1547 20.2 5.1 6.6 49.0
2MASSW1239+5515 21.3 b 4.7 5.9 32.0
2MASSW1311+8032 13.7 P 4.4 5.5 28.7
2MASSW142641557 26.7 P 4.3 5.4 33.3
2MASSW14304-2915 29.4 P 2.7 3.4 13.9
DENISPJ1441-0945 29.2b 11.2 14.1 118.0
2MASSW1449+2355 63.7 8.7 11.0 81.1
2MASSW1600+1708 60.6 P 3.4 4.3 19.9
2MASSW1728+3948 20.4 b 2.8 3.4 13.8
2MASSW2101+1756 232 b 5.6 7.1 41.9
2MASSW2140+1625 129°P 2.1 2.6 10.5
2MASSW2147+1431 21.8 b 7.2 9.1 61.7
2MASSW2206-2047 22.2b 3.6 4.5 22.6
2MASSW2331-0406 26.2 15.1 19.0 211.0
SDSS2335-0013 20 @ 1.1 1.4 3.7

CFHT-PL-18 105 P 35.0 44.1 641

2The distance cannot be estimated by any method. We assume an
average distance of 20 pc.

bPhotometric distances evaluated as explained in section [CA1

¢Semi-major axis calculated by multiplying the projected separation
by the correction factor 1.26 as explained in [Fischer & Marcy (1992),
in order to take in account inclination, orbital angle, etc.

dThis period is just an estimate, calculated as explained in the text.
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Chapter 2

Ultracool dwarfs in a young open
cluster: the Pleiades

2.1 Introduction: The Pleiades

Photometric surveys to look for brown dwarfs in young stellar clusters proved to be very suc-
cessful. The advantage of working with young open clusters is that both the age and distance
are precisely known so that brown dwarfs candidates are easily identified from their position in
colour-magnitude diagrams, relative to the expected position of the cluster’s sub-stellar isochrone
(Moraux et_all 2003). Also, still using theoretical models [Chabrier et all (2000), the magnitude
of the object can be readily converted to a mass (given the age and distance of the cluster) and
the resulting IMF estimated. In the following study, we obtained high angular resolution images
of a sample of brown dwarfs in the Pleiades cluster in order to investigate the occurrence of
multiple systems among sub-stellar objects, and its implications on:

1. the formation and evolution processes of brown dwarfs

2. the properties of these multiple systems in comparison with that in the field and in star
forming regions.

The Pleiades, in which we did the study, is one of the best studied open clusters. Its age
(120 Myr) and distance (d=135 pc, see e.g [Pan_et. all 2004; IMunari et _all 2004) are well known
and its IMF has been well studied over the stellar mass range. All the targets come from
the same forming region: they had the same initial conditions and are now following identical
evolutionary paths, which is not the case of field brown dwarfs for which in general we do not
know neither the age nor the distance precisely. Moreover, the Pleiades cluster offers many
advantages for our study in comparison with other clusters, star forming regions or associations.
First of all, because we have a relatively large sample of confirmed brown dwarfs, which is of
prime importance in order to make a good statistical study. This was not the case of star
forming regions or other associations where only few brown dwarfs were confirmed at the time
of this study. Second, this sample is homogeneous in age and distance, and is not too far away
to exclude a search for close visual binaries. All this considerations make this cluster the ideal
place for a complementary study to the field ultracool dwarfs.

In a first attempt to investigate brown dwarf binaries, IMartin_et_all (20004) surveyed 34 very
low mass Pleiades members with HST/NICMOS and HST/WFPC2. They failed to find any
companion at a resolution of 0”2 or larger (27 A.U, NICMOS) and only few (4) at a resolution
of ~07060 or larger (8.1 A.U at 135 pc, WFPC2/PC).
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Chapter 2. Ultracool dwarfs in a young open cluster: the Pleiades

2.2 WFPC2 search for multiple systems in the Pleiades

Note: The WFPC2-PC study presented in this chapter has been conducted and lead by
Prof. E. L. Martin (I.A.C), who invited me to participate. The results presented here have
been published by Prof. Martin and a list of collaborators including myself in a refereed
article (Martin et all 2003). My work in this study consisted mainly in the identification
of the multiple systems and the analysis of their astrometric and photometric properties.
With the permission of Prof. E. L. Martin, I will therefore often refer to and quote the
sections of the article of Martin et all (2003) corresponding to the work I have done. The
ACS study happened after an interval of two years after the WFPC2 one.

2.2.1 Observations

We used the unique high angular resolution provided by HST/WFPC2 (program SNAP-8701,
P.I. Martin). The observations we performed with HST/WFPC2 provide angular resolution
down to ~07060 (~8.1 A.U), i.e more than 3 times better than the NICMOS study of IMartin_et. al.
(20004). This allows us to investigate very close companions.

2.2.2 Sample

The targets were compiled from several lists of very low-mass (M<0.1 M) candidate members.
We used the informations provided in the works of Martin et all (1996); Martin et all (1998);
Rebolo et all (1996); Zapatero Osorio et all (1997) for Calar objects; Zapatero Osorio et all (1999)
for Roque objects; Bouvier et_all (1998); Stauffer et _all (1998); Martin et _all (20004) for CFHT-
PL objects; Hambly et all (1999) for IPMBD objects; and [Festin (1998hJa) for NPL objects.
These compilations include most of the known Pleiades very low mass stars and brown dwarf
candidates that had not been previously observed with HST. Of the 29 objects proposed for this
program, 26 have been observed. One of them turned out to be a duplication because NPL 40 is
the same object as Roque 33. This object was observed twice. The remaining 3 Pleiades targets
were not scheduled for observation.

Table Bl gives an overview of the sample.

2.2.3 Observational strategies and techniques

Observations were carried out between July 2000 and August 2001 as part of the HST Snapshot
program designed to fill short intervals between accepted GO observations (SNAP-8701, HST
Cycle 9, P.I Martin). Each brown dwarf candidate was centered in the PC chip of the WFPC2.
With a plate-scale of 070455 per pixel, the PC has a field of view of 36" in diameter. Assuming
a distance of 135 pc for the Pleiades, this provides a maximum physical separation of 2430 A.U
from each brown dwarf candidate to search for companions. The observations were made in
two broadband filters, the F814W and the F785LP with central wavelengths at 862.1 nm and
792.4 nm respectively. The filters were chosen to provide high throughput and a clear colour
separation between brown dwarfs and background stars and galaxies. Two exposures were taken
in each filter to allow for proper cosmic ray rejection, yielding to total integration times of 600 s
and 280 s in the F814W and F785LP filters, respectively.
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2.2. WFPC2 search for multiple systems in the Pleiades

Table 2.1. Pleiades WFPC2 sample
Name R.AP Dec.? F785LP F814W Ic® R—Ic? SpT? Li 72 PMM?* Member ?

Cl1* Melotte 22 CALAR 3 03 51 26.1 +23 45 20 19.00 18.19 19.00 2.50 M8 Y Y Y
Cl1* Melotte 22 CFHT-P1 9 03 49 15.2 +24 36 23 17.74 17.05 17.71 2.18 M6.5 N Y Y
Cl1* Melotte 22 CFHT-PI 10 03 44 32.4 +25 25 18 17.81 17.12 17.82 2.21 M6.5 N Y Y
Cl* Melotte 22 CFHT-PI 12 03 53 55.2 +23 23 37 17.93 17.14 18.00 2.47 M8 Y Y Y
CI* Melotte 22 CFHT-PI 15 03 55 12.6 +23 17 38 18.73 17.96 18.62 2.34 M7 Y N Y
Cl1* Melotte 22 CFHT-PI 19 03 45 33.2 +25 34 30 18.99 18.30 18.92 2.51 N N
CI* Melotte 22 HHJ 3 03 48 50.4 +22 44 30. 18.00 17.25 18.07 Y Y
Cl1* Melotte 22 IPMBD 21 03 49 16.15 +26 49 03.6 17.85 17.15 17.85 Y Y
CI* Melotte 22 IPMBD 22 03 49 33.03 +26 50 43.0 17.86 17.20 17.90 Y Y
Cl1* Melotte 22 IPMBD 25 03 46 26.06 +24 05 09.9 17.67 16.97 17.82 Y Y
Cl1* Melotte 22 IPMBD 26 03 47 15.17 +25 24 19.2 18.04 17.40 18.11 Y Y
Cl* Melotte 22 IPMBD 29 03 45 31.33 +24 52 47.8 18.38 17.49 18.35 Y Y
Cl1* Melotte 22 IPMBD 43 03 39 17.03 +22 27 11.5 18.06 17.33 18.1: Y Y
CI* Melotte 22 NP1 36 03 47 50.4 +23 54 49 18.56 17.79 18.66 M7.5
Cl1* Melotte 22 NP1 38 03 47 50.4 +23 54 49 19.20 18.38 19.18 M8
Cl1* Melotte 22 NP1 40 03 48 49.0 +24 20 25 20.39 19.65 20.26 M9.5
CI* Melotte 22 NP1 43 03 48 27.36 +23 46 20.3 21.77 21.05 21.79
Cl1* Melotte 22 ROQUE 5 03 44 22.4 +23 39 01 20.05 19.29 19.71 M9 Y Y
Cl1* Melotte 22 ROQUE 7 03 43 40.3 +24 30 12 19.39 18.68 19.50 2.61 MS8.5 Y Y
Cl1* Melotte 22 ROQUE 18 03 45 52.6 +23 43 17 21.41 20.85 21.11
Cl1* Melotte 22 ROQUE 20 03 48 43.7 +22 40 46 21.62 22.31 22.2:
Cl1* Melotte 22 ROQUE 23 03 47 05.0 +23 55 48 22.01 21.73 21.75
Cl1* Melotte 22 ROQUE 24 03 43 21.4 +24 34 42 22.14 21.02 21.56
C1* Melotte 22 ROQUE 30 03 50 16.0 +24 08 35 20.92 20.40 20.31
Note. — Multiple systems are indicated in bold face

2The Rc and I photometric data, spectral types, lithium detections and proper motion memberships come from the literature cited in the text.

b 32000
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Figure 2.1 Relative intensity of the residuals after PSF subtraction on the Pleiades ultracool
dwarfs of our WFPC2-PC sample. The black plus indicate the results in the F814W filter, and
the red plus the results in the F785LP filter. Results for the same objects are linked by a dotted
line. The median value and 3-0 above the median are indicated. Objects below 3-0 above the
median value are considered as unresolved. Two objects have great residuals in the F814W filter,
but normal residuals in the F785LP filter. A visual check confirms that the elongation seen in
the F814W images is due to a cosmic ray or bad pixel.

2.2.4 Data analysis
Identification of the multiple systems

We searched for and identified the binary candidates using the same technique as for field
ultracool dwarfs, as described in Section [L21] of Chapter [ in this Part.

As shown by Figure Z1l we found 4 binary candidates in the WFPC2-PC sample. One
object (HHCJ4) has great residuals in the F814W filter, but normal residuals in the F785LP
filter. A visual check confirm that the elongation seen in the F814W image is due to a cosmic
ray or bad pixel.

PSF Fitting

The WFPC2-PC data have been processed with PSF fitting exactly as described in Section
of Chapter 0l in this Part. The calibrations of the PSF fitting program are presented in Annex
Al
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2.8. ACS search for multiple systems in the Pleiades

2.3 ACS search for multiple systems in the Pleiades

2.3.1 Observations

In order to refine the WFPC2 study, we used the higher angular resolution provided by ACS-HRC
(program SNAP-9831, P.I. Bouy). An ESO/VLT-NACO proposal had been rejected because
the Pleiades are too low in the Chilean sky to make an efficient use of this Adaptive Optic
System, which would have been the only one currently able to compete with HST/ACS spatial
resolution. Keck/AO was indeed limited to NGS brighter than 12 in the visible, much too low
in the case of our study, and Subaru/AO does not provide a resolution below 072, which is
about 5 times worse than HST/ACS. Using PSF fitting, the observations we performed with
HST/ACS allow us to resolve multiple systems with separations as low as ~07040 (~5.4 A.U),
i.e more than 5 times better than the NICMOS study of IMartin et all (20004) and 1.5 times as
good as the WFPC2/PC study. Moreover, the sensitivity of HST/ACS in the chosen filter is ~5
times greater than the WFPC2/PC (see Biretta 2002, and Chapter[l). This allows us to inves-
tigate very close companions and very small mass ratios between the companion and the primary.

2.3.2 Sample

The sample consists of 32 very low mass stars and brown dwarfs (spectral types later than MT7)
in the magnitude range I=18.0 mag to [=22.9 mag, identified from deep, wide-field surveys of the
Pleiades cluster (Moraux_et_all 2003, 2001; Bouvier et all[1998), and different from the WFPC2-
PC sample, apart from 4 objects (the binaries CFHT-PL-12 and IPMBD 29, and CFHT-PL-15
and IPMBD 25). All the targets have been identified as brown dwarfs using near-infrared and
optical photometry analysis and/or spectroscopy. The sample covers a mass range from 0.025
to 0.080 M, and is shown in Figure enclosed and Table The membership of our targets
has been already confirmed by proper motion measurements or photometry (IMoranx_et. all 2001,
200).

2.3.3 Observational strategies and techniques

Observations were carried out during cycle 12 between July 2003 and August 2004 as part of
the HST Snapshot SNAP-9831 program. Each object was observed in the F814W filter, which
provides the best compromise between the efficiency, the sensitivity to our cold objects, and the
S/N ratio. Only one band was obtained in order to maximize exposure times, minimize the visit
times and thus optimize schedulability.

Diffraction limited imaging with ACS-HRC at 814 nm gives us a spatial resolution of 0”085.
With its 07027 pixel scale, the ACS-HRC thus provides the required critical sampling of the PSF,
which was not the case of the WFPC2/PC camera. Using PSF fitting, we are thus able to resolve
even closer companions than in the case of WFPC2. Integration times were 400 s, spread over 4
exposures in CR-SPLIT mode (Pavlovsky et all 2003). Figure 2] shows that we were sensitive
to companions 5.9 mag fainter than their primary (3-0 detection limit), corresponding to a lower
limit on the mass ratio between 0.4 and 0.7 depending on the brightness of the primary.

Seventeen objects among the 33 submitted have been observed, but in 2 cases a problem with
the guidance sensor resulted in moved exposures, as shown in Figure L3 The corresponding
images are useless. We thus obtained images for 15 targets, 2 of which were already known
binaries.
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Table 2.2. Pleiades ACS sample

Name R.A (2000) Dec. (2000)
Cl* Melotte 22 CFHT-PI 11 03 47 39.0 +24 36 22.1
Cl* Melotte 22 CFHT-P1 12* 03 53 55.1 +23 23 36.4
Cl* Melotte 22 CFHT-PI 13 03 52 06.72 +24 16 00.76
Cl1* Melotte 22 CFHT-PI 15 03 55 12.5 +23 17 38.0
Cl1* Melotte 22 CFHT-PI 16 03 44 35.3 +25 13 44.0
Cl* Melotte 22 CFHT-PI 17 03 43 00.2 +24 43 52.1
Cl* Melotte 22 CFHT-PI 21 03 51 25.6 +23 45 21.2
Cl* Melotte 22 CFHT-PI 23 03 52 18.64 +24 04 28.41
Cl* Melotte 22 CFHT-PI 24 03 43 40.29 +24 30 11.34
Cl* Melotte 22 CFHT-PI 25 03 54 05.37 +23 33 59.47
C1* Melotte 22 CFHT-PI-1Z 10 03 51 44.97 423 26 39.47
C1* Melotte 22 CFHT-PI-1Z 1262 03 44 27.27 +25 44 41.28
C1* Melotte 22 CFHT-PI-1Z 13 03 55 04.4 +26 15 49.3
C1* Melotte 22 CFHT-PI-1Z 14 03 53 32.39 +26 07 01.2
Cl* Melotte 22 CFHT-PI-1Z 2141 03 44 31.29 +25 35 14.42
C1* Melotte 22 CFHT-PI-1Z 161 03 51 29.43 +24 00 36.79
C1* Melotte 22 CFHT-PI-1Z 17 03 51 26.69 +23 30 10.65
C1* Melotte 22 CFHT-PI-1Z 19 03 56 16.37 +23 54 51.44
Cl1* Melotte 22 CFHT-PI-1Z 2 03 55 23.07 +24 49 05.01
CI* Melotte 22 CFHT-PI-1Z 21 03 55 27.66 +25 49 40.72
Cl* Melotte 22 CFHT-PI-1Z 23 03 51 33.48 +24 10 14.16
C1* Melotte 22 CFHT-PI-1Z 25 03 52 44.3 +24 24 50.04
Cl* Melotte 22 CFHT-PI-1Z 26 03 44 48.66 +25 39 17.52
Cl1* Melotte 22 CFHT-PI-1Z 28 03 54 14.03 +23 17 51.39
C1* Melotte 22 CFHT-PI-1Z 29 03 49 45.29 426 50 49.88
C1* Melotte 22 CFHT-PI-1Z 300 03 51 15.6 +23 47 05.38
C1* Melotte 22 CFHT-PI-1Z 31 03 51 47.65 +24 39 59.51
Cl* Melotte 22 CFHT-PI-1Z 4 03 41 40.92 +25 54 23.0
C1* Melotte 22 CFHT-PI-1Z 51 03 46 36.24 +25 33 36.21
C1* Melotte 22 CFHT-PI-1Z 7 03 48 12.13 +25 54 28.4
C1* Melotte 22 IPMBD 25* 03 46 26.1 +24 05 10.0
Cl1* Melotte 22 IPMBD 29* 03 45 31.3 +24 52 48.0

Note. — Observed objects are indicated in bold face, and the * symbol
indicates the binaries.
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Figure 2.3 A problem in the FGS during the acquisition resulted in moved and useless exposures.
Left panel: CFHT-PI-23; Right Panel: CFHT-P1-24.

2.3.4 Data Analysis
Search for the multiple systems

All images have been inspected manually in order to look for elongation. Figure 20 shows the
contour plots of each of the targets. The two previously known binaries (CFHT-PL-12 and
IPMBD-29) appears clearly elongated. Some objects appeared to have possible companions
which, after further analysis, turned to be cosmic rays, as indicated on Figure We also
performed PSF subtraction as for the WFPC2 sample. No new binary was found among the 13
new objects.

PSF fitting

The ACS-HRC data have been processed with the same PSF fitting program described in Section
of Chapter [Min this Part, adapted to ACS-HRC. The calibration of the PSF fitting program
for ACS-HRC data are presented in Annex

2.4 Results for the individual objects

We confirm the 2 binaries found previously in the WFPC2 study, and report 0 new binary in
the range 070450726, and 18<Io <22.8.

Considering the relatively high proper motion of the Pleiades cluster, and the small relative
motion of their respective components (see Tables and Z4)), we conclude that CFHT-PL-
12AB and IPMBD-29AB have common proper motion.

2.4.1 CI1* Melotte 22 CFHT-P1 12

CI1* Melotte 22 CFHT-P1 12 is a binary with a separation of 07062407002 and a P.A of 266.7+1.7°
(14th November 2000), corresponding to a physical separation of 8.4 A.U at 135 pc. Correcting
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Figure 2.4 Limit of detection of our ACS/HRC observations.

Top panel: AMag vs angular separation. The curve represent the largest detectable difference
of magnitude in the F814W band between the primary and the secondary, as a function of the
projected separation. The curve was computed from the average of the 3-0 noise measurements
in the images. At separation greater than 0”250, we were sensitive to companions 5.9 magnitudes
fainter than the primary. The two stars indicate the two resolved binaries in this sample.
Bottom Panel: Same as top panel, but for the mass ratio vs the physical separation. The mass
ratios have been computed for 2 different masses of the primary characteristic of our sample,
using the top panel curve and DUSTY models for the mass-luminosity relation. The physical

separations have been calculated assuming an average distance of 135 pc.
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Chapter 2. Ultracool dwarfs in a young open cluster: the Pleiades

Figure 2.5 Contour plot of each of the targets of the ACS sample. Some cosmic rays are indicated.
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2.4. Results for the individual objects

Table 2.3. Relative Astrometry and photometry of C1* Melotte 22 CFHT-PL 12

Date Instrument  Sep. P.A AMag Filter
DD/MM/YYYY [mas] [°]

14/11/2000 WFPC2 6243 266.7+4.5 0.98+0.15 F814W
07/11/2003 ACS 50+£3 251.44+0.75 0.43+0.15 F814W
Note. — The difference of magnitude is different at the two epochs.

They agree within 2-0, but the WFPC2 value should be considered with
more caution than the ACS value. The ACS image is indeed much better
sampled (the pixel-scale of ACS is twice as good as that of WFPC2). We
therefore consider that the ACS value is more accurate.

for a statistical factor of 1.26 as explained in [Fischer & Marcy (1992), it leads to a semi-major
axis of 10.5 A.U. Its proper motion and the presence of Li absorption in its spectrum indicate that
it is substellar and belongs to the Pleiades cluster. Table gives a summary of its astrometric
and photometric properties. Using the NextGen models for the primary and the DUSTY models
for the fainter (and therefore cooler) secondary and assuming an age of 120 Myr, we can estimate
the masses of each component to be M4=0.054 M and Mp=0.038 M), corresponding to a
mass ratio of ¢ = 0.7. According to Kepler’s laws (Keplen [1609), the corresponding period is
~112 years. Considering a face-on circular orbit, the small relative motion of 5.1° in 3 years
corresponds to an orbital period of ~70 years. This is of the same order of magnitude as the
more precise orbital period derived from the masses and the semi-major axis, and provides a
sanity check.

2.4.2 CI1* Melotte 22 CFHT-PI 19

CI* Melotte 22 CFHT-P1 19 is a binary with a separation of 0”066+0”003 and a position angle of
262.741.8°0n the 21rst of September 2000. Proper motion measurements later than our study by
Moranux et _all (2001) indicate that it is not a member of the Pleiades cluster. It is unlikely that
the binarity has affected the proper motion measurement of IMoraux_ et _all (2001). Furthermore,
its position in the H-R diagram is not consistent with being a cluster binary (Martin et al.
2000a). We report here the properties of this object for completeness but we will not include it
in the further statistical analysis.

2.4.3 CI1* Melotte 22 TPMBD 25

CI* Melotte 22 IPMBD 25 was confirmed as a Pleiades member via proper motion measurements
by [Hambly et _all (1999), and the detection of Li later by IMartin et all (2003). It is a binary with
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Chapter 2. Ultracool dwarfs in a young open cluster: the Pleiades

a separation of 07094+07003 and P.A of 340.5+2.1°(11th September 2000), corresponding to a
physical separation of 16.0 A.U at 135 pc. Correcting for a statistical factor of 1.26 as explained
in [Fischer & Marcy (1992), it leads to a semi-major axis of 14.8 A.U. Its proper motion and the
presence of Li absorption in its spectrum indicate that it is substellar and belongs to the Pleiades
cluster. Table gives a summary of its astrometric and photometric properties. Using the
NextGen models for the primary and the DUSTY models for the fainter secondary and assuming
an age of 120 Myr, we can estimate the masses of each component to be M 4=0.063 M« and
Mp=0.039 M), corresponding to a mass ratio of ¢ = 0.62. According to Kepler’s laws (Kepler
1609), the corresponding period is ~200 years.

2.4.4 CI1* Melotte 22 TPMBD 29

CI* Melotte 22 IPMBD 29 was confirmed as a Pleiades member via proper motion measurements
by I[Hambly et all (1999). It was observed twice: the first time with WFPC2 (18th September
2000), and the second time with ACS (13th December 2003). Table 24 gives a summary of
the astrometric and photometric properties measured at both epochs. Unfortunately a satellite
crossed the field of our ACS image exactly on the target (see Figure Z0]). The flux of the satellite
track is relatively low. Measuring the number of counts in an area of 11 pixels around the source
and in another area centred on the satellite track away from the source, we can estimate that
the flux of the satellite track corresponds to less than 5% of that of the source. The elongation
and the duplicity are nevertheless real, since it appears clearly on the 3 individual exposures of
the CR-SPLIT that have not been affected by the satellite track. It is moreover confirmed by
the previous detection in the WFPC2 image 3 years earlier, with consistent relative astrometry
of the two components. The difference of magnitude is different at the two epochs. They agree
within 3-0, but the WFPC2 value should be considered with more caution than the ACS value.
The ACS image is indeed much better sampled (the pixel-scale of ACS is twice as good as that of
WEFPC2), and the separation is much below the sampling limit of WFPC2, while it is above that
of ACS. We therefore consider that the ACS value is more reliable than the WFPC2 one. CI*
Melotte 22 IPMBD 29 is a binary with a separation of ~0”050 and P.A of ~90°, corresponding
to a physical separation of 6.75 A.U at 135 pc. Correcting for a statistical factor of 1.26 as
explained in [Fischer & Marcy (1992), it leads to a semi-major axis of 8.5 A.U. Its proper motion
and the presence of Li absorption in its spectrum indicate that it is substellar and belongs to
the Pleiades cluster. Using the NextGen models for the primary and the DUSTY models for
the fainter secondary and assuming an age of 120 Myr, we can estimate the masses of each
component to be M 4=0.045 M) and Mp=0.038 M), corresponding to a mass ratio of ¢ = 0.84.
According to Kepler’s laws (Kepler [1609), the corresponding period is ~86 years. Considering
a face-on circular orbit, the small relative motion of 5°/yr corresponds to an orbital period of
~75 years, thus consistent with the period derived from the Kepler’s laws.

2.5 Confirmed photometric binary candidates

From its position in the H-R diagram, Moraux et all (2003) suspected CFHT-Pl-12 to be a
brown dwarf binary. Similarly, from their photometric analysis, [Pinfield et _all (2003) suspected
this object to be multiple. Using our WFPC2 and ACS images, we resolve CFHT-PI-12, with a
mass ratio consistent with the one they derive from the photometry.
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2.5. Confirmed photometric binary candidates

Table 2.4. Relative Astrometry and photometry of C1* Melotte 22 IPMBD 29

Date Instrument  Sep. P.A AMag Filter
DD/MM/YYYY [mas| [°]

18/07/2000 WFPC2 5843 103£4.5 1.25+0.15* F814W
13/12/2003 ACS 5043 85.6+£0.75 0.224+0.30* F814W

aThe difference of magnitude is different at the two epochs. They agree
within 3-0, but the WFPC2 value should be considered with more caution
than the ACS value. We consider the ACS image more reliable than the
WFPC2 one.
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Figure 2.6 Satellite track on the ACS image of CI* Melotte 22 TPMBD 29. Very unfortunately
the way of a satellite crossed the field exactly on the position of the target. The corresponding
flux is nevertheless relatively small, but might explain the difference between the AMag reported
in Table 241
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Figure 2.7 K vs Ic — K from [Pinfield et all (2003) plus the two resolved binaries IPMBD-
25 and IPMBD-29 (represented by circled filled red circles; values from [Hambly et all [1999).
The symbols mean the same as in [Pinfield et all (2003) paper: circled objects are IK binary
candidates, objects overplotted with an additional open square or triangle are respectively JK
or JH K binary candidate. Dashed lines are the NextGen and DUSTY models. Solid and dotted
lines are the cluster single and binary star sequences, respectively. Corresponding masses from
the DUSTY models are indicated. The 0.070 Mg point around K=14.5 is the NextGen model
prediction for a 125 Myr isochrone.The two resolved binaries fall on the binary sequence.

It is interesting to note that the two resolved binaries IPMBD-25 and IPMBD-29, which have
I and K photometric measurements available, fall just on the binary sequence of the K vs.
(Ic — K) CMD defined by [Pinfield et all (2003), as shown in Figure X7, although they were not
included in their study. From this diagram we can predict a mass ratio of 0.6-0.9 for IPMBD-
25, very similar to that of CFHT-PI-12 since the two objects are very close in the diagram, and
consistent with the mass ratio we derive from the relative photometry of the two components.
Similarly, the CMD predict a mass ratio of 0.7-1.0 for IPMBD-29, in good agreement with the
one we derive from the relative photometry of the two components.

2.6 Unresolved photometric binary candidates

From their positions in the H-R diagram, Moraux et all (2003) suspected CFHT-PI-16 to be
a brown dwarf binary. It is not resolved in our ACS images. From their photometric study,
Pinfield et all (2003) also classify this object as binary, and derive a mass ratio of about 0.75—
1. According to the DUSTY models, this mass ratio corresponds to a difference of magnitude
between 0.0< Amag<6 mag in the I band, thus just at/above the limit of sensitivity of our study.
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2.7. Analysis: binary frequency

Table 2.5. Properties of the unresolved photometric binary candidates

object Iphot. 1o Amag  Limit on Sep.
[mag]  [mag] [A.U]
CFHT-PI-16  0.75-1.0 18.7 0.0-6.0 <b.4-34
CFHT-PI1-21 0.5-0.7 19.0 3.5-8.8 <13.0-34
CFHT-PI1-23 ~1 19.3 ~0.0 <5.4

CFHT-PI-25 <0.75-1.0 19.7 >0.0-3.5 <5.4-13.0

*@phot. is the mass ratio reported by [Pinfield et _all (2003) from
their photometric study. I from Moraux et all (2003). Amag
is obtained using I¢, gphot., and the DUSTY evolutionary mod-
els. The limit on the separation is then derived using Figure

2

This indicates that, if multiple, this system should have a separation less than 5.4-34 A.U (the
sensitivity depending on the separation, see Figure 24 and Table EZH).

Due to its peculiar proper motion, Moranx_et. all (2001) suggested that CFHT-PI-15 might be
a multiple system. Martin_et_all (2000a) found evidence for high residuals after PSF subtraction
on their NICMOS image, and suspected the presence of a companion at a separation less than
(0722. Using ACS, we do not resolve any companion at separation larger than 07040. If multiple,
this object should have a separation smaller than 5.4 A.U, and/or a difference in magnitude
larger than 5.9 mag in the F814W band.

From their photometric analysis, [Pinfield et all (2003) suspected CFHT-P1-25, CFHT-PI-
23 and CFHT-PI-21 to be binaries. Using our ACS images, we do not find any evidence of
companions around these three objects. [Pinfield et all (2003) also predict mass ratios of ¢ ~1
for CFHT-PI1-23, ¢ <0.75~1 for CFHT-PI1-25, and 0.5< ¢ <0.7 for CFHT-PI-21, corresponding
to differences of magnitude of respectively 0 mag, >0-3 mag, and 3.3-8.8 mag. Together with
our ACS study, this constrains the separations of CFHT-P1-23 to be smaller than 5.4 A.U and
that of CFHT-PI-25 to be smaller than ~5.4-13 A.U, while that of CFHT-P1-21 should be less
than 13-34 A.U (see Figure Z4l). Spectroscopic studies would be currently the only way to
confirm these results. Table summarizes this analysis.
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Chapter 2. Ultracool dwarfs in a young open cluster: the Pleiades

Table 2.6. Results for Pleiades Binary Systems (WFPC2 sample)

Name Mag. F814W Mag. F875LP Sep. Sep. P.A. Mp q P

A B A B ] [A.U] °] M) [yt]

CFHT-PI 12 18.344+0.11 19.3240.11 17.574+0.11 18.484+0.11 0.062+0.002 8.4 266.7+1.7 0.054 0.70 112
CFHT-PI 19 19.404+0.11 20.38+0.11 18.7940.11 19.574+0.11 0.066+0.003 cee 262.7+1.8 cee e

IPMBD 25 17.9340.09 19.384+0.09 17.2240.09 18.7440.09 0.094+0.003 16.0 340.5+2.1 0.063 0.62 200

IPMBD 29 18.704+0.15 19.954+0.15 17.814+0.11 19.06+0.11 0.058+0.004 6.75 103.0£4.5 0.045 0.84 86

2Orbital periods are estimated for circular orbits using Kepler’s third law and are given in years. No masses and periods are estimated for
CFHT-PI-19 because it is thought to be a nonmember.

2.7 Analysis: binary frequency

The WFPC2 study found 2 binaries among 15 objects, leading to a wvisual binary frequencyﬁ of
fo=1371%%. No binary was found in the ACS sample of 13 new objects, leading to an upper
limit on the visual binary fraction of f,, <1/13=7.7%. The two results thus agree within slightly
more than 1-0 uncertainty. Considering the combination of the two studies, we found 2 binaries
over a sample of 27 objects, leading to a binary fraction of fv,b:7.4f§:2% for separations greater
than 8.1 A.U and mass ratios between 0.45-0.9< ¢ <1.

In order to estimate the overal]ﬁ binary frequency, one has to estimate the number of spec-
troscopic binaries we missed. If we assume that the ratio of spectroscopic binaries is similar to
that observed for M-dwarfs in the field and G-K dwarfs in the Pleiades, where ~30% of the
multiple systems have separations less than our limit of resolution of 5.4 A.U (see IMarchal et al.
2003; Bouvier_et. all 11991, for respectively the field M-dwarf and Pleiades G-K dwarfs binary
statistics), then we would have missed 0.8 spectroscopic binaries in our sample of 27 objects,
and the frequency of spectroscopic binaries would be fg, ~3%. In that case, the overall bi-
nary frequency is therefore f, ~10%. This value is in fact an upper limit on the real binary
frequency, since we were not sensitive to companions with difference in magnitude larger than
AMag(F814W)=5.9 mag, corresponding to mass ratio of ¢ <0.4 (see Figure 27)).

2.8 Discussion

2.8.1 Binary properties and the environment

The observed upper limit on the binary frequency among the Pleiades brown dwarfs (>10%)
is similar to the values reported in the field: 1) for slightly more massive objects (see Chapter
[M of this Part, 10~15% of late-M and L-dwarfs); 2) for field brown dwarfs, as reported by
Burgasser et all (2003, 971°% for T5 to T8 field brown dwarfs).

This indicates that the statistical properties, and therefore the formation and evolution
processes, of field and Pleiades binary brown dwarfs are probably similar. This would imply
that the evolution processes of binaries do not depend much on the environment and the age
after 125 Myrs. The formation, the evolution and disruption of binaries responsible for the low

5Because of the small-number statistic, the uncertainties are not Poisson uncertainties, but statistical uncer-
tainties derived constructing a probability distribution given the total sample size and the number of binaries.
Refer to [Burgasser et all (2003) for a detailed discussion on that matter.

6«overall” means here over the whole range of separation
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2.8. Discussion

rate of binaries and the cut-off in the separation range would thus have to occur during the early
stages of the cluster, when its density and the probability of gravitational encounters are higher.
N-body simulations performed by [Kroupa (1995a,h) have shown that in dense stellar clusters,
such as the Pleiades during its early stages, the binary fraction could drop from 100% to ~50%
in less than 1 Myr, which is consistent with the preliminary conclusion we draw here.

In their numerical simulations of the dynamical interactions in stellar clusters, ISterzik & Durisen
(2003) show that the different properties cited above (binary fraction and distribution of separa-
tion) can be nicely reproduced when considering a model cluster where stars and brown dwarfs
form from progenitor clumps. Choosing specific clump and stellar mass spectra, they were able
to generate a cluster with an IMF consistent with that observed. Using Monte-Carlo simulations
they could then study the stellar cluster decay dynamics and compute the properties of brown
dwarfs and brown dwarf binaries. Their study shows that a simple gravitational point-mass dy-
namics, with weighting factors for the pairing probabilities as a function of the mass evaluated
in the first of a two step process, gives results consistent with the observations over the entire
range of mass. In particular, they obtain a binary fraction for brown dwarfs of 8-18%, consis-
tent we the >10% upper limit we report here. They also model a distribution of separation in
remarkable agreement with that reported for the field brown dwarfs and for the three Pleiades
binaries of our study, with a peak around 4 A.U and most (~85%) objects with separations less
than 20 A.U. On the other hand, they produce a flat distribution of mass ratio in the range
0.2< ¢ <1.0, which is apparently not observed in the field and in the Pleiades. In Chapter [
of this Part, we showed that our observations in the field, although statistically inconclusive,
suggest that there is a preference for equal mass systems. [Halbwachs et all (2003) showed also
that the mass ratio distribution of spectroscopic binaries among field and Pleiades F-G dwarfs
is not flat but bimodal and decreasing toward small mass ratios.

2.8.2 Photometric binary frequency

Our work allows to measure the binary frequency among brown dwarfs in the Pleiades Open
Cluster for separations greater than 8.1 A.U and mass ratios in the range 0.45-0.9< ¢ <1, with
f» =10%. We will compare this result to that obtained by [Pinfield et all (2003) via the study of
binary sequences in colour-magnitude diagrams.

The results of [Pinfield et all (2003) do not agree with the observations we report here. From
their study of I K, JK and JH K colour-magnitude diagrams, they measure a binary frequency of
501%6% for brown dwarfs in the Pleiades in the mass ratio range 0.5< ¢ <1.0, thus comparable
to the range covered by our study. This result is much higher than any of the two values
reported in our WFPC2 and ACS studies. If correct, these results together would mean that
most (~85%) of the Pleiades brown dwarf binaries in the range 0.5< ¢ <1.0 have separations
less than 5.4-8.1 A.U. Although we cannot rule out this possibility, it would contrast with the
results obtained for late type G-K dwarfs in the Pleiades and for early-M dwarfs in the field.
Bonvier et all (1997) found indeed that only ~30% of the G-K Pleiades binaries have separations
smaller than 5 A.U. Similarly, Marchal et _all (2003) found that only ~30% of the early-M field
binaries have separations smaller than 5 A.U. These two values are much smaller than the above
mentioned 85%. Assuming that the properties of brown dwarf binaries are similar to that of
field or Pleiades late type stars is of course a strong assumption, although we showed in Section
EEXT that the current results tend to confirm it.

The discrepancy cannot be due to the companions we missed because of their too small mass
ratios, since the study of [Pinfield et all (2003) is sensitive to a similar range of mass ratio than
our study. Moreover [Halbwachs et all (2003) found that ~60% of the F-G Pleiades spectroscopic
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Chapter 2. Ultracool dwarfs in a young open cluster: the Pleiades

Table 2.7. Visual Binary Frequency measured in successive studies.

Ref. Novjects NBinaries Sep. Range Mass range® Sensitivity —Binary Freq.P
[AU] [MQ] (Qmin)c
Martin et al. (2000a) 34 0 >24 >0.090 0.6 <3%
Martin et al. (2003)¢ 15 2 >8.1 0.035-0.065  0.45-0.9 1312114%
ACS study 13 0 >5.4 0.027-0.055  0.45-0.9 <7.7%
ACS+WFPC2 study 28 2 >8.1 0.035-0.065  0.45-0.9 7.1778%

& for the primary
b Binary frequency defined as Nyinaries /Nobjects

¢ Sensitivity to lower mass companions, expressed as the minimum mass ratio ¢ = Ma/M; to which

the observations were sensitive.

4 The results of Martin et all (2003) correspond to the WFPC2 study

binaries have a mass ratio larger than 0.5, and IMarchal et all (2003) that ~75% of the field early
M-dwarfs have a mass ratio larger than 0.5. If once again we make the assumption that field
and Pleiades late type binaries have similar properties to Pleiades brown dwarfs binaries, we
should have missed between 25-40% of the multiple systems “only”, leading to a corrected binary
fraction of 13-16%, still far from the 50% reported by [Pinfield et all (2003)

We suspect the discrepancy between the observations we report and the photometric binary

frequency of [Pinfield et all (2003) to be due to a combination of the following reasons:
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- underestimations of the photometric uncertainties, and of possible intrinsic photometric

variability due, for example, to weather effects or magnetically driven surface features.
Weather effects are known to be producing variability in the luminosity, up to 0.05 mag in
I as observed by [Bailer-Jones & Mundt (2001), and magnetically driven surface features
modulation of up to 0.1 mag in J (for young Cha-1 brown dwarfs, Lloergens et all 2003a).

spread in the age of the objects

contamination by field objects. Only 14 over 39 brown dwarfs of their sample have been
confirmed as cluster members by proper motion and/or Li detection, while all the objects
of our sample have been confirmed by one or both tests. The remaining 25 objects (64%
of the sample) have been classified as brown dwarfs on the only basis of their photometric
properties. From their photometric (I vs I-Z) and proper motion surveys, IMoraux_ et al.
(2003, 2001)) estimated that the contamination by foreground M-dwarfs in their sample of
Pleiades brown dwarfs can be as high as 30%. Although they use three colour criteria to
determine the membership of the objects in their sample instead of one, a non-negligible
level of contamination could be expected and explain some of the red objects identified as
binaries. Since the contaminating objects would be foreground (i.e closer) M-dwarfs, most
of them would indeed appear close to the binary sequence.

effect of rotation: brown dwarfs are known to be fast rotators (Bailer-Jones 2004), and a
correlation between the rotation and the luminosity, by up to 0.1 mag, could affect the
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Figure 2.8 Binary frequency as function of the spectral type in the field and in the

Pleiades.  Values from [Duquennoy & Mayor (I;LQQ_]]), Reid & Gizis (1997h); [Leinert et all
(1997); Shatsky & Tokovininl (2002); IClose ef. all (2003); Bouy et all (2003); |Gizis et all (2003);
Marchal et. all (|20_0_ﬂ) The value reported in the present work is indicated with a green star.
The values for spectral types later than M5 are upper limits and do not cover the same ranges
of mass ratio and separation than the studies for earlier spectral types.

colours of some objects, as measured by lvan_Leenwen & Alphenaai (1982). Deformation of

the objects due to their fast rotation can produce variable light curves. A rapidly rotating
brown dwarf seen pole-on may be reddened enough to perhaps be identified as a binary
by the photometric technique.

It is also interesting to note that the limit on the binary frequency we report here for brown
dwarfs in the Pleiades is consistent with that observed for similar objects in the field, as shown
in Figure It is comparable to that of slightly more massive field late-M /early-L. dwarfs
(see Chapter M), and close to the frequency observed for field T-dwarfs, which have masses
comparable to the brown dwarfs of our Pleiades sample.

A spectroscopic survey, if possibleﬁ, should allow us to answer these important open ques-
tions, and to know whether we underestimated the spectroscopic binary frequency.

2.8.3 Separations and mass ratios

The three binaries observed in the WFPC2 study all have separations less than 12 A.U. The
mass ratios are all larger than 0.62. PPL 15, the spectroscopic binary brown dwarfs discovered
by [Basri & Martin (IlQQQ), has a semi-major axis of 0.03 A.U and a mass ratio of 0.87. Although

"the high rotational velocity of brown dwarfs might blend the Doppler shift due to the binarity
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Chapter 2. Ultracool dwarfs in a young open cluster: the Pleiades

this sample is too small for allowing any meaningful statistical study, these results are consistent
with that obtained in the field for slightly more massive objects, as described in Chapter [l of
this Part, for which we found a cut-off in the separation range at 20~30 A.U, and a possible
lack of small mass ratios (¢ <0.5).

In his statistical analysis of the photometric binary properties in the Pleiades, [K#hler (1999)
shows that the distribution of mass ratios for late type stars should be similar to that in the
field. The distribution is expected to be bimodal, with a major peak at ¢g=0.4 and a minor one
at ~1. In a more recent observational study of unbiased samples of spectroscopic binaries of F
to K dwarfs in the field and in the Pleiades cluster, [Halbwachs et all (2003) refine the results of
Kihlen (1999) in the range of periods shorter than 10 yrs. They report a mass ratio distribution
with a primary peak at g=1, decreasing towards smaller mass ratios, with a broad secondary
peak around ¢=0.4. They observe no difference between the distributions of mass ratio of F—G
and K stars, and find that these are identical in the field and in the Pleiades.

If confirmed, the lack of multiple systems with small mass ratios would then imply a major
difference between the distributions of mass ratios (and therefore the formation and evolution
processes) of late type stars and brown dwarfs. The current studies are inconclusive regarding
that question since the observed lack might well be due to a combination of the following reasons:

- the bias toward bright magnitudes in favor of binaries with large mass ratios ((Opik [1924)

- the current limit of sensitivity: ¢ >0.4 for separation larger than 30 A.U, and only ¢ >0.7
for separations larger than 10 A.U (see Figure )

Deep spectroscopic surveys on unbiased samples should allow to answer these questions, and
see how many binaries of small mass ratios and small separations we missed.
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Chapter 3

A binary brown dwarf in the R-CrA
star forming region

3.1 Introduction

Although we did not have the opportunity to perform a search for multiple systems and a
statistical analysis in a star forming region, we were able to resolved a peculiar binary brown
dwarf with a diskﬁ. The object had been detected by the ISO infrared satellite, and shows a
near-infrared excess, indicating the presence of a disk.

3.2 Observations

3.2.1 DENIS-P J185950.9-370632

The DENIS observations are carried out on the ESO 1 m telescope at La Silla. Dichroic beam
splitters separate three channels, and a focal reducing optics provide scales of 3”0 per pixel on
the 256x256 NICMOS3 arrays used for the two infrared channels, and 1”0 per pixel on the
1024x1024 Tektronix CCD detector of the I channel. The image data were processed with
the standard DENIS software pipeline (Borsenberger [1997) at the Paris Data Analysis Center
(PDAC). Source extraction and photometry are performed at PDAC, using a space-varying
kernel algorithm (Alard 12000). When searching very rare objects in a large data base, the
first challenge is artefact rejection. We use a set of morphological parameters, based on the
correlation between PSF model and the object profile and on the consistency between several
aperture magnitudes (Delfosse et al. in prep.).

DENIS-P J185950.9-370632, was selected as a candidate very low mass star or and brown
dwarf due to its red colors (I —.J = 3.0£0.1 mag). It is located in the R-CrA complex between
the TY-CrA and e-CrA stars (see Figure B2), and very close to the core of the very dense
molecular cloud (Ay ~ 45 mag; [Wilking et all [1992). Locally the absorption is low, however
(see Section B3). Figure Bl shows finding charts in T and J.

The apparent magnitude of DENIS-P J185950.9-370632 is consistent with a ~5 Myr late-M
dwarf at the distance of the CrA complex (see section B:32), which makes it an excellent brown
dwarf candidate.

8 Although one object is clearly not enough to perform a statistical analysis, we present this object in this Part
as a complementary study of field and Pleiades objects
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Figure 3.1 Finding charts of DENIS-P J185950.9-370632 in the I and J filters (DENIS images).
The field of view is 3.5’ x 3.5, North is up and East is left.

Figure 3.2 The environment of DENIS-P J185950.9-370632 in the CrA molecular cloud complex.
The cross marks the position of the DENIS objects on this DSS1/STSci J plate. The field of
view is 50’ x 35'. North is up and East is left.
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Figure 3.3 HST-WFPC2/PC image obtained in the F675W and F814W filters (composite image)
on 2000 September 12th. The over-plotted circles represent the position of DENIS-P J185950.9-
370632 at different epochs and with different instruments. The radius of each circle corresponds
to the uncertainty of that measurement. Although the different measurements are not fully
consistent, no other source than DENIS-P J185950.9-370632 can be associated in the image.
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Table 3.1. Astrometry and photometry of DENIS-P J185950.9-370632.

Epoch R.A Dec. Uncert. Fiilter Mag. Source
01/01/1985 1859 50.9 -370631.0 0”1 R1 18.9 USNO-B1.0
B2 21.7
R2 19.9
I 17.3
06/07/1989 18 59 50.9 -37 06 31.2 +0”3 F 20.2 GSC2.21
20/04/1996 18:59:50.7 -37:06:28.0 +670 LW2 11.6 1SO
LW3 >10.7
28/04/1999 18:59:50.9 -37:06:32.0 +£1”0 I 17.01  DENIS
J 13.99
K 12.60
25/06/1999 18:59:50.9 -37:06:31.3 £0”1 J 13.98 2MASS
H 13.10
K 12.56

12/09/2000 18:59:50.9 -37:06:30.6 +170 F675W 19.33 HST/WFPC2
F814W 16.88

24/09/2002 18:59:50.8 -37:06:27.6 +170 F625W HST/ACS
Fr75W
F850LP

26/06/2003 18:59:50.8 -37:06:31.4 +170 Long pass 19.6 HST/STIS

In addition to the DENIS survey, DENIS-P J185950.9-370632 has been detected in several
sky surveys, such as the USNO-B1.0 catalogue (Monet et all 2003, , where it is reported as
USNO-B1.0 0528-0926219 ), the GSC2.21 catalog (reported as GSC2 S33202002902 ), and the
2MASS survey, where it is reported as 2MASSW J18595094-3706313. Table Bl and Figure
summarize these astrometric and photometric measurements.

3.2.2 Observation Summary

Table gives an overview of all the observations we have been conducting or retrieved from the
archives. We obtained high angular resolution imaging using the Hubble Space Telescope (HST).
Spectroscopy was obtained at both high (Keck-HIRES) and low (VLT-FORS2 and HST-STIS)
spectral resolution. Finally, we retrieved ISO archival data in which DENIS-P J185950.9-370632

was detected.
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Observations

Table 3.2 Observation log.

Imaging

Instrument Filter Exp. Date Obs.  Pixel Scale

Time [s] "]
WEFPC2-PC F675W 600 19/09/2000 07045
WEFPC2-PC F814W 300 19/09/2000 07045
ACS-HRC F625W 1000 24/09/2002 07027
ACS-HRC F775W 460 24/09/2002 07027
ACS-HRC F850LP 340 24/09/2002 07027
ISO-CAM1 LwW2 4328 20/04/1996 6”0
ISO-CAM1 LW3 4326 20/04/1996 6”0

Spectroscopy
Instrument Wavelength Exp. Date Obs. Dispersion
Range [pm] Time [s] [A/pixel]

VLT-FORS2 0.590-0.715 600 06/05/2002 0.60
VLT-FORS2 0.690-0.910 200 06/05/2002 1.06
HST-STIS 0.525-1.300 4140 16/06/2003 4.92
Keck-HIRES 0.667-0.895 1200 30/05/2000 1.1

Imaging

We observed DENIS-P J185950.9-370632 twice at high angular resolution using the HST, first
with the Planetary Camera (PC) of WFPC2 (Baggett. et all 2002) and second with the High
Resolution Channel (HRC) of ACS (Mack et _all 2002). The WFPC2 data were taken in SNAP-
SHOT mode (program GO8720, P.I Brandner). We took single exposure for each filter (F675W
and F814W), to minimise overheads and increase exposure times. This prevent automatic re-
moval of cosmic ray hits, but we were fortunate enough that no cosmic ray fell close enough to
the target that it would affect the analysis. The ACS data (program GO9451, P.I Brandner)
were obtained on 2002 September 24th in CR-SPLIT mode and with a four points dithering
pattern in each of the F625W, F775W, and F850LP filters. This allows correction for cosmic
ray events and bad pixels. The WFPC2 and ACS data together provide accurate photometry
in five different optical filters and positions at two epochs. The target-acquisition frame for the
STIS spectroscopy gives a third-epoch position.

DENIS-P J185950.9-370632 is obviously elongated on the WFPC2, ACS and STIS images
(Figure B4l). PSF subtraction brings up the companion more clearly on the WFPC2 and ACS
images (Figure B1).

We retrieved ISO archival data of the R-CrA region obtained on 1996 April 20th (TDT
15500328, CAMO1, Olofsson et _all 11999) with ISOCAM1 which include DENIS-P J185950.9-
370632. Olofsson et all (1999) report a 2.1 mJy + 0.4 mJy detection in the LW2 filter (5.0-
8.5um), at a position that is 4”0 away from our coordinates for DENIS-P J185950.9-370632.
This is well within the pointing uncertainties of ISO (~6”0, Blommaert. et all 2001), and we
identify the infrared source, ISO-CrA 63, with DENIS-P J185950.9-370632. The source is not
detected in the LW3 filter (12-18um), and we measured a 3 ¢ upper limit of 1.1 mJy. No other
optical /near-IR, source is present in the ~6” ISO error box.
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ACS/HRC - F625W WFPC2/PC - F814W

Figure 3.4 Contour plots of the ACS/HRC (F625W) and WFPC2/PC (F814W) images. The
WFPC2/PC and ACS/HRC image have identical scales for easier comparison. The object is
clearly elongated on both images, but is better resolved on the higher resolution and better
sampled ACS image.

High Resolution Spectroscopy

DENIS-P J185950.9-370632 was observed on 30 May 2000 with the High Resolution Echelle
Spectrometer (HIRES; Vogt. et all [1994) on the Keck I telescope. A slit width of 1715 and
two-pixel binning in the spectral direction gave a resolving power of R=33000. The exposure
time was 1200 s and the airmass 1.83. Fifteen echelle orders were recorded on the detector,
covering the wavelength range from 667.1 nm to 895.0 nm, with gaps between the orders. The
data were reduced following a standard procedure in the IRAFI environment, including bias
subtraction, flat-field correction, aperture extraction and wavelength calibration using a Th-Ar
lamp spectrum.

Low Resolution Spectroscopy

We obtained long slit low resolution spectra with FORS2 at VLT on Paranal on 2002 March 25th.
The VLT uses an active optics platform to achieve high quality image. The seeing conditions
were excellent (~ 0764) and we obtained high quality spectra. We used a 0”7 slit and the
GR600I+25 and GR1200R+93 grisms, therefore covering a large wavelength range in the red
part of the optical spectrum (Table B2). The spectra were processed using a custom pipeline
based on standard procedures in IRAF. First, the two-dimensional images for the two separate
CCDs which make up the FORS2 detector were independently overscan-, bias- and flat field-
corrected. The lower chip image was then normalised to the median value of the upper one, and
the images for the two chips could then be merged using the fsmosaic tool of the FIMS software

9IRAF is distributed by National Optical Astronomy Observatories, which is operated by the Association of
Universities for Research in Astronomy, Inc., under contract with the National Science Foundation.
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Figure 3.5 Surface plots showing the results of the non-linear PSF fitting on the ACS/HRC
(F625W filter) and WFPC2/PC (F814W) images. Amplitudes are normalised. The sky back-
ground has been subtracted. The figure shows the images obtained with HST/HRC and
WFPC2/PC, one of the PSF stars, the companion appearing after PSF subtraction, and the
residuals after subtracting the modelled binary system. The pixel scale of the ACS/HRC is
almost twice finer than that of the WFPC2/PC.
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(FORS142 FIMS manual, issue 2.6). The 1-D spectra were then extracted, and wavelength and
flux calibrated in a standard manner, using the best calibration files provided by the VLT team.

We obtained a HST-STIS low spectral resolution observation, aiming for spatially resolved
spectra of the two components. Observations occurred on 2003 June 26th. We used the G750L
grating (0.525pm-1.300um, 4.92A/ pixel) with the 0”2 slit oriented along the axis of the binary.
Unfortunately, the small separation (~07060), the relatively small flux ratio (~0.3 in R and I,
Section B33), and the relatively low S/N prevent us from properly resolving the two components
(the pixel scale of STIS spectra is ~0”050). We processed the integrated spectrum using the
recommended STSDAS tools in IRAF and the best calibration files provided by the STScl
archive.

3.3 Analysis

3.3.1 Spectral Type and extinction

In order to estimate the spectral type of DENIS-P J185950.9-370632, we compare its optical
spectrum to that of brown dwarfs from the field, and from the Upper Scorpius OB association
(hereafter USco, [Delfosse et all 2003; Martin et all 2004). The age and distance of USco, re-
spectively estimated at 5 Myr (Preibisch & Zinnecker [1999) and 145 pc (de Zeeuw et all [1999),
are very close to those of R—CrA, and Ay is close to zero, with local maxima reaching ~1.0 mag
(see ICambrésy 11999). Each reference spectrum was artificially reddened with different values of
extinction (using the redden task of IRAF) and then compared to DENIS-P J185950.9-370632
spectrum. Figures and 31 shows the best match obtained with the USco M8 brown dwarf
DENIS-P J161916.5-234722.9, and the M8 field ultracool dwarf VB 10, both for an extinction
of Ay=0.5 mag. The correlation is very good and the two results agree perfectly. One can
note that the K I and Na I doublets are stronger in VB 10, as expected because of its higher
gravity, while they are very similar in the case of DENIS-P J161916.5-234722.9. This is another
hint that DENIS-P J185950.9-370632 is young and is likely to belong to the R—-CrA association,
which age is very close to that of the Usco OB association. The next best match was with
DENIS-P J1556-2106 (USco, M7) for a reddening of Av=1.0. We thus adopt a spectral type of
M8=£0.5 for DENIS-P J185950.9-370632 and an extinction of Ay =0.540.3 mag.

We applied the NICER (Near Infrared Colour Excess Revisited) technique (ILombardi & Alves
2001) on the 2MASS catalog photometry to produce an extinction map of the R—CrA region,
with a 2/ resolution (Figure BX). DENIS-P J185950.9-370632 lies next to a region of strong ab-
sorption. The mean V band extinction in the 2’ pixel that contains DENIS-P J185950.9-370632
is Ay=3.71£0.4 mag . As explained above, the observed optical spectrum implies instead
that DENIS-P J185950.9-370632 is reddened by Ay ~0.5 mag. This suggests that DENIS-
P J185950.9-370632 probably lies somewhat on the near side of the cloud, or in a relative gap
of the patchy extinction.

3.3.2 R-CrA membership
Photometric distance

After correcting for Ayy=0.5 mag, the magnitude and colour of DENIS-P J185950.9-370632 are
I ~ 16.8 mag and I — J =2.9 mag. The DUSTY theoretical isochrones (I(Chabrier et all 2000)

°The 0.4 mag uncertainty quoted here is the measurement uncertainty on the mean extinction; the standard
deviation of the extinction inside the 2’ pixel is 1.8 mag
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Figure 3.6 Comparison of DENIS-P J185950.9-370632 FORS2 spectrum (smoothed via a boxcar
with a width of 5 pixels) with the spectrum of the Upper Scorpius member M8 dwarf DENIS-
P J161916.5-234722.9 artificially reddened with Ay =0.5 mag. The match is very good. The inset
box shows a zoom of DENIS-P J185950.9-370632 spectrum around the Li I absorption. Spectrum
of DENIS-P J161916.5-234722.9 from [Martin et all (2004). Fluxes have been normalized at the

pseudocontinuum level at 840.0 nm.
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Figure 3.7 Comparison of DENIS-P J185950.9-370632 spectrum (smoothed via a boxcar with
a width of 5 pixels) with the spectrum of the field M8 dwarf VB 10, artificially reddened with
Ay=0.5 mag. The match is very good. The inset boxes show zooms of the two spectra around
the K T and Na I doublet. It shows clearly that these two doublets are stronger in VB 10, as
expected because of its higher gravity. Spectrum of VB 10 from Martin et all (1999h). Fluxes
have been normalized at the pseudocontinuum level at 840.0 nm.
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Figure 3.8 Extinction map of the R—CrA Region around DENIS-P J185950.9-370632 (indicated
by white cross). Isocontours of Ay=0.0, 1.0, 2.0, 3.0 and 4.0 mag indicate the scale.
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associate to those parameters a distance of ~150 pc at 5 Myr and 110 pc at 10 Myr. Corrected
for binarity (assuming a flux ratio fy/f1 =0.3 as measured in the F814W filter, see Table and
Section B33), it corresponds to distances of ~170 pc and 125 pc. The corresponding masses
are respectively ~0.025 M and ~0.035 M.

The late-M dwarfs sequence in Upper Scorpius (Delfosse et all 2003; Martin et _all 2004)
provides a sanity check: M7.5 dwarfs in USco have I between 16.0 and 17.5 mag for M6.5 to
M7.5 dwarfs, indicating for DENIS-P J185950.9-370632 a photometric distance similar to that
of Upper Scorpius, whose distance is close to that of the CrA complex.

Proper motion

As discussed in section B2ZZTl DENIS-P J185950.9-370632 has been detected at many epochs.
Figure shows that HST/ACS position is clearly discrepant, which we suspect is due to
underestimated uncertainties on the position obtained with HST/ACS, which lies over 3-0 away
from any other. Direct comparison with the HST/WFPC2 images confirms that the pointing
is correct, and we suspect that the problem arises in the astrometric processing of the ACS
data by the STSDAS pipeline. The DENIS, 2MASS, HST/WFPC2, HST/STIS, GSC 2.21
and USNO-B1.0 observations all agree to within less than 1-o for epochs spread over 18 years,
confirming that the HST/ACS measurement is most suspicious. There are unfortunately not
enough other stars in the field of the HRC to perform meaningful and precise astrometric re-
calibration. We derive an approximate motion for DENIS-P J185950.9-370632 by comparing
the most precise of recent measurements, from 2MASS, with the earliest position reported in
the USNO-B1.0 (with similar uncertainties, ~14 years earlier). This rough estimate of the
proper motion, jt, cosé = 070 yr=' £ 07013 yr—! and ps = —07021 yr—! 4+ 07013 yr—!, agrees
within the (large) uncertainties with the Neuhiuser et all (2000) value for the R-CrA region,
o cosd = 07005 yr~! and pus = —07027 yr=!. This is consistent with membership of DENIS-
P J185950.9-370632 in the star forming region, though the significance of the result is obviously
not very high.

3.3.3 Imaging: a close companion

As shown in Figures B4l and B.5, DENIS-P J185950.9-370632 is clearly elongated in the high reso-
lution HST images, at 2 epochs and in 6 different filters. We analysed the HST images for precise
separations, position angles and flux ratios of the possible multiple system, using a custom-made
program described in [Bouy et all (2003) and adapted here for ACS/HRC. Briefly, the PSF fit-
ting routine builds a model binary using ten different PSF stars from several ACS/HRC images,
and then perform a non-linear PSF fit of the observed image to determine the best-fit values for
the 3 free parameters: separation, position angle and flux ratio. Bouy et all (2003) discuss the
uncertainties and limitations of the algorithm in detail, but slight improvements since then have
led to a much better understanding of the uncertainties and systematic errors (Bouy 2004, , in
prep.).

Table summarises the resulting best-fit binary parameters. For the three filters where
the source is best resolved (F625W, F675W, F775W; see Figures B4 and BX) they are fully
consistent, demonstrating that a binary star is an excellent model of the observations. The
nominally discrepant parameters in the other filters are from marginally resolved images, either
due to diffraction broadening at redder wavelength (WFPC2/PC F814W, ACS/HRC F850LP)
or because of wider pixels (STIS/F28X50LP). They should therefore not be given much weight.
Given the proper motion derived in section B3 20, two independent objects should have moved
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Table 3.3. PSF fitting results for DENIS-P J185950.9-370632

Date Obs. Instr. Filter Sep. '] P.AY°] AMag![mag]

23/06/2003 STIS/CCD  F28X50LP elongated®  elongated®  elongated?®
24/09/2002 ACS/HRC F625W 07065407001  279.2+0.1 1.7440.06
24/09/2002 ACS/HRC F775W 07057+£070005 279.1+0.1 0.66+0.05
24/09/2002 ACS/HRC F850LP elongated®>  elongated®  elongated?®
12/09/2000 WFPC2/PC F675W 07066+07003  283.84+1.2 1.30£0.11
12/09/2000 WFPC2/PC F814W 07059+07003  271.84+1.2 1.10+£0.11

!The uncertainties reported here are 1-o uncertainties as explained in Annex [Al

2As explained in the text, the PSF fitting program did not give good enough results,
although the object is clearly elongated.

apart by ~07042 between the two observations. The lack of any apparent change is thus a strong
indication that they form a common proper motion pair.

3.3.4 Spectral Analysis
Spectral Features

Table B4 lists the equivalent width (EW) of several spectral features measured in the different
data sets. The only emission line in the HIRES spectrum is Ha. Other common emission lines
such as He I at 667.8 nm, O I at 844.6 nm, and Ca 11 at 866.2 nm are not detected, with upper
limits on their equivalent width (EW) below 0.5 A. By direct integration of the line profile (using
the splot IRAF task) we measure an Ha equivalent width of 18+3 A in the HIRES spectrum,
1843 A from the low-resolution STIS spectrum, and 1742 A from the FORS2 spectrum.
According to Barrado y Navascues & Martin (2003) EW (Ha)=47.5 A for an M7.5 spectral type
implies that the Ha emission is caused by accretion, while weaker lines can be due to either
accretion or chromospheric activity. The Ha line strength by itself is thus here insufficient to
distinguish between an accretor and a chromospherically active star. The Ha line however is
relatively broad (Figure B3, with a full width at 10% of peak intensity of 205410 km s~ 1.
Ha line widths above 200 km s~! in brown dwarfs are due to accretion (layawardhana. et al.
2003a), and by this measure DENIS-P J185950.9-370632 is slighty above the limit and is likely
an accretor. If accreting, the mass accretion rate is probably rather low, given the modest
Ha strength and the lack of optical veiling. Accretion rates below 107 Mg yr~! produce no
measurable veiling (Muzerolle et all 2000). The consistency of the EW measured at the three
epochs suggests that we are measuring quiescent emission rather than variable activity. This is
more consistent with steady accretion than with chromospheric activity, where strong and broad
Ha lines are only observed during outbursts. Further observations should be made in order to
confirm that DENIS-P J185950.9-370632 is accreting or not.

In the region of the Li I resonance line (670.8 nm) the HIRES spectrum is rather noisy,
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Table 3.4. Spectral Features.

Feature  Instrument A [nm] EW [A]

Ho HST/STIS 656.3 -18 £ 3
Ho VLT/FORS2 656.3 17+ 2
Ho Keck/HIRES 656.3 18+ 3
Nal VLT/FORS2 818.3 3.7+03
Lil VLT/FORS2 670.8 09+04
Lil Keck/HIRES 670.8 0.41+ 0.08

but the line is well detected with EW(Li 1)=0.4140.08 A. This line also appears clearly in the
FORS2 spectrum, as shown in Figure B, with EW(Li 1)=0.9+0.4 A. The resolution of the STIS
spectrum is insufficient to isolate the Li I line. The K I line at 769.9 nm is also present in the
HIRES and FORS2 spectra. As already mentioned in section B30l Figure B shows that the
K I and Na I lines of DENIS-P J185950.9-370632 are much narrower and weaker than in the
spectrum of a field M8 dwarf (VB 10), indicating a young age.

Comparison with model spectra

In order to estimate of the photospheric effective temperature, we compare the observed spec-
tra with the DUSTY (Allard et all 2001) and NextGen (Hauschildt et all 1999) atmospheric
models. The synthetic spectra were smoothed with a gaussian kernel matched to the slit size
and resampled to the same grid as the observed spectra. The best fit model was determined
by maximizing the cross-correlation with the dereddened observed spectrum (a minimum 2
adjustment, performed as a cross-check, gives identitical results).

The free parameters for the fit are the effective temperature and the surface gravity (the
metallicity was fixed to solar metallicity; models for higher metallicities are not yet available,
and lower metallicities gave significantly degraded agreement). The latest NextGen and DUSTY
models give very similar surface gravities. For an age of 5 Myr and I-J~3.0, they respectively
give log g ~3.8 and log g ~4.0, and for 10 Myr respectively log g ~4.1 and log g ~4.0. The
available DUSTY models have a 100 K grid step, and cover surface gravities log g ranging from
3.5 to 6.0 with a 0.5 interval. We only considered models with effective temperature between
1500 K and 3000 K, and surface gravities between 3.5 and 4.5. The observed and synthetic
spectra were both normalized to an integrated flux of unity prior to the analysis.

Figure B I0lIshows the best-fit DUSTY synthetic spectrum, over-plotted on the observed spec-
tra. For both sets of models (DUSTY and NextGen), the best fits are obtained for T y=2600 K
and log g=3.5 (STIS spectrum), and T.;y=2700 K and log g=3.5 (FORS2 spectrum). Attempts
to account for the multiplicity by using two synthetic spectra at different effective temperatures
did not produce a significantly improved fit. This is actually expected, since according to the
DUSTY models the observed magnitude differences (from 0.60 mag in the HST F775W filter to
1.74 mag in the HST F625W filter) correspond to effective temperatures that differ by <200 K.
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Figure 3.9 HIRES spectra of DENIS-P J185950.9-370632 (solid line) and Gl 406 (dotted line)
in the H, region. Gl 406 is a typical chromospherically active M6 dwarf. DENIS-P J185950.9-
370632 has a much broader and asymmetric emission line, indicating that it is probably an
accretor.
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This is close to the effective temperature resolution of our adjustment, and a dual temperature
fit is therefore not warranted. The obtained effective temperature should on the other hand
represent a reasonable estimate for both components.

It is important to note that the model spectra do not match the observed ones very well
over the present spectral range, perhaps because of their simplistic handling of the gravitational
settling of dust. They probably underestimate the strength of molecular absorption bands like
TiO, VO, but of also atomic lines like K T and Na I D. Since these features dominate the energy
distribution in optical spectra of late M dwarfs, the parameters that we obtain most likely suffer
from systematic errors. They should on the other hand be much more reliable when used in
a relative sense, and compared with other analyses based on the same atmospheric models.
The low surface gravity of DENIS-P J185950.9-370632 (log g = 3.5) relative to field M8 dwarfs
(log g~4.5), in particular, is a robust result.

3.4 Discussion

3.4.1 Infrared excess

Figure BT compares the spectral energy distribution (SED) of DENIS-P J185950.9-370632 to
the DUSTY and NextGen models (for 5 Myr), as well as to observed field late-M dwarfs. The
fluxes have been normalized to have an integrated luminosity between 0 and 1.65 ym (H band)
equal to one. The choice of the H band as limit instead of, for example, the overall SED, was
made for the following reasons: first because the SED of late-M dwarfs peaks around this value
(see the DUSTY, NextGen and field M dwarfs SED in the figure), and second because in this
wavelength range, the SED should be less affected by accretion-related continuum emission and
infrared emission from the disk than at redder colours. The infrared excess is already very
strong in the K band, which is relatively unusual in comparison with the SED of other know
brown dwarf with disks. If the presence of a disk is confirmed, this would mean that the disk
emission is dominating in this part of the SED, or at least gives an important contribution.
This would imply that the disk is composed of hot dust only, relatively hotter than for most
brown dwarfs. Near-infrared K band spectroscopy as well as mid-infrared photometry should
allow us to understand better the properties of this peculiar object. The CO bands should
indeed look different from purely photospheric ones, or even may not be there, or even may be
in emission, which would certify the origin of the infrared excess. A proposal for VLT /ISAAC
K band spectroscopy will be submitted for period 75.

DENIS-P J185950.9-370632 shows a strong excess over the models and the field dwarfs at
wavelength greater than the H band. This wavelength range (A >1.6 um) is on the Raleigh-Jeans
tail of the spectrum, and models are expected to be very reliable. We did not find any published
observations of field late-M dwarfs in the 5.0 pm—8.5 pym range, but the available photometric
measurements in the R to L’ bands already demonstrate that the field M dwarfs have a much
lower flux between K and L’ than DENIS-P J185950.9-370632, independently demonstrating the
infrared excess. Since DENIS-P J185950.9-370632 is a binary we checked that its SED cannot
be fitted by any meaningful combination of two synthetic SED, and the infrared excess is robust.

3.4.2 An accreting close Binary

As discussed in Section B33l DENIS-P J185950.9-370632 is very likely to be a binary, with
a separation of ~07060, or 7.8 A.U at its 130 pc distance. This separation is well within the
0-20 A.U range observed for field brown dwarf systems (Bouy et. all 2003; Burgasser et_all 2003;
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Figure 3.10 STIS and FORS2 spectra compared with models. Top panel: STIS spectrum of
DENIS-P J185950.9-370632 compared with a synthetic spectrum. Bottom panel: FORS2 spec-
trum of DENIS-P J185950.9-370632 compared with a synthetic spectrum. The best fit is ob-
tained for the same surface gravity (log g=3.5) but slightly different effective temperatures
(2600 K and 2700 K). The two results therefore agree within the 100 K temperature step of the
model atmosphere grid.
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Figure 3.11 Spectral energy distribution of DENIS-P J185950.9-370632 compared with DUSTY
and NextGen models (5 Myr) and field late M-dwarfs distributions: LHS 3003(MT7), LHS 292
(M6.5), and LHS 2924 (M9). The values for DENIS-P J185950.9-370632 have been corrected for
an extinction of Ay=0.5 mag. All fluxes have been normalized to their integrated luminosity
between 0 and 1.65 um. (values for the field dwarfs from [Leggett [1992; [Leggett. et all 2002).
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3.5. Conclusions

Close_ et alll2003;|Gizis_et. all[2003). The statistical correction factor of 1.26 from [Fischer & Marcy
(1992), leads to a semi-major axis of a =9.8 A.U. As discussed in section B3] the photometry, the
spectral distribution, and the optical low resolution spectra all indicate an age of 5~10 Myr for
a distance of 130 pc, and an effective temperature of ~2 600 K. The small magnitude difference
(Table B3)) indicates that the two components of the system must have fairly similar masses.
According to the DUSTY models, magnitude differences of 1.74 mag in the F675W filter and
1.1 mag in the F814W filter correspond to a mass ratio of M /M4 ~75%. Considering a total
mass of between 0.025 Mo <M <0.035 M) and an orbit with a semi-major axis of 9.8 A.U,
this leads to an orbital period of 165-195 yrs

3.5 Conclusions

The results presented in this work demonstrate that DENIS-P J185950.9-370632 is a young
multiple system in the R—Cra star forming region. On the optical images, we find a clear
elongation. After PSF subtraction on 3 epochs data we conclude that DENIS-P J185950.9-
370632 is very likely to be a common proper motion pair with a separation of ~07060, close
to the resolution limit of the instruments we used. The spectroscopy constrains the effective
temperature to 2600~2700 K for a low surface gravity (log g=3.5), consistent with a young age.
This temperature corresponds to a total mass of ~0.030£0.010 M, for an age ranging between
5 and 10 Myr. This mass is consistent with the photometry, and DENIS-P J185950.9-370632 is
therefore clearly substellar. Infrared excess observed with the ISOCAM in the 5.0-8.5um band
and the presence of a strong Ha emission as well as lithium absorption at 670.8 nm suggest a
young age, the presence of circumstellar material, and a sub-stellar mass object. Added to a
consistent preliminary estimate of the proper motion and consistent colours, these observations
suggest that DENIS-P J185950.9-370632 belongs to the R—CrA star forming region. From the
magnitude difference between the two components we estimate a mass ratio of ~75%. The
estimated orbital period is about 170 yrs. The mid-infrared excess observed by ISO and the
width of the Ha emission suggest that it might be surrounded by a disk and slowly accreting.
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Part 11

Physical properties of binary
ultracool dwarfs
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Chapter 1

High angular resolution imaging and
spectroscopy

1.1 Follow-up Imaging with HST/ACS and VLT/NACO

In order to follow-up the multiple systems on their orbits and to have updated measurements of
their position angle for the spectroscopy (required to align properly the slit along the axis of the
binary), we obtained high angular resolution images using both HST /STIS (program GO9451,
P.I. Brandner) and VLT /NACO (programs 070.D-0773, P.I. Bouy). Table [Tl shows the results
of these observations as well as a reminder of any previous observations of these multiple systems.
Most of these objects show only little motion.

1.2 Optical Spectroscopy with HST-STIS

1.2.1 Analysis of the data

In order to get the spatially resolved spectra of each component of the multiple systems, we tried
to align the slit along the axis of the binary. Scheduling constraints of HST made it difficult to
get long slit STIS observations at a particular roll angle of HST. In order to ease scheduling, a
range of admitable roll angle was defined, and in general the misalignment was small and not
more that ~5 degrees.

In order to extract the spectrum of each component, we used a custom made program able
to perform a fit of the two blended spectra. On each cross-dispersion column, a minimum y?2
fit was performed to the data using the cross-dispersion profile of a reference spectrum at the
same wavelength. The latter spectrum was obtained with the same instrument settings on a K7
dwarf (TWAG, program 8176, P.I. Schneider). The free parameters for the fit are the amplitude
of the primary, the amplitude of the secondary, the position of the primary and the position of
the secondary. Since the cross dispersion profile is barely sampled, we also performed a linear
re-sampling of the data by a factor of four prior to the fit, in order to avoid problems due to
spectral aliasing. To ensure more robustness and increase reliability, the program was used in
2 passes. A polynomial fit of the results on the positions of the two individual spectra was
made after the first pass, in order to identify and remove outliers (due to bad pixels or cosmic
rays). The results of these fits were then used as first guess inputs for the second pass. The
results obtained with the second pass are very close to that obtained with the first pass but
cleaner (without the more obvious bad pixels, cosmic rays and outliers), ensuring that the whole
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Chapter 1. High angular resolution imaging and spectroscopy

Table 1.1. Results of the PSF fitting

Date of Obs. Instrument Sep. [mas] P.A [°] Amag Filter Source®

2MASSW J0850359+105715

01-02-2000 HST/WFPC2 157.242.8 114.7+0.3 1.4740.09 F814W (2) & (3)
21-10-2002 HST/ACS 139.010.5 125.44+0.15  1.45£0.02 F625W (1)
HST/ACS 142.940.5 125.2+0.15  1.1840.02 F775W (1)
HST/ACS 144.7+0.5 124.1£0.15  0.87£0.08 F850LP (1)
2MASSW J14263164-1557013
20-06-2001 Gemini/Hokupa’a 15246 344.140.7  0.78£0.05 J (4)
Gemini/Hokupa’a 0.7040.05 H (4)
Gemini/Hokupa’a 0.65+0.10 Ks (4)
Gemini/Hokupa’a 0.57+0.14 K (4)
19-07-2001 HST/WFPC2 157.1+£2.8 339.940.3 1.4040.09 F814W (3) & (5)
HST/WFPC2  154.2428  327.541.2  0.76£0.11 F1042M  (3) & (5)
10-03-2003 HST/ACS 194.840.5 342.240.15 1.1140.08 F625W (1)
HST/ACS 194.84+0.5 341.7£0.15  1.4840.08 F775W (1)
HST/ACS 193.4+0.5 342.0£0.15 1.3140.08 F850LP (1)
28-04-2003 HST/STIS 194.1+£2.8 341.6+1.2 e Longpass (1)
2MASSW J1311391+4-803222
30-07-2000 HST/WFPC2 300.8+2.8 167.2+0.3 0.3940.07 F814W (3) & (5)
HST/WFPC2 300.0£2.8 167.3+0.3 0.45+0.09 F1042M 3) & (5)
21-10-2002 HST/STIS 263.24+2.8 170.4%0.3 o Longpass (1)
DENIS-P J035726.9-441730
21-04-2001 HST/WFPC2 97.0£2.8 174.0+1.2 1.2340.11 F675W (3)
HST/WFPC2 98.1+£2.8 174.7£1.2 1.50£0.11 F814W 3)
21-08-2002 HST/ACS 105.31+0.5 176.0+£0.15  1.1240.02 F625W (1)
HST/ACS 103.4+0.5 175.3+£0.15  1.24£0.02 F775W (1)
HST/ACS 98.3+0.5 176.2+£0.15  1.25+0.02 F850LP (1)
03-01-2003 HST/STIS 103.8+2.8 176.6+1.2 e Longpass (1)
DENIS-P J100428.3-114648
27-10-2000 HST/WFPC2 146.0+2.8 306.14+1.2 0.2540.07 F675W (3)
HST/WFPC2 146.0+2.8 304.5£1.2 0.66+0.11 F814W (3)
14-02-2003 HST/STIS 103.8+2.8 315.2+1.2 e Longpass (1)

2(1) This work; (2) [Reid et _all (2000); (3) Chapter [ of Part [} (4) IClose et all (2002H); (5) |Gizis_ef. all
(2003)
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Figure 1.1 Extraction of the individual spectra. This figure shows the cross dispersion profile
of the 2-D spectrum around 850 nm, and the best fits of the primary and the secondary (light
blue). The sum of the primary and secondary (red) is also indicated for comparison with the
raw data (black). In that case the intensity of the residuals (green) is less than ~2% of the
intensity of the raw data.

algorithm is robust enough and converging properly. Figure [Tl gives an overview of the results
at a particular wavelength. The residuals after the fit represent between 1.5% and 9% of the
total intensity of the original spectrum depending on the wavelength, thus of the same order
than the signal to noise ratio, ensuring that the quality of the fit is good.

1.2.2 2MASSW J1311391+4803222

2MASSW J1311391+4-803222 is one of the widest binaries of this sample (see Table [[T). The
alignment of the slit along the axis was very good. Figure shows that it was easily re-
solved with STIS and that we could extract nicely the spectrum of each component. 2MASSW-
J1311391+803222 B shows a little motion between the two epochs separated by two years: about
27 mas and 3°. In order to estimate the spectral type of 2MASSW J1311391+803222, we com-
pare its optical spectrum to that of ultracool dwarfs from the field available in the literature.
The best match is obtained for a spectral type of M7 for both components (see Figure [[3]). We
thus attribute a spectral of M7+0.5 for the two component. As one could expect, the two com-
ponents have very similar masses and effective temperatures, the secondary being only slightly
fainter than its primary. The flux ratio in the optical spectrum has a median value of ~0.8,
slightly larger but consistent with that measured in the F814W and F1042M filters (~0.7), and
confirming that the two components must have very similar masses.
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Figure 1.2 Optical Spectra of 2MASSW J1311391+803222 A (black) & B (red) obtained with
HST/STIS (smoothed via a boxcar with a width of 5 pixels) . The upper plot shows the flux
ratio as a function of the wavelength and its median value.
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Figure 1.3 Spectral types of 2MASSW J1311391+803222 A (upper panel) & B (lower panel).
The spectra of A and B (black) are compared to that of field very low stars (red). The best
match indicates a spectral type of M7+0.5 for both A and B.
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1.2. Optical Spectroscopy with HST-STIS

1.2.3 2MASSW J1426316+155701

2MASSW J1426316+155701 is one of most observed binaries of this sample, as shown by the
many measurements reported in Table [Tl Unfortunately, the motion of this object, ~42 mas in
separation but almost 0° in position angle shows that we see the system edge-on. We will there-
fore not be able to compute a precise orbit despite the relatively large number of observations,
the uncertainty on the eccentricity beeing the main limitation.

The alignment of the slit along the axis was very good. Figure [L4lshows that we could extract
nicely the spectrum of each component. Comparing the spectra of the individual components
to that of ultracool dwarfs from the field, we obtain measure a spectral type of M740.5 for the
primary and LO+0.5 for the secondary (see Figure [[H, page [12). The two components must
have slightly different effective temperatures and masses. The median flux ratio measured in
the spectra is equal to 0.34~0.37, therefore in good agreement with the flux ratios we measure
in the three ACS optical filters. It corresponds to a mass ratio of 0.75~0.95 depending on the
age (see Table on page [62). The three spectral classes between the two components indicate
that they must have effective temperatures differing by ~500 K (Basri_et. all 2000).
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Figure 1.4 Optical Spectra of 2MASSW J1426316+155701 A (black) & B (red) obtained with
HST/STIS (smoothed via a boxcar with a width of 5 pixels). The upper plot shows the flux
ratio as a function of the wavelength and its median value.

1.2.4 DENIS-P J035726.9-44173

With a separation of only ~07100, and a flux ratio of only 0.37, and an F814W magnitude of
only 17.94 mag, DENIS-P J035726.9-44173 was the most difficult object we had in our sample,
and the extracted individual spectra are more noisy than the other, as shown in Figure The
secondary shows almost no motion during the 2 years of follow-up. The difference of magnitude
(1.08 mag) measured in the optical spectrum is consistent with that measured with the three
ACS and two WFPC2 optical filters (see Table [LTl).
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Figure 1.5 Spectral types of 2MASSW J1426316+155701 A (upper panel) & B (lower panel).
The spectra of A and B (black) are compared to that of field very low stars (red). The best
match indicates a spectral type of M7+0.5 for A and L040.5 for B.

In Figure [L7 we compare the spectra of the individual components to that of ultracool
dwarfs from the field. The best match is obtained with a L8 for the primary and a L2 for
the secondary. We thus attribute a spectral type of M8=£1 for the primary and L2=+1 for the
secondary. Because the individual spectra are relatively noisy, the correlation between the field
dwarfs and the component spectra is not as good as for the other objects, explaning why we
give larger uncertainties to the inferred spectral types. The four spectral classes of difference
between the primary and the secondary indicate that the two components must have effective
temperatures different by 500~600 K (Basriet all 2000). Their masses must nevertheless be
similar, since a difference of magnitude of ~1.1 mag in I corresponds to a mass ratio between
0.80< ¢ <0.95 depending on the age (see Table [L] page B62).

1.2.5 DENIS-P J100428.3-114648

DENIS-P J100428.3-114648 was also a difficult object: it is relatively faint and the individual
spectra are just resolved (its separation is ~0”100, for a pixel-scale of 07055 for the STIS/CCD).
The extracted individual spectra are noisy, as shown in Figure [L8 but still better than that of
DENIS-P J035726.9-441730 because the flux ratio is almost twice as large (0.60). The secondary
shows a little motion: 43 mas and ~10°between the two epochs separated by 2.5 years. The
difference of magnitude (0.55 mag) measured in the optical spectrum is consistent with that
measured with the two WFPC2 optical filters (see Table [LT]).

Figure[Ld shows the best match between the spectra of the individual components and that of
ultracool dwarfs from the field. it is obtained with a M8 for both the primary and the secondary.
We thus attribute a spectral type of M840.5 for the primary and the secondary. Although the
individual spectra are somewhat noisy, the correlation between the field dwarfs and the compo-
nent spectra is relatively good. The identical spectral classes indicate that the two components
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Figure 1.6 Optical Spectra of DENIS-P J035726.9-441730 A (black) & B (red) obtained with
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Figure 1.7 Spectral types of DENIS-P J035726.9-441730 A (upper panel) & B (lower panel).
The spectra of A and B (black) are compared to that of field very low stars (red). The best
match indicates a spectral type of M8+0.5 for A and L2+1 for B.

must have similar effective temperatures of about 2500-2600 K according to Basri_et_all (2000).
Their masses must be very similar, since a difference of magnitude of ~0.6 mag in I corresponds
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to a mass ratio between g >0.90.
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Figure 1.8 Optical Spectra of DENIS-P J100428.3-114648 A (black) & B (red) obtained with
HST/STIS (smoothed via a boxcar with a width of 5 pixels). The upper plot shows the flux
ratio as a function of the wavelength and its median value.

1.3 Analysis

The K 1 absorption lines at 766.5 and 769.9 nm are known to be sensitive to the surface gravity
of the objects: their strength decreasing with increasing surface gravity. Figure [LT1] shows that
the ratios of the EW(K 1) of the primaries to that of the secondaries are very close to 1.0. This
result indicates that the components of these multiple systems must have very similar surface
gravities, as one could expect from the mass ratios obtained from the relative photometry.

2MASSW J1426316+4-155701 is noticeably further away from this line in comparison with the
other objects, possibl indicating that the surface gravity of the secondary is slightly lower
than that of the primary. [Close et all (2002a) estimated the masses of the individual components
of this object to be 0.066 and 0.074 M. Assuming these masses, Figure shows that in
order for the secondary to have a surface gravity lower than that of its primary, the system must
be younger than 1~1.5 Gyr. Although the uncertainties are large and the significance of this
comparison not so strong, it is interesting to note that this value is consistent with the age of
0.84_'8:; Gyr reported by IClose et _all (2002a) from the luminosity. DENIS-P J035726.9-44173 is
also noticeably further away, but as shown in the Figure, the two lines of the doublet are barely
resolved in the spectrum of the secondary and the value reported are not reliable enough to
enable further analysis.

Mthe deviation of this point to the line is well within the uncertainties
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Table 1.2. K 1 atomic lines EW of binary ultracool dwarfs components

K 1 line
Object 7665 7699

2MASSW J1311391+803222 A 82 3.8
2MASSW J1311391+803222 B 7.2 4.2
2MASSW J1426316+155701 A 6.4 4.6
2MASSW J1426316+155701 B 10.7 6.7
DENIS-P J035726.9-44173 A 3.41
DENIS-P J035726.9-44173 B 2.1t
DENIS-P J100428.3-114648 A 2.5 2.4
DENIS-P J100428.3-114648 B 1.9 2.8

Note. — All units are in angstréms. 1-o un-
certainties are ~0.5 A.

!The S/N is poor and the uncertainties are
large.
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Figure 1.9 Spectral types of DENIS-P J100428.3-114648 A (upper panel) & B (lower panel).
The spectra of A and B (black) are compared to that of field very low stars (red). The best
match indicates a spectral type of M8+1 for both A and B.
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Figure 1.10 T.sf vs Age (top panel) & Log(g) vs Age (bottom panel) relation from the DUSTY
models, represented for different masses ranging from 0.050 to 0.1 M®.
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Figure 1.11 EW(K 1) of the primary vs that of the secondary for the 4 field brown dwarfs. The
K 1 doublet is known to be a gravity sensitive feature of the optical spectrum of ultracool dwarfs.
This figure shows the correlation for the equivalent widths of these lines for the secondary and the
primary of the co-eval binaries of our sample. The slopes are equal to 1.0 and 1.1, and therefore
indicates that the primaries and secondaries have almost equal surface gravities. The individual
lines of the doublet only barely appear in DENIS-P J0357-4417 spectrum (in green), and the
corresponding values are not very reliable. 2MASSW J0746+4-2000 is presented in detailed in

Chapter 2 of this Part.
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Chapter 2

Determination of the dynamical
mass of a binary L dwarf

2.1 2MASSW J0746425+42000321

2MASSW J0746425+2000321 has been observed and reported in several catalogues and arti-
cles. It has been identified as a L0.5 dwarf by [Kirkpatrick et all (2000), and suggested to be
a binary by [Reid et all (2000) based on its position in a colour-magnitude diagram. It has
been resolved as a multiple system by [Reid et all (2001) with a separation of (/22 and a posi-
tion angle (P.A) of 15°, a measurement later corrected by Bouny et all (2003) to 07219407003
and P.A=168°8+0°3. 2MASSW J0746425+2000321 has been reported in several surveys, such
as USNO-B (Monet. et all 2003), GSC2.2, and 2MASS (Cutri et all 2003). Table 2Tl gives an
overview of the astrometric and photometric properties of 2MASSW J0746425+2000321 as re-
ported in these catalogues. [Dahn et all (2002) and the USNO-B.1 catalogue both report a mea-
surement of the proper motion of this objects, with po=-370+4 mas yr—' and ps=-42+4 mas
yr=! (USNO-B.1) and ja=-374+0.3 mas yr—! and ps=-5840.3 mas yr—! (Dahn et all 2002).
These measurements confirm that 2MASSW J0746425+2000321 is a common proper motion
pair. Such a proper motion indeed implies a motion of ~1”5 during the 4 years we made
the follow up observations, whereas the separation between the two components varied only
of ~0”1. Using high resolution spectra obtained at Keck, Reid et all (2002) measured a ro-
tational velocity of 24 km/s. Using VLT/UVES high resolution spectra, [Bailer-Joned (2004)
measured a rotational velocity ranging between 25.6< vsin: <30.6 km/s, corresponding to a
period between 1.73<T<3.71 hours. Both [Clarke et all (2002) and IGelino_et. all (2002) report
photometric variability, which they attribute mainly to the formation of clouds in the upper lay-
ers of the atmospheres. [Dahn_ et all (2002) measured its distance using trigonometric parallax
at 12.2140.05 pc.

2.2 Observation and data processing

Table gives a log of all the observations we use in this study.
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Chapter 2. Determination of the dynamical mass of a binary L dwarf

Table 2.1. 2MASSW J0746425+200032 in different catalogues

Date R.A Dec. Uncert. Filter mag. Source Ident.
DD/MM/YYYY (J2000) (J2000) [mag]
01/01/19841 07 46 42.5 +20 00 32.6 +01 R1 18.28 USNO-B1.0 USNO-B1.0 1100-0150847
B2 21.7
R2 17.87
01/01/1998 07 46 42.55 420 00 32.14 +0'3 R 17.6 GSsC2.21 GSC 2W 22110125398
05/12/1997 07 46 42.56 +20 00 32.2 +0”1 J 11.759 2MASS 2MASSW J07464256+-2000321
H 11.007
K 10.468
06,/12/2002 L 11.19  Leggett et al. (2002)

1 Mean epoch of observation

2.2.1 High Angular Resolution imaging with HST/ACS and STIS

High angular resolution images have been obtained with the HST Advanced Camera for Survey
(ACS, Pavlovsky et all2003) and Space Telescope Imaging Spectrograph (STIS, [Kim_Quijano_et. al.
2003). We observed 2MASSW J0746425+4-2000321 using the ACS and its High Resolution Chan-
nel (HRC) in three different optical filters (F625W, F775W and F850LP), and STIS in the long-
pass filter. 2MASSW J0746425+2000321 is clearly resolved on both sets of data (see Figure
1), and we were able to get precise astrometric and photometric measurements. The data have
been analyzed using the custom-made program performing PSF fitting describe in Section
of Chapter M in Part [l and in Annex

2.2.2 High Angular Resolution imaging with VLT /NACO

We also obtained high angular resolution images using the ground based facilities offered by ESO
on Cerro Paranal on 2003 February 18th and 2003 March 22nd. The VLT on Yepun uses NACO,
an adaptive optics platform (Rousset et all 2003; Lenzen et all 2003; Brandner et all 2002) to
achieve diffraction limited images. NACO offers the possibility to use an infrared wavefront
sensor, and is therefore ideally suited for the study of ultra-cool and red objects. Its CONICA
array offers a 070132607001 pixel-scale that provides critical Nyquist sampling of the diffraction
limited images of the telescope at these wavelengths. Its absolute orientation is known to within
~1°.

The atmospheric conditions during the observations were good (respectively \/rq=0"62 and
airmass=1.5, and \/ro=0"67 and airmass=1.4), and very sharp images in Kg (first observation)
and J, H and Kg (second observation) were obtained with strehl ratios of S,(Kg) ~30% (first
obs.) and S, (J) ~13% ,S,(H) ~27%, and S,(Kgs) ~46% (last obs.). Figure 21l shows the two
K¢ images obtained during these two nights.

During the last observation, a PSF star was also acquired in order to perform accurate pho-
tometry of the adaptive optics data of the corresponding night. The object, DENIS-P J131500.9-
251302 (spectral type ~M8, J=15.2, H=14.54 and Kg=14.02 mag), was observed under better
conditions (A/rg=0"43 and airmass=1.03) with a strehl ratio of S,.(H) ~10%, and S, (Kg) ~40%.
Unfortunately it was not observed in J. We performed the photometry using standard DAOPHOT
PSF fitting photometry. The results are summarized in Table Although the PSF star has
a spectral type earlier than 2MASSW J0746425+2000321 and was observed at much better
airmass and better seeing, the relative photometry we obtain in H and Kg is in very good agree-
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2.2. Observation and data processing

Table 2.2.  Observation log. for 2MASSW J07464254-2000321

Imaging
Instrument Filter Exp. Date Obs. Pixel Scale
Time [s] DD/MM/YYYY "
HST/WFPC2-PC F814W 50 25/04,/2000 070455
Gemini North/Hokupa J 120 07/02/2002 070199
Gemini North/Hokupa H 720 07/02/2002 070199
Gemini North/Hokupa K 120 07/02/2002 070199
HST/ACS-HRC F625W 960 21/10/2002 0702501
HST/ACS-HRC F775W 440 21/10/2002 0702501
HST/ACS-HRC F850LP 340 21/10/2002 070250*
VLT/NACO Ks 0.4 18/02/2003 0701482
VLT /NACO J 10 22/03/2003 0701482
VLT/NACO H 5 22/03/2003 0701482
VLT/NACO Ks 5 22/03/2003 0701482
Keck I/NIRC Ks 20 04/12/2003 070203
HST/STIS longpass 10 09/01/2004 070508
Spectroscopy
Instrument Wavelength Exp. Date Obs. Dispersion

Range [nm] Time [s] DD/MM/YYYY  [A/pixel]

HST/STIS 525-1300 1980 09/01/2004 4.92

IEffective value on the processed images, slightly different from the
07028 x (0”025 given in the manual.

2Effective value on the processed images, slightly different from the 0701326
given in the manual.
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Chapter 2. Determination of the dynamical mass of a binary L dwarf

HST/WFPC2 Gemini Hokupa'a HST/ACS
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Figure 2.1 Images of 2MASSW J07464254-2000321A and B obtained at different epochs with
HST, Gemini, NACO and Keck I. The scale and the orientation are the same for all images, and
indicated on the figure.

122



2.2. Observation and data processing

Table 2.3. Relative Photometry of 2MASSW J0746425+2000321AB

Date Instrument Filter Mag. Prim. AMag. Source
DD/MM/YYYY [mag] [mag]
25/04/2000 HST/WFPC2 F814W  15.41£0.15 1.00£0.09 (1)
07/02/2002 Gemini North/Hokupa’a J 12.19£0.07  0.60£0.20 (2)
07/02/2002 Gemini North/Hokupa’a H 11.544+0.11  0.48+0.15 (2)
07/02/2002 Gemini North/Hokupa’a K’ 11.05+0.09  0.4440.15 (2)
21/10/2002 HST/ACS F625W  18.81£0.05 0.48+0.03 (3)
21/10/2002 HST/ACS Frr5W  15.98+£0.05  0.68+0.04 (3)
21/10/2002 HST/ACS F850LP  14.244+0.05  0.76+0.04 (3)
22/03/2003 VLT /NACO H 11.55+0.08  0.46+0.15 (3)
22/03,/2003 VLT/NACO Kg 11.06+0.09  0.42+0.15  (3)
04/12/2003 Keck I/NIRC Ks 11.03+0.03  0.52+0.03 (3)

Note. — Source: (1) Chapter [ of Part [ (2) IClose et all (2003); (3) this work

ment with the one reported by [Close et all (2003) with Gemini North/Hokupa’a and the one we
measure with Keck I/NIRC (Kg band).

2.2.3 Speckle Observations with Keck

On 2003 December 04, we obtained K band speckle observations of our target at the 10 m Keck I
telescope with the facility instrument NIRC (Kleinmann_et. all[1994). With its re-imaging optics
(Matthews et all[1996), this 256 x 256 near-infrared array offers a 0702034070003 pixel scale that
provides Nyquist sampling of the diffraction limit of the telescope at this wavelength (about
0705); its absolute orientation is known to within 1°. Several stacks of 200 short-integration
exposures were obtained (t ~ 0.1 s, i.e., fast enough to effectively “freeze” the atmospheric
turbulence and retain the high-angular resolution information in the image), and similar stacks
on two calibration point sources were obtained immediately before and after our target. Standard
speckle data reduction routines were applied to the data; we refer the reader to IGhes (1993) and
Patience et all (1998) for more details and only summarize briefly the various stages involved in
the data reduction process. Each individual exposure is first sky subtracted, flat-fielded and bad
pixel-corrected; its power spectrum is then calculated. The power spectra are median-averaged
over each stack and divided by that of the calibrator. A 2-D sinusoidal function is then fitted
to the power spectrum to determine the binary properties: separation, position angle and flux
ratios. Uncertainties are estimated from the standard deviation of the parameters extracted
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Chapter 2. Determination of the dynamical mass of a binary L dwarf

Table 2.4. Relative Astrometry of 2MASSW J0746425+2000321AB

Date Time! Sep.? P.A? Instrument Source?
DD/MM/YYYY HH/MM/SS [mas] [°]

25/04,/2000 08:14:14 21943 168.8+0.8 HST/WFPC2 (1)
07/02/2002 09:48:55 121+8 85.743.5  Gemini North/Hokupa’a (2)
21/10/2002 23:10:43 119.5+£1  33.9£0.5 HST/ACS (3)
18/02/2003 01:40:45  131.3£3.9 13.841.9 VLT /NACO (3)
22/03/2003 01:22:00 123.5+2.1 4.6+1.0 VLT/NACO (3)
04/12/2003 15:15 126.5+1.8  317.940.7 Keck I/NIRC (3)
09/01/2004 18:51:45 134.5+£3  311.1+1.2 HST/STIS (3)

!The uncertainty corresponds to the exposure time (see Table B1I)
21-0 uncertainties (combined instrumental and measurement)

3Source: (1) Chapter [ of Part [ (2) IClose et all (2003); (3) this work

from all stacks. There is a 180° ambiguity in the position angle of the binary as derived through
power spectrum analysis, but this can be resolved by shift-and-adding all individual exposures
using the brightest speckle as a reference. The resulting image shows the companion to be
roughly to the Northeast of the primary and the astrometric accuracy of the power spectrum
analysis is much higher. The results obtained are reported in Tables and [Z4] and Figure
1 shows the final image. As mentioned above, the difference of magnitude is in very good
agreement with the previous measurements within the uncertainties.

2.2.4 High Angular Resolution/Low Spectral Resolution Spectroscopy

We obtained the spatially resolved spectra of each component of the multiple system by aligning
the slit of STIS along the axis of the binary. Scheduling constraints of HST made it difficult to
get long slit STIS observations of 2MASSW J0746425+2000321 at a particular roll angle of HST.
In order to ease scheduling, a range of admitable roll angle was defined. This combined with the
relatively rapid orbital motion of 2MASSW J0746425+2000321 meant that the entrance slit of
STIS was not optimally aligned with the position angle of 2MASSW J0746425+2000321 at the
time of the observations. Since the size of the slit we used (0”2) is larger than the separation
of the binary (~07125), we could nevertheless obtain a resolved 2-D spectrum and perform an
extraction of the two spectra. The effects on the spectral analysis can be the following: since
the red and the blue photocentres of each component are not symmetrically centred in the slit,
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2.8. Orbital parameters and determination of the total mass

the dispersion of the red and blue parts of the spectrum suffers differently from obstruction
by the slit. Since the position of the photocentres and the dispersion of the light depends on
the wavelength, the loss in flux also varies with the wavelength. This effect produces a “bluer”
spectrum for the secondary.

The separation between the two spectra is about 2 pixels, whereas the full width at half
maximum (FWHM) of the line spread function (LSF) varies between 1.0 and 1.2 pixel, so that
the two spectra are barely resolved. We used the same technique as described in Section [LZT]
on page [[07 to extract the individual spectra.

2.3 Orbital parameters and determination of the total mass

We used three different and independent custom-made programs to determine the best fitting
orbital solution for 2MASSW J0746425+4-2000321 and the uncertainties on each of the fitted
parameters. The orbit can be entirely described by seven independent parameters: semi-major
axis (a), orbital period (P), inclination (i), eccentricity (e), position angle of the ascending node
(), angle between the ascending node and periastron (w) and time of periastron passage (7).
With seven two-dimension astrometric data-points, this fully-constrained problem has seven free
parameters. The total mass of the system can be derived from the orbital period and semi-major
axis through Kepler’s Third Law.

2.3.1 “Amoeba” method

The first method minimizes in the nonlinear 7-dimensions function by downhill simplex method,
using the amoeba algorithm (see e.g [Press et all 1992, for a description of the method and
algorithm.). It fits all seven orbital parameters simultaneously, taking into account non-equal
errors of the measurements. The reduced-x? of 1.41 ensures that the fit is satisfactory (see section
B3 below). The results are shown in Figure and Table No uncertainties on the derived
parameters are available with this method.

2.3.2 Iterative method

This method uses 50000 independent starting points that consist of a set of the 7 parameters
being randomly chosen from their entire range of possible values. For each starting point, a
Powell convergence algorithm minimizing the total x? (Press_et. all[1992) modifies simultaneously
all 7 parameters until it converges to a local minimum. Once convergence for all 50 000 sets of
initial guesses has been achieved, we read through the output file to find the absolute minimum
of the x? function, which reveals the best-fitting orbital solution. Our best-fitting solution,
illustrated in Figure has a satisfying reduced-x? value of 1.38.

Uncertainties for each parameters are defined by the range of possible values indicated by
all solutions with total x? between X?nin and X%q,m + 4. These represent the 95.4% confidence
level for each parameters. Due to the highly non-linear behavior of the equations of orbital
motion, the uncertainties do not follow a Gaussian statistics and nor even symmetric about the
best fit. Note that the uncertainties are derived under the assumption that all parameters are
independent, which is not correct. For instance, the uncertainties derived for P and a would yield
an uncertainty on the system mass on order of £0.055 Mg, ~4 to 9 times larger than we actually
derived here. Therefore, the uncertainties quoted here are only valid if they are used for one
parameter at a time. Figure 222 shows that this is because the fitted values of P and a are tightly
correlated and correspond to a very narrow range of possible masses. Although the orbit is not
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Chapter 2. Determination of the dynamical mass of a binary L dwarf

perfectly known yet, the total mass is relatively precisely determined: Mtot:0.146f8:8(1)g Mg,
corresponding to 4~11% uncertainty.

The uncertainty on the distance to the system translates into a separate 2.4% uncertainty
(2-0), or 0.035 M), on the system mass. The uncertainty on the orbital fitting is therefore the
major source of uncertainty for this binary system since both sources of uncertainty (fit and
distance) should be added in quadrature.

2.3.3 ORBIT

We also used the ORBIT program of [Forveille et all (1999), fully described in this article. Briefly,
“the program performs a least square adjustment to all available observations, with weights in-
versely proportional to the square of their standard errors [...] The program uses a Levenberg-
Marquardt minimization algorithm (Marquardil1962) [...] Standard errors for derived parameters
are computed from the full covariance matriz of the linearized least square adjustment.”

2.3.4 Reduced-x? and uncertainties

The reduced-x? values of ~1.4 indicate that some of the uncertainties on the astrometric mea-
surements may be slightly underestimated, although with only seven measurements for seven
free parameters, such a value is statistically acceptable. Although rescaling the astrometric un-
certainties to reach a reduced-y? of 1.0 could be argued for, the diversity of the instruments
used for this orbital analysis suggests that such a treatment would be at least as erroneous as it
could be helpful. For the time being, we decided to stick to the quoted astrometric uncertainties
to derive the uncertainties on the orbital parameters of the binary.

2.4 Discussion

2.4.1 Spectral Types, Effective Temperatures

The composite spectrum of 2MASSW J0746425+2000321 AB in the optical has been previously
studied by [Kirkpatrick et all (2000), who derived a spectral type of L0.5.

In order to derive the spectral types of each component, we compared their STIS spectra,
extracted with the procedure described in Section EEZA with the spectra of field L dwarfs
published by Martin et all (1999b). As explained in this latter article, the relative strength of
the TiO bands between 840-860 nm and the CrH and FeH bands between 860-880 nm are good
indicators for the effective temperature changes. In later L dwarfs the TiO bands get weaker
with respect to the CrH and FeH bands. Figures 24 and shows the comparison. 2MASSW-
J0746425+2000321 A is clearly very similar to the L0 field dwarf DENIS-P J090957.1-065806,
while 2MASSW J0746425+4-2000321 B is between the L1 (DENIS-P J144137.3-094559) and L2
(Kelu 1) field dwarfs. We thus derive a spectral type of L0+0.5 and L1.54+0.5 for A and B,
respectively. This is consistent with the spectral type obtained by [Kirkpatrick et all (2000),
which is a blend of A and B. It is also consistent with the modest difference in brightness (see
Table Z3]), which implies a difference in temperature of only 100 K according to the models of
Chabrier et all (2000).
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Figure 2.2 Ambiguity in the orbital parameters: the contours represent the solutions at 1- and 2-o
(Ax?=1.0 and 4.0 respectively) in the semi-major axis vs period space. The lines corresponding
to different masses indicate the levels of confidence at 68.7% and 95.4% (1- and 2-o respectively).
The filled square in the centre corresponds to the best fit. Although relatively large ranges are
possible for the period and the semi-major axis, the range of corresponding acceptable masses
is very narrow: between 0.143 and 0.153 M, at 1-0 (represented by dashed lines) and between
0.141 and 0.160 My at 2-0 (dotted lines). Although the orbit is not perfectly known yet, the

mass is relatively precisely determined, with a best value at 0.146J_r8:8(1)g Mg (2-0 uncertainties,
solid line).
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Table 2.5. Orbital Parameters of 2MASSW J0746425+2000321AB

Parameter Iterative Method! Amoeba Method ORBIT?
Total Mass [Mq)] 0.14619 000 0.1511 0.148
Period, P [days] 3850.91207 3718 38634609
Eccentricity, e 0.4115:08 0.3999 0.41740.062
Semi-major axis, a, [A.U] 2.5310-5% 2.50 2.5540.25
Inclination, ¢ [°] 141.6735 141.65 140.65+2.29
Argument of Periapsis, w [°] 350.672-2 350.15 350.65+3.58
Longitude of ascending node, €2 [°] 20.7192, 18.97 20.8447.68
Periastron Passage, Ty (year) 2002.8910-54 2002.91 2002.84+0.07
reduced-x? of the fit 1.38 1.41 1.46

19-0 uncertainties, corresponding to a 95.4% level of confidence. These uncertainties do
not include the uncertainty on the distance (~2.4%, 2-0). This latter one should be added
in quadrature.

22-¢ uncertainties. These uncertainties do include the uncertainty on the distance, but
assume that the uncertainty are linear, which is not the case here.
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Figure 2.3 Positions of 2MASSW J0746425+2000321A and B and best fit of the orbit . The
dotted curve represents the best bit orbit obtained with the amoeba method, and the solid curve
the result obtained with the iterative method, and the dashed curve the solution given by ORBIT.
It appears clearly that the three methods give close results, well within the uncertainties. The
plus indicate the observations and their uncertainties, and the corresponding epoch is indicated.
The central cross shows the position of the primary.
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Figure 2.4 STIS optical low resolution spectrum of 2MASSW J0746425+2000321A com-
pared to spectra of field ultra-cool dwarfs. The four plots show the STIS spectrum of
2MASSW J07464254+2000321A, smoothed via a boxcar (width = 5 pixels), and compared
to: a) DENIS-P J024351.0-543219 (dM9); b) DENIS-P J090957.1-065806 (dL0); ¢) DENIS-
P J144137.3-094559 (dL1); d) Kelu 1 (dL2). All spectra have been normalized at 840 nm.
Spectra for the field dwarfs from IMartin_ et all (1999b).
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Figure 2.5 Same as Figure 24 but for 2MASSW J0746425+-2000321B
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Table 2.6. Atomic lines in the spectra of 2MASSW J0746425+2000321A and B

K 1 Wavelength Cs 1 Wavelength Na 1 D Wavelength!

Object 7665 7699 8521 8943 8183-8195

2MASSW J07464254-2000321A  22.6 17.4 2.1 0.99 8

2MASSW J07464254-2000321B  19.0 16.4 e e 5
Note. — All units are in angstroms. 1-o uncertainties are ~0.5 A.

LCorresponds to the blend of the 8183 and 8195 A doublet.

2.4.2 Spectral Features

The main emission lines present in the primary’s spectrum is Ha (EW=-25.0+0.5 A, 1-0). The
spectrum of the secondary is more noisy but the Ha emission line appears clearly, with an
equivalent width of EW=-18.0+0.5 A. From their high-resolution spectra, Reid et all (2002)
reported a Ha emission of -1.2 A for the unresolved system. The difference between the two
measurements indicates that 2MASSW J0746425+2000321 A and B display some chromospheric
and /or magnetic activity. Li I absorption is not detected in any of the two components with
an upper limit of ~1.5 A. Reid et al. (2002) did not detect any Li 1 absorption with an upper
limit of detection at <0.5 A. The presence of strong resonance doublets of alkali elements (K 1
at 766.5 and 769,9 nm; Na 1 at 818.4 and 819.5 nm; and Cs I at 852.1 and 894.3 nm) as well as
strong metallic molecular band-heads (CrH at 861.1 nm and FeH at 869.2 nm) is characteristic
for L-dwarfs (Martin_et all 1997). The measurements of equivalent widths of the main atomic
lines are reported in Table It is interesting to note that the equivalent width we measure
for Cs 1 at 852.1 nm for the primary corresponds to an effective temperature of ~1900-2000 K
in the effective temperature scale of Basri et all (2000), therefore in good agreement with the
effective temperature derived by Schweitzer et_all (2001) from their comparison of low and high
resolution Keck spectra with the DUSTY models.

2.4.3 Colour-Magnitude Diagrams

Figure shows a colour-magnitude diagram of 2MASSW J0746425+2000321 AB, 2MASSW-
J0746425+2000321 A and 2MASSW J07464254+2000321 B, and compares with the isochrones
of the most recent DUSTY models for solar metallicity. To convert the observed magnitudes to
absolute magnitudes we used the trigonometric parallax reported by [Dahn_ et all (2002).

The position of 2MASSW J074642542000321A shows that the age ranges between 150 and
500 Myr, thus relatively young. This is not consistent with the very high surface gravity obtained
by Schweitzer et all (2001). They used high and low resolution unresolved spectra and compared
it with the DUSTY atmospheric models of |Allard et al! (2001). Using a y2-fitting algorithm,
they obtain an effective temperature of 2000 K and a surface gravity log ¢g=6.0 from their low
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Figure 2.6 Colour-Magnitude diagrams Mgy vs (J — Kg) displaying the location of
2MASSW J0746425+2000321A, B and AB (combined light). The 1-o combined uncertain-
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Chapter 2. Determination of the dynamical mass of a binary L dwarf

resolution spectra. From their high resolution spectra, they obtain an effective temperature of
1900~2000 K and a surface gravity log g=5.0~5.5. The temperatures are in good agreement
with the spectral types and colours we report here, but the surface gravity is too high for the
young age. This is probably because the DUSTY models overestimate the dust effects. As a
consequence, the strength of the alkali lines in the optical decreases, and the surface gravity is
biased toward higher values.

The mass of the primary ranges between 0.075 and 0.095 M), while the mass of the secondary
has large error bars and ranges between 0.055 and 0.100 M. The total mass of the system
therefore ranges between ~0.130 and ~0.190 M), which is consistent with the dynamical mass
considering the large uncertainties in the H-R diagram.

For the secondary’s mass it appears more appropriated to use the mass of the primary from
the H-R diagram, which has reasonable uncertainties, together with the very precise dynamical
total mass. This yields to a mass between 0.052 and 0.072 M), therefore clearly substellar. The
absence of lithium absorption in the spectra gives also a constraint on the lower limit of the
mass. According to the DUSTY evolutionary models, Lithium should be depleted for masses
greater than 0.075 M) at 150 Myr and masses greater than 0.060 M) at 500 Myr. The mass of
the secondary must therefore be greater than 0.060, and ranges between 0.060<Mpg <0.072 M.

The system is thus very likely made of a brown dwarf orbiting a slightly more massive very
low mass star. Both objects are very close to the stellar-substellar boundary.
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Chapter 3

A possible triple system:
DENIS-P J020529.0-115925

In this chapter we present results showing that the multiple system DENIS-P J020529.0-115925
is likely to be a triple system of very low mass stars and brown dwarfs. The secondary of this
previously known binary system shows a clear elongation on six images obtained at six different
epochs. Significant residuals remain after PSF subtraction on these images, characteristic of
multiplicity, and indicating that the secondary is probably a double itself. Dual-PSF fitting shows
that the shape of the secondary is consistent with that of a binary system. These measurements
show that the probability that DENIS-P J020529.0-115925 is a triple system is very high. The
photometric and spectroscopic properties of the system are consistent with the presence of three
components with spectral types L5, L8 and TO.

3.1 Introduction

Multiple systems are important tests for the models of formation and evolution of very low
mass stars and brown dwarfs. The binary fraction reported recently by Bouy et all (2003);
Burgasser et _all (2003); IClose et _all (2003); IGizis et all (2003); Martin_et. all (2003) for very low
mass stars and brown dwarfs (between 10-15%) cannot be well reproduced by the so-called
“photo-evaporation” and “embryo-ejection models”, which generally predict a much lower binary
frequency (<5%; see Part [l and e.g [Kroupa. & Bouviel 2003, for a discussion on the different
scenarios of formation mentioned here). On the other hand the “star-like” model cannot explain
the observed distribution of separation (all less than 20 A.U, with a peak around 4-8 A.U),
and of mass ratios (with a strong lack of multiple systems with large mass ratios). The overall
process of formation of brown dwarfs is still not well understood., and further improvements of
the current simulations are required in order to fit the observations. The existence itself of an
old triple system made of brown dwarfs gives already extremely important and new constraints
on these models, since no such object had been observed until now.

In section B2 we will present a summary of the known properties of DENIS-P J020529.0-
115925. In section we will describe the observations. In section B4l we will present the
analysis of the data leading to the discovery of a possible third component, and in section
we will discuss about the triple system and its properties.

135



Chapter 8. A possible triple system: DENIS-P J020529.0-115925

3.2 DENIS-P J020529.0-115925

DENIS-P J020529.0-115925 is L5 field very low mass star (Martin_et all 1999h). It was dis-
covered by [Delfosse et all (1997) and first resolved as a binary by IKoerner et all (1999) using
Keck images. This object has been well studied and observed, and is reported in several surveys
(DENIS, and 2MASS, as )2MASSW J0205293-115930. Several authors (IDelfosse et all [1997;
McLean et _all 2001; Burgasser et all 2003) report methane absorption in their spectra, which
implies a mass below the sub-stellar limit and an effective temperature less than 1800 K, as stated
by Schweitzer et all (2002). [Tokunaga. & Kobayashi (1999) report similar absorption features in
their spectra but attribute it to Ho rather than CH,. Martin et all (1997) reported a non-
detection of lithium absorption from high resolution optical spectra, and inferred a lower limit
on the mass of DENIS-P J020529.0-115925 A of 60 Jupiter masses. Its distance (19.76+£0.57 pc)
and proper motion (437.8+0.8 mas/yr with P.A=82.840.1°) have been measured via trigono-
metric parallax (Dahn_ et all 2002). Basri et all (2000) also measured its rotational velocity
(22+5 km/s), and from the Cs I and Rb I absorption, they estimated its temperature to be
Tepr=1700-1800 K.

3.3 Observations

We observed DENIS-P J020529.0-115925 using the Hubble Space Telescope (HST) at six different
epochs. The observations occurred between October 2000 and December 2003 during HST
Cycles 8, 9, 10, 11 and 12 (program GO8720, P.I. Brandner, and programs GO9157, GO9345
and GO9968, P.I. Martin). DENIS-P J020529.0-115925 was observed with the Planetary Camera
of WEPC2 (Biretta 2002), in the F675W and F814W filters (GO8720) and F606W and F814W
filters (GO9157, GO9345 and GO9968). Table Bl gives a log of all the observations we used for
this study. The target is very red, and the observations in the F814W filter were more sensitive
than the one in the F675W or F606W filters, despite the shorter exposure times and the lower
quantum efficiency of WFPC2 at longer wavelengths. The possible third component does not
appear clearly on the F675W and F606W images. For these reasons, the following analysis is
made essentially in the F814W filter. The high angular resolution of the WFPC2-PC (0”0455
pixel scale) allowed us to resolve easily the 0”3 secondary, and to discover that it is elongated.

3.4 Data analysis

We processed the data in two steps: a point spread function (PSF) subtraction on each com-
ponent of the binary to look for residuals indicating the presence of a third companion, and a
dual-PSF fitting of the secondary for confirmation.

3.4.1 PSF Subtraction and Residuals

Using the relative intensity of the residuals as defined in Section [L2Z1] of Chapter [ of Part [,
we compare the relative intensity of the residuals after PSF subtraction on the secondary of
DENIS-P J020529.0-115925, using the same library of PSF stars. Figure shows the results.
The residuals at six different epochs are all clearly much higher than that of unresolved objects
and unresolved companions of known binaries of the same sample, but very similar to that of
other multiple systems. This figure shows clearly that DENIS-P J020529.0-115925B is very
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Figure 3.1 Results of the PSF subtraction at different epochs. This figure shows surface plots
of the results of the PSF subtraction with one of the 10 reference PSF used. The primary is
well subtracted whereas much stronger residuals remain for the secondary (clearly noticeable in
4 of the 6 epochs, indicated by arrows), indicating the presence of a third component. Similar
results are obtained with the 9 other reference PSF stars.
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Chapter 8. A possible triple system: DENIS-P J020529.0-115925

Table 3.1. Observation log.

Filter  Exp. Time Date Obs. Program
[s] DD/MM/YYYY
F814W 600 28/10,/2000 GO8720
F675W 300 28/10/2000 GO8720
F814W 1700 08/07/2001 GO9157
F814W 1800 21/01/2002 GO9157
F814W 400 14/07/2002 G09345
F606W 1600 14/07/2002 GO09345
F814W 400 10/01/2003 G09345
F814W 800 01/12/2003 G0O9968
F606 W 1000 01/12/2003 G09968

likely to be a binary system itself. Figure shows also that even for the two images where the
residuals do not appear clearly by eyes (see Figure Bl), the R.Z is always much higher than in
any unresolved system.

3.4.2 PSF fitting

In order to confirm that these residuals are consistent with the presence of a third component, we
performed a dual-PSF fitting, on the secondary only, using the custom-made program described
in Section of Chapter Min Partland in Annex[Al Figure shows that the residuals after
this dual-fit are much better than after the single-PSF subtraction described in the previous
section and in Figure Bl Moreover, the stability of the results for the ten different PSF stars
at each of the six epochs shows that the results are reliable and robust, and that the third
component hypothesis is consistent with the shape of the elongated PSF and highly probable.
Table gives the flux ratios between the three components of the multiple system estimated
with this method, as well as the corresponding differences of magnitude. According to the most
recent DUSTY models of |[Chabrier et all (2000), these differences of magnitudes indicate that
the three components must have similar masses. A difference of magnitude of 1.5 mag in the
F814W corresponds indeed to a mass ratio of 75, 85 and 95% at respectively 0.5, 1.0, and 5 Gyr.
The dual-PSF fitting indicates that over the six epochs the separation between B and C
is bounded between 0//053-07074, while the position angle is bounded between 63° and 109°.
Although the motion of C around B observed with this method can not be orbital in nature
(P.A does not vary monotonously), we consider that the dual-PSF fitting is a valuable sanity
check showing that the elongation of the secondary is consistent with a binary, and gives a very
rough estimate of the photometric and astrometric properties of the possible third component.
It is important to remember that the third component is barely resolved (the pixelscale of
the Planetary Camera is 070455). These astrometric results have large uncertainties hardly
assessable, and should be considered with caution. Moreover, the separation is so small that
there is a £180° ambiguity on the P.A of C with respect to B. For all these reasons, it would be
hazardous to try to deduce any estimate of some orbital motion from these results. It is therefore
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Figure 3.2 Residuals after PSF subtraction on HST/WFPC2 images of DENIS-P J020529.0-
115925B, compared to unresolved objects (diamonds), resolved multiple systems (DENIS0357-
4417AB, and 2MASSW J0920+3517AB), and unresolved companions of known multiple systems
(2MASSW J1146+4-2230B and DENIS-P J1441-0945B) from programs GO8720 and GO8146.
DENIS-P J020529.0-115925B appears clearly different from the unresolved objects and from the
unresolved companions of known multiple systems, while its residuals are comparable to that of
known close multiple systems. See also Fig. [[T]

Table 3.2. Flux ratios and difference of magnitudes in the F814W filter

Components  Flux Ratio AMag

B/A 0.37 1.08
C/A 0.25 1.50
C/B 0.66 0.45

Note. — Mag(A)=17.3 mag

The measurements reported here have
large uncertainties, and should be con-
sidered with caution. The relative error
from one image to the other is about
0.15 mag, but the real uncertainties can
be higher. Measurements obtained on
the GO8720 image.
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Model Binary
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of the model primary only
(~ component C)
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Figure 3.3 Results of the dual-PSF fitting on DENIS-P J020529.0-115925B for the GOS8720
image. As shown with arrows, DENIS-P J020529.0-115925B has a FWHM much wider than
the reference PSF star. The companion appears clearly after subtraction of the model primary.
The residuals are small (lower panel, on the left), indicating that the quality of the fit is good.
They are especially smaller than that obtained with a single PSF subtraction (lower panel, on
the right). Similar results have been obtained with the 9 other reference PSF stars, showing
that the result of the fit is robust and reliable.
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Figure 3.4 Mj, vs Spectral Type relation. All measurements from [Dahn et all (2002) except
for DENIS-P J020529.0-115925A, B and C. The absolute magnitudes of DENIS-P J020529.0-
115925A, B and C have been estimated using the differences of magnitude reported in Table
B2 and the DENIS I magnitude of the unresolved system.

not so surprising that the relative astrometry obtained with this method is not consistent with
an Keplerian motion.

3.5 Discussion

3.5.1 Properties of the triple system

The present analysis of the high angular resolution images indicates that DENIS-P J020529.0-
115925 is very likely to be a triple system.

Figure B4l shows the My, vs Spectral Type relation for all the objects reported in [Dahn_et. al.
(2002). Assuming differences of magnitude in I¢ equal to that reported in Table for the
F814W filter (F814W filter is close to Ic, [Biretta 2002), and the DENIS I magnitud of
the unresolved object, one can estimate the spectral types of the three components. DENIS-
P J020529.0-115925 A is consistent with a L5 dwarf, in good agreement with the measurement
reported by Martin_ et all (1999h), and showing that the primary would be dominating the optical
spectrum. B and C would be consistent with ~L8 and ~T0 dwarfs respectively.

Several authors report the detection of methane absorption in the infrared spectrum of
DENIS-P J020529.0-115925 (Delfosse et all 1997; IMcLean et _all 2001; Burgasser et all 2003).
Tokunaga. & Kobayashi (1999) also observed this absorption feature in the spectrum but at-
tribute it to Hy rather than methane. [Burgasser et all (2002) note that this feature is weak and

12 IDENIS is very close to the ICOuSins (Delfnsse ]997)
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Figure 3.5 My, vs Effective temperature. This figure shows the My, as a function of the effective
temperature, as given by the DUSTY models. Two isochrones (1 and 10 Gyr) are shown, to-
gether with the corresponding limits for sustained hydrogen burning. The position of the three
components is represented by grey boxes, assuming £100 K uncertainty on the effective temper-
atures of the three components of DENIS-P J020529.0-115925, and including the uncertainty on
the distance for the My,. This figure shows that all three components must be substellar.

variable, and consider that it does not constitute a clear detection of methane. We note that if
real, this feature could be related to the presence of L8 and T0O companions, and its variability
to some weather effects, as already observed in other late L and T dwarfs by [Enoch et all (2003).
Dahn et all (2002) showed that the absolute J and K-band magnitudes of early T-dwarfs are
similar to that of late-L. dwarfs, so that the contribution of B and C in the near-infrared can be
larger than in the optical.

According to the DUSTY models (Chabrier et all 2000), and assuming an age between 1
and 10 Gyr, Figure shows that the absolute Mj, magnitude of DENIS-P J020529.0-115925
A corresponds to an effective temperature between 1700-1 900 K, while B and C range between
1550-1800 K. These temperatures are consistent with the value reported by [Basri et all (2000)
for the unresolved system (1700-1800 K), and show that all components appear to be clearly
substellar. According to the DUSTY models, the stellar/substellar limit is indeed around 2000 K
at 10 Gyr and 2180 K at 1 Gyr, therefore warmer than any of the components of DENIS-
P J020529.0-115925.

Finally, the proper motion of the object (~438 mas yr—!, [Dahn et al![2002) and the presence
of these strong residuals at six different epochs spread over three years allow us to rule out
definitively the eventuality of a coincidence with some background object.
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3.5.2 Dynamical Stability

The separation between the primary and the secondary changed from ~0”390 to 07270 between
October 2000 and December 2003, while the separation between the second and the third com-
ponent is contained between ~07075< dpo <07055. As stated by Harrington (1968) and then
Szebehely & Zard (1977) in their analytical study, triple systems with moderate eccentricity and
equal mass components are stable for ratios between the semi-major axes of the outer (as) and
the inner orbits (a;) greater than as/a; >3.2. Assuming that the orbits of DENIS-P J020529.0-
115925 components have moderate eccentricities, and considering that the 3 components must
have similar masses as explained above, DENIS-P J020529.0-115925 would fit above the stabil-
ity criterium, with a ratio between 3.6< as/a; <7.1. The presence of a third component at the
positions reported here is therefore dynamically possible.

The estimate of the separation corresponds to a semi-major axis of ~1.2 A.U (~07075 at
19.7 pc). Corrected for a statistical factor of 1.26 as explained in [Fischer & Marcy (1992), it
leads to a semi-major axis of 1.9 A.U. According to Kepler’s Third Law (Keplen [1609) and
assuming a total mass of ~0.1 M), the corresponding period, is ~8 years.

3.6 Conclusions

We present here results of high angular resolution observations with HST/WFPC2 that allow us
to conclude that DENIS-P J020529.0-115925 is very likely to be a triple system of brown dwarfs.
PSF subtraction on the secondary at six different epochs show unusual residuals in comparison
with unresolved objects. Dual-PSF fitting shows that the shape of the secondary is consistent
with that of a binary. The configuration is consistent with a dynamically stable multiple system.
The observed relative motion is not consistent with a Keplerian motion but we attribute this to
the limitation of the PSF fitting method.

Observations at higher angular resolution, using for example the HST/ACS, ground based
adaptive optics or speckle imaging, should allow to confirm if DENIS-P J020529.0-115925 is a
triple system or not.
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In this last part, we will give an outlook of the results presented in this work in comparison
with that of other teams. We will then compare these results to the predictions of the models of
formation and evolution, and see what constraints we can infer, and what questions remain open.
Finally, we will present the research already on-going on some of the remaining questions, as
well as suggestions of research projects to be done in order to supplement our current knowledge
and understanding of ultracool objects.
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Chapter 1

Comparison with other studies

Several teams have been doing similar research on the same topic, almost at the same time we
obtained our results. These complementary and independent measurements are important to
validate the ones we report.

1.1 Ultracool dwarf binary statistics in the field

1.1.1 Binary frequency

As for the field ultracool dwarfs, four major studies have been conducted, one two years earlier
than ours by [Reid et all (2001) using HST/WFPC2 on a sample of 20 L-dwarfs, and the three
others in parallel to ours, by IGizis et all (2003) using HST/WFPC2 on a sample of 82 late-M
and L dwarfs, by IClose et _all (2003) using the adaptive optics instrument Hokupa’a on Gemini
North on a sample of 39 of late-M and L dwarfs, and [Burgasser_et. all (2003) using HST/WFPC2
on a sample of 10 T-dwarfs. The first three samples are smaller and included in our own study
of 133 late-M and L dwarf binaries, and therefore do not provide independent checks of our
own statistical results. They nevertheless independently confirm the detection of the multiple
systems that we resolved.

Table [Tl gives a summary of the major results of these four studies, as well as the results
we report in this work. This table shows that all results agree well, which is not surprising since
the corresponding samples overlap.

The binary frequency thus derived is much less than the one observed on a similar range of
separation for M2-M4.5 dwarfs in the field ([Fischer & Marcy 11992), where 324+9% of the objects
are found to be binaries. It is also much less than the corresponding ~30% binary frequenc
among G dwarfs reported by [Duquennoy & Mayor (1991). These studies cover a larger range of
mass ratio, and the direct comparison with our results should therefore be made with caution. It
would nevertheless be unlikely that the distribution of mass ratio among ultracool dwarf binaries
shows a peak at small values large enough to cover the difference between these numbers. This
brings us to the distribution of mass ratios.

1.1.2 Distribution of mass ratio

All four studies of visual ultracool dwarfs binaries cited above report a possible preference for
equal mass systems. The systems with large differences of mass are indeed rare. This latter

YDuquennoy & Mayorl (1991) report 57% of binaries for the overall range of separations, corresponding to 30%
in the same range of separation as in our study
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Table 1.1. Visual Binary Frequency for field ultracool dwarfs measured in successive studies.

Ref. Novjects NBinaries Sep. Range SpT? Sensitivity ~Binary Freq.”
[A.U] (Gmin)®
Reid et al. (2001) 20 4 >1.2 L0.5-L8 >0.6 20%4
Close et al. (2003) 39 9 >2.6 MS8-L0.5 >0.6 15+7%
Gizis et al. (2003) 82 13 1.6-16 MS8-L8 >0.6 15+5%
Burgasser et al. (2003) 10 2 >1 T5-T8 >0.4 9" 1%%
this work 133 25 >1.2 MS8-L8 >0.6 12+3%

& for the overall system

b Binary frequency defined as Nyinaries/Nopjects, corrected for biases in the range of separation and
mass ratio indicated

¢ Sensitivity to lower mass companions, expressed as the minimum mass ratio ¢ = My/M; to which
the observations were sensitive.

d raw observed binary fraction, not corrected for biases

conclusion is only tentative because of the limits of sensitivity of these surveys, and of the
magnitude biased samples considered which favour the detection of equal-mass systems (see
Opik 1924). If confirmed, this result would be in contrast to the distribution of mass ratio of
G binaries, as reported by [Duquennoy & Mayor (1991). On the same range of mass ratio than
our study (0.5< ¢ <1.0), they observe a distribution rising toward low mass ratios, as shown in
Figure [Tl while we observe a (possible) rise toward high mass ratios for ultracool dwarfs. On
the other hand, it would be consistent with the deficiency of multiple systems having mass ratios
of 0.4-0.6 among M-dwarfs, as observed by [Fischer & Marcy (1992) in their complete sample of
early M-dwarfs. If confirmed, the lack of ultracool dwarfs binaries could mean that there is a
trend for the distribution of mass ratio to have less and less small mass ratios with decreasing
masses of the primary. Figure [LTl shows that the slope of the distribution of mass ratios might
even eventually show an inversion when passing from G to L dwarfs.

1.1.3 Distribution of separation

The shape of the distributions of separation of ultracool dwarfs over the range of separation of
our study is similar to that of field G and early-M dwarfs (Gaussian for the G and M dwarfs
Fischer & Marcy 11992), as shown in Figure (pageB4)). On the other hand, while G and early-
M dwarfs seem to have similar median semimajor axis (around 30 A.U), ultracool binaries seem
to have a peak at much smaller separations, and a deficiency of systems with large separations.
All four studies indeed report a peak in the distribution around 4-8 A.U, and a deficiency of
multiple systems at separations larger than ~20 A.U. This latter result cannot be an artifact
since the wider binaries are easier to resolve.
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Figure 1.1 Distributions of mass ratio for G, early-M and late-M-L. dwarfs in the field. Values
for G-dwarfs from [Duguennoy & Mayon (1991) and [Fischer & Marcy (1992) for early-M dwarfs.
The histogram corresponding to our study is biased toward smaller mass ratio. The comparison
should thus be done cautiously, until a better statistical study confirms it. There seems to be
a trend for an increasing deficiency of systems with small mass ratio from G to L dwarfs, and
eventually an inversion of the slope when passing from G to L dwarfs.

1.2 Ultracool dwarf binary statistics in the Pleiades

A direct comparison with the results obtained for other types of stars is not easy in the case of
the Pleiades since the several studies reported in the literature have been performed under very
different conditions, spanning different ranges of mass ratios, separations and sensitivity.

In their studies of F-G dwarfs and early-M dwarfs, Bouvier et all (1997) and Stanffer (1984)
respectively observe corrected binary fractions similar to that of field G dwarfs (~60%, but ~30%
over the range of separation of our study). They obtained this result assuming a mass ratio
distribution similar to that of field late type stars. Under the same assumption, and correction
for the spectroscopic binaries, we obtain a binary frequency of 13~14% for brown dwarfs (see
Section Z82 page BIl), which is much lower than the one they estimate. If confirmed, this
would mean that the decrease of the rate of binaries between G + K + early-M dwarfs and
brown dwarfs is common to field and Pleiades objects. Any evolution process responsible for
that difference would have occurred before the age of the Pleiades, i.e 120 Myr. On the other
hand, the photometric study of [Pinfield et all (2003) indicates a binary frequency of ~50%
among Pleiades ultracool dwarfs, which would be consistent with that of G and early-M dwarfs.
Further investigations are required in order to refine the measurement of the binary fraction
among Pleiades brown dwarfs.

Finally, the current small sample of multiple systems in the Pleiades (4 binaries) does not
allow to perform any meaningful statistical analysis of the distributions of separation and mass
ratio. We can nevertheless note that all four binaries have separations less than 20 A.U, and
mass ratios greater than 0.6, which tentatively indicates that these distributions do not differ
from that in the field, and again contrast with the one reported for G and early-M dwarfs.
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1.3 Comparison of field/clusters/SFR binary ultracool dwarfs

The only search for multiple ultracool binaries reported in another cluster was performed in the
80 Myr old a-Persei cluster by IMartin et all (2003), who did not detect any binary among the
eight objects observed with HST/WFPC2, leading to a lower limit of the binary frequency of
9% for separations greater than 10.5 A.U. This value is similar to the one we report for the
Pleiades. No search for ultracool binaries is available in other clusters at the date of this work,
so that the properties we have measured cannot be directly compared to that in other clusters.
One can nevertheless compare the properties of the Pleiades brown dwarf binaries to that of late
type stars of other clusters, and see if the comparison is similar to that discussed in Section

Fortunately, several clusters have been scanned to look for multiple systems among late type
stars. These are the 700 Myr old Praesepe cluster (Mermilliod & Mayou [1999; Bouvier et al.
2001), the 600 Myr old Hyades (Reid & Gizid[1997H), and the young 2 Myr old IC 348 (Duchéne et al!
1999). All these studies confirm that the binary fractions, distributions of separations and of
mass ratios of low mass stars are indistinguishable from that measured in the field for the same
types of objects, showing that the binary properties of low mass stars are well established before
2 Myr and remain stable after that.

Only few observations are available in even younger associations. A proposal in which I
was involved and aiming at looking for binaries among a sample of bona-fide brown dwarfs in
the Upper Scorpius and Chameleon associations with HST/ACS has been rejected during the
13th call for proposal (P.I Martin). Using HST/WFPC2, Neuhiuser et all (2002) observed 11
M6-M8 brown dwarfs in the 1~5 Myrs old Chameleon I dark cloud. They resolved two possible
candidate companions. The first one has later been classified as a reddened background K star
(Neuh#nser et all 2003), while the remaining one, at a separation of 28 A.U, still needs to be
confirmed by second epoch observations. A search for spectroscopic binaries among a sample of
9 objects (all in common with the sample of [Neuhiuser et _all 2002) by LJoergens et all (2003H)
lead to the discovery of only one binary candidate, which also needs to be confirmed. These
two studies therefore indicate that binaries are rather rare, with an upper limit on the binary
frequency at about ~10%. This value is very similar to the one we obtained in the field and in
the Pleiades.

The previous analysis (Sections [Tl & [C2)) and the corresponding conclusions can therefore
be extended to the four open clusters and the one star forming region mentioned above.

1.4 Physical properties of binary ultracool dwarfs

1.4.1 Spectroscopy of the individual components of multiple systems

Goto et all (2002) present near-infrared spatially resolved spectra of the components of the bi-
nary ultracool dwarfs HD130948B and C. HD130948 is a common proper motion triple system
discovered by [Potter et all (2002), consisting of a primary G2 dwarf and a binary companion
at 2763 from the primary. The binary companion has a separation of ~0”134, correspond-
ing to a physical separation of 2.4 A.U at a distance of 17.9 pc as measured with Hipparcos
(Perryman et all 1997). Using the adaptive optics of the Subaru telescope, (Goto et all (2002)
were able to resolve the binary companion and obtain spectra of the individual components.
Correcting for the non-linear effects of the adaptive optics, they could then measure the spectral
types of each components. They found the two objects to have similar spectral properties and
attribute to both of them a spectral type of L4+1. This is consistent with the measurement of
Potter et all (2002) who report a spectral type of 1242 for the unresolved system. The presence
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1.4. Physical properties of binary ultracool dwarfs

of the G2 primary offers the great advantage to be able to constrain the age of the triple system.
Gaidos et all (2000) and [Chen et all (1997) estimated its age to range between 0.3-0.8 Gyr.
Considering that the three components must be coeval, and using the evolutionary tracks of
Chabrier et all (2000), it leads to a mass 0.040-0.065 M, for both objects, therefore well below
the hydrogen-burning limit

1.4.2 Orbit of ultracool binaries

Only one binary brown dwarf orbit has been reported to date. GJ 569B was discovered as a
binary by Martin et all (2000b) using the Keck adaptive optics. It is orbiting the GJ 569A M2.5
dwarf, which distance was measured by Hipparcos (9.81£0.16 pc [Perryman et all [1997). The
first determination of its orbital parameters was obtained by [Kenworthy et all (2001) thanks
to speckle interferometry at the MMT. They constrained the total to 0.115-0.210 M. This
measurement was refined the same year by [Lane_et_all (2001) using Keck adaptive optics images.
They were able to obtained an improved orbital fit and a total mass of 0. 123+8 83; Mg. They
determine the spectral types of the objects to be M8.5+0.5 (GJ 569Ba) and M9+0.5 (GJ 569Bb).
Using theoretical evolutionary tracks, they were able to derive the mass ratio and the following
individual masses: 0.065 Mg for GJ 569Ba and 0.058 Mg for GJ 569Bb. Complementary
observations obtained by Zapatero-Osorio et al. (2004, in press) cover the whole orbit and allow
to constrain even better the total mass of the obJects-

“The corresponding measurements were not published at the time of this manuscript
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Chapter 2

Consequences on the models

2.1 The different models of formation and their predictions

2.1.1 Star like models
The “Jeans” model

Assuming that ultracool dwarfs might form just like stars, the scaled Jeanst model predicts
naturally binary properties similar to that of other stars, scaled down to the smaller masses.
We should thus expect to observe a similar binary fraction, and distributions of separation and
mass ratio with similar shapes to that observed for stars.

The “photo-evaporation” model

Although the evaporation process is thought to be very efficient (Kroupa. & Bouvied 2003), it is
not expected to be representative of the formation of the majority of the ultracool dwarfs, since
it can occur only under specific conditions in specific places. In this case, the ultracool dwarf
formation should indeed happen in a dense molecular cloud, close enough to a nearby massive
star, and the ionization and evaporation process should be efficient early enough to prevent the
forming object to reach the hydrogen burning limit. One can reasonably assume that although
frequent, it is not the case for a large number of objects. The binary properties resulting of
this formation process can hardly be predicted, but up to now only one “binary-proplyds” over
more than 150 in total has been observed in Orion (Graham et all 2002). For these reasons, and
although this formation is likely to be at work in dense associations (see Figure H in page B in
the introduction), we will not discuss it further.

The “embryo-ejection” model

This model is currently one of the most debated ones. Depending on the initial conditions and
the level of the numerical analysis chosen, the resulting properties of the formed brown dwarfs
can vary a lot. In this section, we will review four complementary treatments of that scenario,
starting with the most complex one.

5Refer to the Section Bl of the introduction (page B
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a) Hydrodynamical simulations of the fragmentation of a cloud

Bate et all (2002) study the formation of ultracool and brown dwarfs via hydrodynamical
simulations of the fragmentation and collapse of a molecular cloud. They generate an IMF
from the turbulent cloud and then study the dynamical interactions of the protostars between
themselves and with the gaseous environment. An overview of these simulations is shown in
FigureBlon page[ They result in the formation of brown dwarfs mainly through instabilities in
the massive circumstellar disk, but also in a lower rate as ejected stellar embryos from unstable
multiple protostellar systems. Among the formed brown dwarfs, only less than 5% are binary
systems. This study has the merit to do a full treatment of both the effects of the remaining
gas and of the gravitational interactions between the protostars, but requires extremely heavy
and CPU-time consuming calculations. Consequently it does not allow to study the statistical
properties of the formed objects because of the CPU-power required and because of the small
number of objects produced (~50 objects). Given these considerations, it is not possible to
make a direct comparison of their results with the observations. Several authors therefore tried
to perform complementary analysis in order to investigate the statistical properties of the brown
dwarfs formed via this process, using different approaches.

b) Hydrodynamical simulations of the decay of a 5-body accreting system

In order to investigate the regions close to the stars, IDelgado-Donate et all (2003) chose to
perform similar simulations as the ones of Bate et all (2002) but at a different scale. Instead
of following the fragmentation of the whole molecular cloud, they focused on the evolution and
dynamical decay of small 5-body systems, taking into account both the dynamical interactions
of the protostars between themselves, the interactions with the gaseous environment and accre-
tion. Although still sophisticated, this treatment allowed them to study the outcomes over 100
different cases and to start deriving statistical properties of the formed objects. They come to
the conclusion that the number of binary brown dwarfs formed strongly depends on the parent
core mass function of the cloud: a core mass function with a lower cut off at 0.25 M (as ob-
served in p-Ophiuchi by IMotte et all [199&) results in only very few binaries, while a parent core
mass function extended to the substellar regime results in a higher binary frequency, possibly
consistent with the observational results. Once again they formed too few binaries to perform
an analysis of the properties of the multiple systems formed.

¢) Neglecting accretion and interactions with the gas

In their simulations, Sterzik & Durisen (1998, 2003) study the dynamical decay of small
constant-mass N-body clusters reproducing the observed IMF, neglecting the hydrodynamical
interactions with the surrounding gas. By using this approach, they are able to perform the
computations over a much larger number of cases, and to derive statistical properties of the out-
coming objects. They obtain a remarkable agreement with the results we report for the binary
fraction (around 10%) and the distribution of separations (with a peak around 4 A.U and a lack
of wide systems with separations larger than 20 A.U).

d) Neglecting only the interactions with the gas

In a more recent study, Umbreit et all (2004) present the results of N-body calculations of
the dynamical decay of accreting triple systems, therefore neglecting only the effects of the
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Credit: S. Umbreit, MPIA
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Figure 2.1 Distribution of mass ratio in Umbreit et al. (2004) simulations based on the
Reipurth & Clarkd (2001) model of formation. it shows a remarkably good agreement with
the distribution of semimajor axis we observe for field ultracool dwarfs (from Chapter [ of Part

).

surrounding gas. Although slightly more sophisticated than the simulations of ISterzik & Durisen
(2003), they were also able to perform the computations over a statistically meaningful number of
cases. Assuming equal initial masses for the components of the protostellar systems and a certain
accretion rate, they were also able to reproduce remarkably well the observed binary fraction
and distribution of separation, as shown in Figure EZJ1 They also conclude that depending on
the rate of accretion and the kinematic properties of the accreted gas, the embryo-ejection model
can be become very efficient at producing brown dwarfs.

2.1.2 Planetary models

As already mentioned above, Bate et all (2002) show that the formation of brown dwarfs can
occur mainly through instabilities in the massive circumstellar disk, forming only few multi-
ple systems. The complementary models of IMayer et all (2002) describing the formation and
collapse of gravitational instabilities in thin disks (see Figure B on page @l and the correspond-
ing section) have not reach a level that allow the comparison with our observational results.
Two majors constraints should nevertheless be considered for the future development of these
simulations:

- the observed small number of brown dwarfs orbiting more massive stars (between 1 and
3% around G to early-M stars, |Gizis 2003; McCarthy et all 2003)

- the observed large number of free floating ultracool dwarfs, which need to somehow leave
the disk
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2.2 Impact of our observational results on the models of forma-
tions

As discussed in the previous section, the observational results we obtained give tight constraints
on the models of formations. The observed properties of multiple systems among very low mass
objects will have to be better reproduced by the different models, and should help the authors
of the simulations to define the way they should carry on with their investigations.

For the moment, our results nevertheless do not allow us to rule out any of these models
or decide which one might dominate the formation process. The current impact of our results
is therefore limited for the two following reasons: first because our results still need to be
confirmed by further studies (as will be discussed in the next Chapter), and second because
the models have not reach yet a level of sophistication that would allow a direct comparison
with the observations. It is still too early to draw firm conclusion, but the observed properties
that seem to be intermediate between the several scenarios proposed, the observations we report
and the simulations that have been performed suggest that ultracool dwarfs are likely to form
via several competing and/or parallel processes. The developments on both the theoretical and
observational sides will be a great challenge in the field of ultracool dwarfs in the coming years.
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Chapter 3

Future prospects and on-going
research

Following the conclusions of the study we present in this work, we can suggest new research
projects to be done in order to complete and improve the results obtained to date. These future
prospects can be split in two categories:

- improvements of the currently available measurements

- extension to other environments and ages, but also to new ranges of mass, of separation,
and of wavelength

3.1 Improvements of the currently available measurements

3.1.1 Direct continuation of our work

As mentioned in the previous chapter, the conclusions we draw regarding the multiplicity of
ultracool dwarfs in the field and their consequences on the models of formation and evolution
are only tentative because of the limitations of the samples we used (magnitude limited sample).
New investigations over a statistically well defined sample should be done in order to confirm the
results we obtained. Such a study is already on-going with HST on a volume-limited complete
sample of L. dwarfs (K. Cruz, private communication) from the 2MASS survey, and a similar
survey is planned with VLT /NACO on an even larger volume-limited complete sample of DENIS
L-dwarfs (X. Delfosse, private communication).

As for the physical properties, an effort should be made in order to carry on with the study of
individual properties via their spatially resolved spectra. In order to be able to derive statistical
properties, this work should be extended to even more objects over a larger range of spectral
types. A complementary study is on-going in the near-infrared: using VLT-NACO, we obtained
K band resolved spectra of two of the four binaries presented in Chapter [ of Part [l These
spectra cover the spectral region where the following major spectral features can be identified:
the CO bands (2.295 pm) which are dominating through L8, the CH,4 bands for late L and T
dwarfs (2.2 pm), and the Na I doublet (2.206/2.209 pm) which becomes more pronounced in
later spectral types.

Ultimately, it would be very important to follow more very low mass binaries on their orbits,
with the aim of measuring dynamical masses. Only two such orbits have been covered nowadays
(Lane et all 2001, , and Chapter Bl of Part ). A “good candidate” for such a study should have
the following properties:
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- it should rotate fast enough to allow the determination of its orbital parameters in a
reasonable time-scale (of let say 3 to 5 years). The uncertainties on the derived orbital
parameters indeed depend strongly on the fraction of the orbit covered by the observations.
Objects with periods larger than 15 years are unlikely to be followed on more than 50% of
their orbit, depending on the eccentricity.

- its distance should be known with a high precision. The distance indeed appears to the
cube in Kepler’s law (through the semi-major axis), and a small uncertainty on the distance
can translate into large uncertainties on the derived orbital parameters.

- its age should be known or at least sufficiently constrained. We have indeed mentioned
that the impacts of the current orbital measurements on the models are relatively small,
because the age of the two corresponding systems are unknown. A calibration of the
models requires to know the age of the object, or at least constraints on its age.

- its separation should make it easily observable. If the separation is too close to the limit
of resolution of the currently available instruments, the uncertainties on the relative as-
trometry will be relatively high, translating again into large uncertainties on the inferred
dynamical masses.

- its inclination should not be close to edge-on: in such case, the orbital solutions cover
a much broader range of eccentricities, translating also into large uncertainties on the
dynamical mass of the system.

- the system should be bright enough to enable the use of ground-based adaptive optics
instruments. HST is approaching the end of its “career”, and the only high angular res-
olution instruments remaining for the near future will be ground based telescopes with
adaptive optics. The imminent installation of laser guide stars should soften this condi-
tion. In the long term, NASA/ESA/CSA James Webb Space Telescope should allow to
reach the required resolution in the near-infrared, thus down to even smaller mass ratios
and separations.

- astrometric or spectroscopic orbits should be measurable as well. The visual orbit is indeed
not enough to derive the dynamical masses of the individual components since it yields
only the angular separation between the stars, while Kepler’s Third law requires the linear
separation. In order to derive the dynamical masses of the individual components, one thus
needs to measure the linear separation either by observing the spectroscopic or absolute
visual orbi@

Fortunately half a dozen of candidates meeting most of these conditions can be distinguished
from the sample of currently known binaries. Most of them are binary brown dwarfs orbiting
a G, K or M dwarf, which age and distance can therefore relatively easily well constrained.
Moreover, the presence of this bright primary offers two major advantages: 1) it provides a
good and bright reference star close to the object of interest, which is of first importance for
adaptive optics observations; 2) it enables precise measurements of the absolute motion of each
components of the binary, leading to the determination of the centre of mass and consequently to

16The absolute visual orbit refers to the motion of each components with respect to one or more other stars in
the field, leading to the determination of the centre of mass, and therefore to the individual masses.
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the individual masses of the system, exempting us of performing high resolution spectroscop.
Proposals will be submitted to the relevant observatories in order to start this study.

In collaboration with Dr. W. Brandner, we are currently working on the orbital fit of DENIS-
P J122813.8-154711. Seven observations spread over 6 years already allow us to constrain the
orbital period to 42.7 yr for a total mass of 0.110+0.013 My, (Brandner et al., in prep.). A
longer time will thus be needed before we can improve significantly these values.

As explained above, astrometric binaries provides a very straightforward method to measure
the masses of the individual components. In a collaboration with prof. E. L. Martin and Dr.
W. Brandner, I will work on the determination of the absolute astrometric orbits of a sample
of 4 ultracool and brown dwarfs from the field. Six epochs images spread over 4 years have
been obtained with HST/WFPC2 for each object, and the presence in the field of one (more in
some cases) object will allow us to measure precisely the motion of the centre of mass and the
individual masses.

3.1.2 Improvement of the quality of the samples

In order to be meaningful, a statistical study should be done over samples as large as possible.
The “technical” limitations (limited number of known objects, limited telescope time, but also
duration of the data processing) do not allow to observe very large samples. One should thus
be careful to define samples large enough to obtain reasonable uncertainties on the derived
statistics, but small enough to be reasonably feasible.

The size of the sample is of course not the only important criterium: the objects in the sample
should be representative of a complete population, and not biased toward specific objects. For
example, the sample of 134 objects we used in the field was large enough to perform statistics,
but the way the objects had been chosen (limitation in magnitude rather than in volume)
was introducing strong biases. On the other hand, our sample of 13 objects was relatively too
small to perform a precise statistical analysis, but well defined in terms of completeness. Finally,
the only four objects for which we obtained spatially resolved spectra, the one orbit we could
measure, and the one triple system we found are clearly not enough to perform any statistical
analysis. We should thus aim at refining these studies over better defined and larger samples.

3.2 Extensions of the studies

Although they were among the largest presented at the date of this work, the samples we have
been studying have several limitations.

3.2.1 Extension of the coverage of the studies

Our studies were limited to a certain range of separation. The coverage should thus be extended
to larger ranges, using for example high angular resolution spectroscopy to search for spectro-
scopic binaries, and scan the range of small separations. Such a study would allow us to know
whether we missed most of the binaries or if the proportion of spectroscopic binaries is similar
to that for other types of objects. The other side of the distribution (large separations) could
be investigated using the data coming from the all-sky surveys (2MASS, DENIS, SDSS) and/or

17 As already mentioned, the measurement of spectroscopic orbits of binary ultracool dwarfs is complicated by
their fast rotational velocity, the Doppler shift due to the rotation blending the shift of the companion’s spectrum.

BThe initial sample was made of 33 objects, but only 15 could be observed in the HST SNAPSHOT program.
SNAPSHOT programs are indeed not guaranteed to be fully completed.
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wide field imaging. This last issue is very important in order to confirm or not the deficiency of
systems with large separations.

The same applies for the distribution of mass ratio: our limit of sensitivity did not allow us to
find objects with mass ratios smaller than ~0.5. Whether the distribution shows a deficiency of
systems with small mass ratio or not is an important issue, which consequences on the models of
formation and evolution have been discussed in this thesis work. Deeper search for companions
should thus be performed.

The extension of the coverage in sensitivity and angular resolution of the present studies is
also important from a more general point of view: in order to be able to compare the results
regarding the multiplicity of ultracool dwarfs to that for other types of stars, we need to cover
the same ranges of separation and mass ratio. The current studies of F, G and K dwarfs have
been obtained on complete sample over larger ranges of separations than the one that have been
reported for ultracool dwarfs.

Finally, in order to start deriving statistics of the physical properties of the individual compo-
nents of ultracool binaries, we would need to extend the study of their spatially resolved spectra
to a larger range of spectral types and ages.

3.2.2 Extension to other environments and ages

In order to check if the properties of ultracool dwarfs depend on the environment or evolve
with time, it is necessary to perform similar studies in different regions of interests. Observing
brown dwarfs in star forming regions and young clusters of increasing ages allows to follow their
evolution over several megayears, up to several gigayears with the field objects, and to have in one
shot a general overview of the evolution of these objects. It is therefore very important for our
understanding of ultracool dwarfs to perform detailed analysis of their properties in star forming
regions, open clusters and the field. As explain in the introduction, this was our motivation for
the study of binary ultracool dwarfs in both the field and the Pleiades. In order to complete our
present study, and in collaboration with other scientists, we now aim at studying the statistical
and physical properties of brown dwarfs in star forming regions, looking for both binaries and
disks in large and well defined samples. Proposals have been sent to several observatories.

3.2.3 Extension to other wavelength ranges

As shown by the history of science and in particular of astrophysics and astronomy, the num-
bers of discoveries and results literally explode each time a new spectral window is investi-
gated. The recent/future launch of space observatories such as NASA/SPITZER (infrared),
ESA/HERSCHEL (far infrared) or NASA/ESA/CSA JWST (near-infrared) or ground-based
observatories such as VLTI in the optical/near infrared or ALMA in the radio, will open new
perspectives with their unprecedented sensitivities and spatial resolutions. They will provide the
unique opportunity to extend our present work to a new wavelength range, increased sensitivities
and resolutions. Some of the above mentioned infrared instruments are particularly well studied
(sometimes designed) for the study of ultracool objects, which emission peaks in the infrared.
A huge number of important results is thus expected to come out of these missions.
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Appendix A

Calibrations of the PSF fitting
method for WFPC2-PC data

To evaluate the accuracy of the PSF fitting program, and look for systematic errors, we used
the program on 4950 simulated binaries, covering a range of 11 various input flux ratios (varying
from 0.05 to 1.0, expressed as fsec/ fprim), 135 various separations (varying from 07060 to 0”600,
by steps of 07004, thus oversampling the pixel scale) and 3 position angles (0°, 22.5°and 45°,
measured in the detector’s referential). It is important to note that these 3 angles, modulo 45
degrees, are sufficient to characterise 16 different position angles by symmetry in the detector.
The simulated binaries were built using unresolved objects from the sample (different than the
PSF stars used to make the PSF fitting). All these calibration have been made in the F814W
filter and are expected to be the same in the other filters. The S/N does not influence significantly
the conclusions of the calibrations since the library of PSF stars used to make the PSF fitting
spans a large range of S/N in each filters.

A.1 Relative Astrometry: Separation and Position Angle

Figure [A] gives an overview of these calibrations for the separation and the position angle.
Both plots show a periodic pattern which period is correlated to the pixel scale (p x2xpixel
scale, with a trigonometric scaling factor depending on the position angle). This effect is mostly
due to the changes in the PSF shape and the location of the object’s centroid within a pixel.

It appears that the program gives excellent astrometric results. For our study, we will
consider that the systematic errors on the separation are equal to the average of the errors, and
that the 1-0 uncertainties are equal to the standard deviation of the errors. The systematic errors
are negligible (less than 070005 on the separation and almost zero on the position angle). The
1-0 uncertainty on the separation is 070028. For the position angle it appears more appropriated
to distinguish two cases: before and after 07150. The spreading of the values is indeed much
larger in the first case than in the other (see Figure [AJ]). This value of 07150 is certainly related
to the size of the FWHM at these wavelengths (~2.4 pixels = 07110). The 1-0 uncertainty on
the position angle before 07150 is 1.2°, and becomes only 0.3°after 07150. As we could expect
it (for symmetry reasons), there is no perceptible dependency on the position angle (except a
slight change in the amplitude and period of the periodic pattern). The main variations are
related to the difference of magnitude and of course to the separation.
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Figure A.1 Calibration of the systematic errors and uncertainties of the PSF fitting method.
These figures shows the results obtained using the PSF fitting method on simulated binaries
with various flux ratios, separations and position angles. Top Panel: error on the separation
(i.e difference between the real separation and the separation measured) vs the real separation.
Bottom Panel: same as top panel but for the error on the position angle. In both case the average
and the standard deviation are represented. The systematic errors (corresponding to the average
values) are almost null in both cases and I consider them negligible. The 1o uncertainty on the
separation is 070028. For the position angle, we can divide the plot in two parts: before and
after 0/150. Before (150, the 1o uncertainty is 1.2 °. After 07150 it becomes only 0.3 °. The

periodic pattern has a period almost equal to the pixel scale.
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Table A.1. Systematic errors and 1-0 uncertainties on the photometric results

6 < 07150 é > 07150
Ampgiaw Systematic error® lo Systematic error lo
0.00 —6.9+ 171.4 x 6 — 1425.3 x §%2 4 3948.7 x 6%  £0.05 -0.01 +0.01
0.11 —5.6 4 132.4 x § — 1033.8 x §2 4-2674.5 x 63 £0.05 0.09 +0.02
0.11 — 0.24 —5.34130.5 x § — 1036.8 x 62 +2713.5 x 6>  £0.07 0.17 +0.07
0.24 — 2.50 —3.54+103.3 x § — 925.4 x 62 + 2687.6 x §° +0.11 0.20 +0.09

aThe systematic errors (in mag) are obtained using the given relation, with J corresponding to the
separation in arcseconds.

Note. — The systematic errors given in this table had to be added to the value we measured. See also

Figure A1

A.2 Relative Photometry: difference of magnitude

The systematic errors and uncertainties on the difference of magnitudes require a more detailed
analysis and description. Figure gives an overview of these results. The errors are very
dependent on the difference of magnitude itself and of course on the separation, but are almost
independent on the position angle (only the period and amplitude of the periodic pattern depends
slightly on the position angle, see above).

Again it is more appropriate to distinguish two different parts in the range of separation:
before and after 07150. The plots drawn in Figure [A-2show also clearly that it is necessary to dis-
tinguish four different cases in the range of differences of magnitudes: AMag=0.00 mag (hereafter
case 1), AMag=0.11 mag (case 2), 0.11< AMag<0.24 mag (case 3) and 0.24< AMag<2.50 mag
(case 4).

Cases 1 and 2 are the easiest to describe. The results are excellent after 07150: the systematic
errors and 1o uncertainties are -0.01+0.01 mag for case 1 and 0.09+0.02 mag for case 2. Before
0”150 the errors can be precisely described by a 3" order law with dispersions of only 0.05 mag
in both cases. We will not linger over a more detailed description of these two cases since they
do not describe any of the objects of our sample.

The third and fourth cases are more difficult to analyse.

In the range of separation before 07150, the systematic errors in the third case can be
relatively precisely described by a 3" order law with a dispersion of 0.07 mag. On the same
range of separation, the fourth case is not reproduced as well as the other cases by a 3"% order
law. Nevertheless, the dispersion is 0.11 mag which is still reasonable. For the rest of our
study, we will assimilate the systematic errors on these ranges of separation and differences of
magnitude to the values given by the corresponding third order laws, and the 1-o uncertainties
to the corresponding dispersions (see Table [AT]).

In the range of separation after 0”150, the third case shows also an obvious periodic pattern.
Although it is obvious, this pattern cannot be easily fitted by a sinusoidal function without
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Figure A.2 Calibration of the systematic errors and uncertainties of the PSF fitting method.
These figures shows the results obtained using the PSF fitting method on simulated binaries
with various flux ratios, separations and position angles. Top Panel: error on the difference of
magnitude (i.e difference between the real difference of magnitude and the one measured) as
a function of separation between 07060 and 07150. Bottom panel: same as top panel for the
separation range between (/150 and 0”600.
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Table A.2. Systematic errors and 1-o uncertainties on the astrometric results

d < 07150 d > 07150

P.A ~ 0.0° +1.2° ~ 0.0° £ 0.3°
Separation ~ 0704070028 =~ (00 4= 070028

Note. — see also Figure and Table [Al §
represents the separation.

underestimating the systematic error, mainly because of the many points that are far away from
the pattern. The systematic error on these values are thus assimilated to the average (0.17 mag)
and the 1-0 uncertainties to the standard deviation (4+0.07 mag).

The pattern still appears but less obviously in the fourth case where the spreading of the
errors is much larger. Here also we assimilate the systematic error to the average of these values
(0.20 mag) and the 1-0 uncertainties to their standard deviation (+0.09 mag).

Table [A] and gives an overview of the conclusions of these calibrations. All the values
given in the text and in the tables have been corrected for the systematic errors and the given
uncertainties correspond to the 1-o uncertainties calculated as explained in this section, unless
specified explicitly.
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Appendix B

Calibrations of the PSF fitting
method for ACS-HRC data

In order to evaluate the accuracy of the PSF fitting program with ACS-hRC data, and look
for systematic errors, we used the program on 3240 simulated binaries, covering a range of 11
various input flux ratios (varying from 0.05 to 1.0, expressed as fsec/ fprim), by steps of 0.05),
135 various separations (varying from 07060 to 07600, by steps of 07010, thus oversampling the
pixel scale) and 3 position angles (0°, 22.5°and 45°, measured in the detector’s referential). As
mentioned in the case of WFPC2, these 3 angles, modulo 45 degrees, are sufficient to characterise
16 different position angles by symmetry in the detector. The simulated binaries were built using
unresolved objects from the sample (different than the PSF stars used to make the PSF fitting).
All these calibrations have been made in the F814W filter and are expected to be the same in
the other filters. As for WFPC2, the S/N does not influence significantly the conclusions of the
calibrations since the library of PSF stars used to make the PSF fitting spans a large range of
S/N in each filters.

B.1 Relative Astrometry: Separation and Position Angle

Figure [Bl gives an overview of these calibrations for the separation and the position angle. As
one could expect, the results are much better than in the case of WFPC2, since the PSF is well
sampled by the better pixel scale (070277 instead of 070455), and the sensitivity (and therefore
the S/N) is better.

B.1.1 Separation

It appears that the program gives excellent astrometric results. We will consider that the
systematic errors on the separation are equal to the average of the errors, and that the 1-o
uncertainties are equal to the standard deviation of the errors. As shown in Figure Bl it
appears to be more appropriated to distinguish two cases: separations less than 07090 and
separations greater than 07090. In the first case, the systematic error is equal to 07001, and
the corresponding 1-o uncertainty is 07003, while in the second case the systematic error is
negligible, and the 1-o uncertainty is 0”0005.
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Figure B.1 Calibration of the systematic errors and uncertainties of the PSF fitting method with
ACS-HRC. These figures shows the results obtained using the PSF fitting method on simulated
binaries with various flux ratios, separations and position angles. a) error on the separation
(i.e difference between the real separation and the separation measured) vs the real separation
for separations ranging between 07040 and 07150; b) same as a) but for separations greater
07150. The “worst” case (AMag=3.25 mag) is indicated with a line; c¢) error on the position
angle for separations ranging between 0”040 and 07085; d) same as ¢) but for separations greater
than 07085. The mean values and the standard deviations, or the polynomial fit (panel c), are
represented.
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B.2. Relative Photometry: difference of magnitude

Table B.1. Systematic errors and 1-o uncertainties on the separation and P.A for ACS

Separation
Sep. Range Systematic error 1-0
5 < 07090 07001 07003
5 > 07090 07000 070005

Position Angle

Sep. Range Systematic error 1-o
§ < 07075% -15.3 + 323.8x§ + 790x 6% - 33676x 53 0.75°
07075< § < 07275 0.3° 0.15°
6 >07275 0.0° 0.1°

2The systematic errors (in mag) is obtained using the given relation,
with ¢ corresponding to the separation in arcseconds.

Note. — The systematic errors given in this table had to be added
to the value we measured. See also Figure [Bl

B.1.2 Position Angle

As shown in Figure [B], it is more appropriated to distinguish three cases: separations less than
07075, separations between 07075 and (0//275, and separations greater than 07275.

In the last case, we will consider that the systematic errors on the position angle are equal to
the average of the errors, and that the 1-o uncertainties are equal to the standard deviation of
the errors. The systematic error appears to be negligible, and the 1-o uncertainty of the order
of 0.1°. Between 0”075 and 07275, the mean value (systematic error) is equal to 0.3°and the
standard deviation (1-o uncertainty) is equal to 0.15°. We dont have any explanation for this
peculira structure of the error on the P.A. In the first case, the error on the position angle seems
to follow a trend and it therefore appears more appropriated to perform a polynomial fit of the
values. We then consider that the systematic error on the position angle at a certain separation
is equal to the corresponding value of the 3rd order polynomial fit, and that the 1-o uncertainties
are equal to the dispersion around the fit. Table [Bl gives a summary of the systematic errors
and uncertainties on the P.A and on the separation depending on the separation.

B.2 Relative Photometry: difference of magnitude

The systematic errors and uncertainties on the difference of magnitudes require a more detailed
analysis and description. Figure and give an overview of these results. The errors are
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very dependent on the difference of magnitude itself and of course on the separation, but are
almost independent on the position angle.

It is more appropriate to distinguish two different parts in the range of difference of magni-
tude: 0.00< AMag<0.87 mag (hereafter case 1) and 0.99< AMag<3.25 mag (case 2).

It appears also that we should distinguish two cases in the range of separation. For case 1,
we should split in two parts, between 07000< § <07100 (case la), and for § >07100 (case 1b)
(see Figure [B). Similarly, case 2 should be split in two parts: between 07000< ¢ <0”150 (case
2a), and for 6 >07150 (case 2b) (see Figure [B2)).

Cases 1b and 2b are the easiest to describe. The systematic errors and 1-o uncertainties can
be described by a 2" order polynom fit and its dispersion respectively. The results are given in
Table

Case la is also easy. The dispersion of the values is relatively large, but we chose to assimilate
the systemattic error to the mean value, and the 1-0 uncertainty to the standard deviation. As
shown in Figure [B3] this encloses most of the cases. At short wavelength and larger difference
of magnitude, it can be nevertheless more appropriated to consider 2-o uncertainty instead of
one. The detailed results are given in Table

Case 2a requires a more case by case approach. Figure shows indeed that the system-
atic errors can be nicely described by 3,4 order polynom fits. The corresponding dispersion is
relatively loweven in the worst cases. Table gives all the details concerning the individual
fits and their corresponding dispersion.
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Figure B.2 Calibration of the systematic errors and uncertainties of the PSF fitting method.
These figures shows the results obtained using the PSF fitting method on simulated binaries
with various flux ratios, separations and position angles. Bottom Panel: error on the difference
of magnitude (i.e difference between the real difference of magnitude and the one measured) as
a function of separation between 07030 and 07150. Top panel: same as bottom panel for the
separation range between 07150 and 0”600.
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Table B.2. Systematic errors and 1-0 uncertainties on the AMag for ACS

Domain of validity Value

Case Range of AMag  Range of § Syst. Error® 1-0

la 0.00—0.87 mag  07030—0"100 -0.05 mag 0.15 mag
b 0.00—0.87 mag >0/"100 0.027-0.105x 6+0.120 x 52 0.12 mag
2a 0.99—3.25 mag >0/"150 0.303-1.288x §+1.372x 52 0.12 mag
2b 3.25 mag 07030—07150  -0.080 + 53.753x4 -799.69x 5% +3051.4x6%  0.05 mag
2b 2.50 mag 07030—0"150 0.510 - 9.010x5 + 57.99x62- 81.4x 53 0.02 mag
2b 2.06 mag 07030—0"150 -0.593 + 11.960x6 - 65.43x6%4 112.2x86>  0.02 mag
2b 1.75 mag 0”7030—0"150 0.610 + 0.719x0 - 51.62x5%+ 203.7x6%  0.02 mag
2b 1.50 mag 07030—0"150 8.508 - 209.390x 6+ 1751.6x52- 4846.8x6%  0.02 mag
2b 1.31 mag 07030—07150 2.776 - 64.740% 5 + 541.94%6%- 1517.8%46%  0.02 mag
2b 0.99 mag 07030—0"150 1.919 - 47.797x5 4 416.45x62- 1198.9x6%  0.02 mag

2The systematic errors (in mag) is obtained using the given relation, with § corresponding to the
separation in arcseconds.

Note. — The systematic errors given in this table had to be added to the value we measured. See
also Figure [B11
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Figure B.3 Calibration of the systematic errors and uncertainties of the PSF fitting method.
These figures shows the results obtained using the PSF fitting method on simulated binaries
with various flux ratios, separations and position angles. Top Panel: error on the difference of
magnitude (i.e difference between the real difference of magnitude and the one measured) as
a function of separation between 07060 and 07150. Bottom panel: same as top panel for the
separation range between 07150 and 0”600.
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Appendix C

Other studies: X-ray emission of
brown dwarfs

Beside my PhD project, I was able to conduct or be involved in several other projects concerning
X-ray emission of brown dwarfs. These works have lead to the publication of two articles in
refereed journals. They are reported here.
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Abstract

The nearby (d = 5.0 pc) brown dwarf LP 944-20 was observed with the XMM-Newton satellite on 07 January 2001. The
target was detected with the Optical Monitor (V= 16.736+0.081), but it was not detected during the =48 ks observation
with the X-ray telescopes. We determine a 3¢ upper limit for the X-ray emission from this object of Ly <3.1X 10
ergs+s” ', equivalent to a luminosity ratio upper limit of log(Ly /L,,,) = — 6.28. This measurement improves by a factor of
three the previous Chandra limit on the quiescent X-ray flux. This is the most sensitive limit ever obtained on the quiescent
X-ray emission of a brown dwarf. Combining the XMM-Newton data with previous ROSAT and Chandra data, we derive
flare duty cycles as a function of their luminosities. We find that very strong flares [Log(L /L,,) > — 2.5] are very rare (less
than 0.7% of the time). Flares like the one detected by Chandra [Log(Ly/L,.)= —4.1] have a duty cycle of about 6%,
which is lower than the radio flare duty cycle (~ 13%). When compared with other M dwarfs, LP 944-20 appears to be rather
inactive in X-rays despite of its relative youth, fast rotation and its moderately strong activity at radio wavelengths.
© 2002 Elsevier Science B.V. All rights reserved.

PACS: 97.20Vs; 98.70.Qy
Keywords: Stars: individual: LP 944-20; Stars: low-mass, brown dwarfs; X-rays: stars

1. Introduction mass of about 0.065 Mg using the lithium test

proposed by Magazzu et al. (1993). Because of its

LP 944-20 (=BRI 0337-3535) is an isolated
nearby brown dwarf (mass <0.075 M) first iden-
tified by Luyten and Kowal (1975). Spectroscopic
observations reported by Tinney (1998) give a
spectral type of dM9, an age of about 500 Myr and a

*Corresponding author.
E-mail addresses: ege@teide.ifa.hawaii.edu (E.L. Martin),
hbouy @eso.org (H. Bouy).

substellar mass and its proximity to the Sun, this
object is a benchmark in the study of very low-mass
objects. LP 944-20 was observed in the X-ray regime
for the first time with the ROSAT satellite by
Neuhiuser et al. (1999), but was not detected. It has
been detected with the Chandra satellite (Rutledge et
al., 2000) in december 1999 during an X-ray flare of
duration 1~2 h. Outside the flare, LP 944-20 was
not detected with a 30 upper limit on the emission at
Ly <1.0%10* ergs-s~'. Both quiescent and flaring

1384-1076/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S1384-1076(02)00178-1

176




596 E.L. Martin, H. Bouy | New Astronomy 7 (2002) 595-602

radio emission have been observed with the VLA
(Berger et al., 2001).

X-ray emission is widespread among fully-convec-
tive M dwarfs (spectral type M3 and later), and it is
frequently variable (Fleming et al., 1993; Marino et
al., 2000; Feigelson et al., 2002). X-ray observations
of ultracool dwarfs (spectral type M7 and later) are
still very scarce. Strong variability has been observed
in a few objects (Rutledge et al., 2000; Fleming et
al., 2000; Schmitt and Liefke, 2002). It is thought
that the X-ray photons are emitted from a hot corona.
The properties of coronae (permanent or transient) in
ultracool dwarfs are not well understood.

LP 944-20 was targeted for observations with
XMM-Newton for two reasons mainly, first to try to
catch it during a flare, which would have allowed to
obtain spectroscopy if a flare had occurred, and
second to search for quiescent X-ray emission.
Unfortunately, we did not detect LP 944-20 at all.
Nevertheless, we improve the value of the upper
limit on the quiescent X-ray emission from LP 944-
20, and we derive X-ray flare rates as a function of
X-ray luminosity that may be useful for planning
future observations of this brown dwarf.

2. Observations

XMM-Newton observed LP 944-20 on 2001
January 07-08, between 14:21:05 and 04:43:52 UTC
for 51 767 s. The pointing position was R.A.=03 h
39 min 34.60 s and Dec = — 35°25"51.0" Epoch
2000, according to the Simbad database.

2.1. Optical data and source identification

Besides its three X-ray telescopes, XMM-Newton
also has a 30-cm optical-UV telescope, providing the
possibility to observe simultaneously in the X-ray
and optical-UV regimes. The Optical Monitor (OM)
was used with the V filter for four exposures of 5000
s each in imaging mode. The OM detector has a
format of 2048 X 2048 pixels, each 0.5” X 0.5". The
field of view is therefore 17’ X 17'.

We used the data given by the OM to confirm the

'Simbad database, operated at CDS, Strasbourg, France.

presence of the source in the field of view. The
coordinates we used to identify LP 944-20 are
different from the pointing coordinates. We used the
more recent coordinates given by the astrometry of
Rutledge et al. (2000) after their observation of LP
944-20 with Chandra during a X-ray flare in 1999
December. These coordinates are: R.A.=03 h 39
min 35.16 s*0.1” and Dec = — 35°25"44.0’ =0.1",
epoch 1999.95.

We identified LP 944-20 in the field of view by
plotting these coordinates on the four images given
by the OM. The result is shown in Fig. 1. We found a
point-source at a distance of 0.4"*+0.1"” from the
expected coordinates of LP 944-20. This offset is
small in comparison with the <2” known systematic
uncertainties in the XMM-Newton preprocessing
analysis astrometry (XMM-Newton User’s Hand-
book, 2000). Moreover a small offset was also
expected because of the proper motion of LP 944-20
since it was observed by Rutledge et al. (2000) more
than 1 year ago. The offset in the optical position is
consistent with the known proper motion of LP
944-20. We were also able to identify the three other
sources in the field of view simply by direct com-
parison with the image obtained by Rutledge et al.
(2000). We therefore identify this optical source with
the brown dwarf LP 944-20 on the basis of positional
coincidence with the expected coordinates.

We also used the four exposures given by the OM
to look for optical variability. The magnitudes of the
source identified as LP 944-20 and of two other stars
in the field of view were calculated using the /RAF
phot task. This allowed us to plot the evolution of
the magnitude during the whole observation. The
result is shown in Fig. 2. The behavior of LP
944-20’s magnitude is different than that of the two
other stars. We notice that whereas the magnitudes of
the two reference stars are roughly correlated, LP
944-20’s magnitudes are not. We measure a mean
magnitude of V=16.736 and a standard deviation of
0.081 for LP 944-20. For reference star 1 we
measure a mean magnitude of V=16.681 and a
standard deviation of 0.028. For reference star 2 we
measure a mean magnitude of V=16.770 and a
standard deviation of 0.067. We conclude that LP
944-20 may be variable in the OM data. The
variability of LP 944-20, however, is only slightly
higher than that of reference star 2. We cannot make
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Fig. 1. Indentification of LP 944-20 in the field of view of the Optical Monitor Data. The plus indicate the expected coordinates of LP

944-20. The diffuse bright area on the top of the image is an artifact.

a definitive claim that LP 944-20 is variable in our
data because of the lack of enough reference stars in
the field of view.

2.2. X-ray data and analysis

The European Photon Imaging Camera (EPIC)
MOS1 & MOS2 were used. The total ontarget
exposure time in each camera was 48 724 s in prime
full window mode with 2.5 s time resolution. The
EPIC PN was used in prime full window mode with
734 ms time resolution and ontarget exposure
46 618 s. Each EPIC instrument was used with the
thin filter, which suppresses the optical contamina-
tion up to m,, of 18 (MOS) or m,, of 17 (PN). Both
MOS & PN detectors have a circular field of view of
30" diameter. For more details on XMM-Newton and
its instruments, we refer to XMM-Newton User’s
Handbook (2000).

The first step was to search for LP 944-20 in the
field of view of each EPIC MOS & PN detector. We
plotted the coordinates of LP 944-20 on each image
obtained by each detector, but we did not detect any
source. To be sure that we were using the most
sensitive exposure, we used the image given by the
pipeline which combines data from all EPIC’s MOS
& PN in the entire energy range (0.1 — 12.0 keV), as
shown in Fig. 3.

On these figures, the X-ray source closest to the
expected position is offset by 8(R.A.)=2.5"+0.1"
and 6(Dec) = —28.37"%0.1". This offset is large in
comparison with the 0.4"+0.1" offset observed with
the optical data. So at this point we already knew
that LP 944-20 was not detected.

We performed differential astrometry between the
XMM-Newton and Chandra images. This allowed us
to identify all the X-ray sources in our field of view
in an area of 20" X 10” centered on the expected
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Fig. 2. Optical magnitude of LP 944-20 and of two reference stars in the field of view of the Optical Monitor.

coordinates of LP 944-20. We were then able to
conclude that LP 944-20 was not detected during the
XMM-Newton observation.

Since the target was not detected, the first conclu-
sion is that there was no significant X-ray flare
during this 48 ks observation. Nevertheless, it is
interesting to calculate the upper limit on the time
average quiescent X-ray luminosity. We did the
calculation of the upper limit of X-ray flux with each
of the three images of the preprocessing products,
corresponding to the three exposures obtained with
the EPIC MOS1, MOS2 & PN detectors on the
entire energy range (0.1 — 12.0 keV). To calculate a
3¢ flux upper limit, we considered an area of twice
the FWHM (=2 pixels) around the expected posi-
tion of LP 944-20. In this area we calculated the
mean value of counts - pixel “!' and the corre-
sponding standard deviation o using the IRAF’
phot task, which gives count rates corrected for
background. The results are listed in Table 1. As the

’IRAF is distributed by the National Optical Astronomy Observat-

ory, which is operated by the Association of Universities for
Research in Astronomy, Inc., under contract with the National
Science Foundation.

EPIC PN camera is the most sensitive detector, we
therefore only consider its result to calculate the flux
upper limit.

To convert this count rate to flux, we followed
XMM-Newton User’s Handbook (2000) instructions,
by using the PIMMS® software. As LP 944-20 was
not detected during the observation, we were not
able to fit its spectrum in order to know its spectral
type. We adopted the results of Rutledge et al. (2000)
summarized in Table 2. The HI column density was
calculated using the nH software: n,, =1.31 X 10*
em™?,

The results for the upper limit of flux and X-ray
luminosity (30, assuming Gaussian statistics) are
listed in Table 3. The uncertainties on these values
are Poisson (counting statistics) plus ~10% spectral
uncertainty, according to Rutledge et al. (2000). As
their best fit on the spectrum was obtained with the
Raymond—Smith thermal plasma model, we finally
kept the corresponding 3o flux as the upper limit on
the time average quiescent X-ray luminosity for LP

*nH and PIMMS (Portable, Interactive, Multi-Mission Simulator)
are distributed by the NASA’s HEARSAC.
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Table 1
Count rates

Instrument Counts-pixel "' (average) Standard deviation o (counts-pixel ") 30 (counts-pixel '+s”")
EPIC PN 4.53 2.00 13x107*
EPIC MOSI1 1.59 1.18 73x107°
EPIC MOS2 1.73 1.24 76X107°
Table 2 of M subclass. There is no obvious connection
Spectral parameters of LP 944-20 between age and X-rays. The M dwarfs in the Chal,
Model Associated feature pOph and Taurus star-forming regions show X-ray
S . T emission comparable to much older field dwarfs
(x X T =0. -
Po?;er ]:Wy a“ T: 26 ¢ (Neuhduser et al., 1999; Mokler and Stelzer, 2002).

‘photon

Thermal plasma ky X T=0.26 keV

Rutledge et al. (2000).

944-20: Ly, <3.1 X 10> ergs's™', equivalent to a
luminosity ratio upper limit of log(Ly/L,,)=
—6.28.

3. Discussion

The first observation of LP 944-20 in the X-ray
regime by Neuhduser et al. (1999) with the ROSAT
satellite placed an upper limit of log(Ly/L, )=
—4.17 after a 220 ks ROSAT-HRI observation. The
second X-ray observation (Rutledge et al., 2000)
placed a better upper limit of log(Ly/L,.)= —5.70
after the 44 ks Chandra-ACIS-S observation before
the flare. Our new value improves this upper limit of
quiescent X-ray emission at log(Ly/L, )= —6.3.
The corresponding upper limit of X-ray luminosity
(Ly=3.1X 10> ergs-s™') is thus improved by a
factor of three. This value is close to the solar X-ray
emission level during its maxima of activity.

In Fig. 4 we display the dependence of X-ray
activity versus spectral type for M dwarfs. The upper
envelope of X-ray activity is remarkably independent

We conclude that there is no evidence for a decline
in coronal emission with increasing age in fully
convective M dwarfs.

We have estimated the rate of X-ray flare occur-
rence in LP 944-20 by adding 287.5 ks of ROSAT
data analyzed by Neuhéuser et al. (1999), 43.8 ks of
Chandra data analyzed by Rutledge et al. (2000) and
51.7 ks of XMM-Newton data (this paper). The
duration of the only flare so far observed was 2.76 ks
Rutledge et al. (2000). Thus, we get an X-ray flare
frequency of 0.72% for flares with luminosity
Log(Ly/Ly ) > —2.5. Weaker flares could not have
been detected by ROSAT. Thus, we derive the duty
cycle of flares with luminosity comparable with the
flare detected by Chandra [Log(Ly/L,,)= —4.1] to
be about 6%.

The published VLA radio data have a duration of
799 ks (Berger et al., 2001). Three flares were
detected with a total duration of ~10.4 ks. Hence,
we estimate a radio flare frequency of about 13%. It
is not known to what X-ray luminosity the radio
flares correspond, but we can set an upper limit using
the XMM-Newton data. If we assume a flare duty
cycle of 13%, the flare X-ray luminosity has to be
Log(Ly/L,,,) < — 5.39 to be consistent with our non
detection.

LP 944-20 is a relatively inactive object. Tinney

Table 3

X-ray luminosity upper limit

Model Flux (107" ergrem >+s™") log Ly (ergs+s™") log(f'?;)
Black body =1.1 =23.50 = —-627
Power law =13 =23.59 = -6.19
Thermal plasma =1.0 =23.49 =—-628

Tinney (1996) for L, ~6 X 10* ergs-s™".

‘bol
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EPIC MOS1 + MOS2 + PN (0.1-12 keV)
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Fig. 3. Combined image from all EPICs MOS & PN instruments in the energy range (0.1 — 12.0 keV). The figure shows the entire field of
view. The square chips of the EPIC PN and the circular field of view of MOS1 & 2 appear on this figure. A plus indicates the expected

position of LP 944-20.

(1998) reported H, weakly in emission. Berger et al.
(2001) estimated a surface magnetic field strength of
B~5 G assuming synchrotron emission during the
radio flares. For comparison, active dM stars have
magnetic field strengths of a few kG, solar flares
have B ~ 100 G, and Jupiter has an average B~ 10 G
(Hide and Stannard, 1976). Our low upper limit on
the quiescent X-ray emission of LP 944-20 is
consistent with a weak magnetic field. The detection
of low-amplitude photometric variability in LP 944-
20, and the low-level of X-ray emission in this
object, suggests the presence of surface thermal
inhomogeneities due to non-magnetic clouds, as
discussed by Tinney and Tolley (1999) for LP 944-
20 and by Martin et al. (2001) for the M9.5 dwarf
BRI10021-0214. Recent theoretical works (Gelino et

al.,, 2002; Mohanty et al., 2002) show that in
ultracool dwarfs there should not be much interaction
between the gas and the magnetic field because the
Reynolds number is very low throughout the photo-
sphere.

LP 944-20 appears to be an object with substellar
mass, weak magnetic field, fast rotation and cloudy
atmosphere. We speculate that the radio activity may
be enhanced by the presence of a close planetary-
mass companion (lo-type), which provides a continu-
ous supply of ionized particles to the ionosphere of
LP 944-20. Radial velocity variability has been
detected by Guenther and Wuchterl (2003) which
could be due to a planetary-mass close companion,
but they did not have enough data to derive an
orbital period.
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Abstract. I report the detection of two bona-fide brown dwarfs by XMM-Newton: [GY92] 141 in the p-Ophiuchus
star-forming region and DENIS J155601-233809 in the Upper Scorpius OB association. The two objects have
been detected with luminosities of Lx=8.354+2.86x10%® erg s~! and Lx=6.5441.35x10%" erg s~ respectively,
corresponding to luminosity ratios of log(Lx /Lior)= -2.07 and log(Lx /Ltoi)= -2.69. The two sources were close
to the limit of detection of the instruments at only 2~3-c above the background level, and no significant flare or
variation could be detected during the 48.3 ks and 33.9 ks observations. [GY92] 141 had already been observed 10
months earlier with Chandra by Imanishi et al. (2001) with a luminosity ~14 times fainter than the one reported
here, indicating that the X-ray emission of this object is strongly variable.

Key words. - Stars: low-mass, brown dwarfs - Stars: coronae - X-rays: Individuals: [GY92] 141, DENIS J155601-

233809

1. Introduction

Brown dwarfs are very low mass objects unable to sustain
stable nuclear reactions. Although these objects are ex-
tremely cool and their atmospheres fully convective, they
appear to be able to display some X-ray coronal activ-
ity. Several surveys in the field or in star forming regions
using ROSAT (Mokler & Stelzer 2002; Neuhduser et al.
1999; Neuhauser & Comeron 1998; Fleming 1998), XMM-
Newton (Imanishi et al. 2003; Stelzer & Neuhauser 2003;
Martin & Bouy 2002) or Chandra (Wolk 2003; Tsuboi
et al. 2003; Preibisch & Zinnecker 2002; Adams et al.
2002; Imanishi et al. 2001; Rutledge et al. 2000; Fleming
et al. 2000) lead to the identification of several ultracool
and brown dwarfs as faint X-ray emitters, with typical
luminosities of Ly ~102"~2%¢erg s~1, and some of them
displaying strong variability. These observations suggest
that there is apparently no drop in the X-ray luminosity
at the substellar boundary. Although these X-ray features
are likely to have a magnetic origin, the standard (a-w)

Send offprint requests to: H. Bouy

* Based on observations obtained with the ESA XMM-
Newton Satellite, reported in the The First XMM-Newton
Serendipitous Source Catalogue, XMM-Newton Survey Science
Centre (SSC), 2003

dynamo cannot be at work because of the absence of a
radiative core and the fully convective nature of these ob-
jects. Kiiker & Riidiger (1999) suggested that the mag-
netic field could be generated by a so-called a>~dynamo
effect, where the magnetic field is produced by the action
of the Coriolis force on the convective zones of the atmo-
sphere. The X-ray emission might then be correlated to
the rotation, and therefore the age, of the object, which is
still not clear as shown by the X-ray detection of old late-
M dwarfs in the field (Martin & Bouy 2002; Rutledge et al.
2000; Fleming et al. 2000; Fleming 1998). Finally, since
no abrupt changes are observed at the convective tran-
sition, the a?~dynamo would probably be present in the
convective zones of more massive stars. The study of the
X-ray activity of ultracool and brown dwarfs will therefore
bring extremely important results not only on their own
characteristics but also on the properties of more massive
objects.

In this paper, I present the detection of two young
brown dwarfs with the ESA XMM Newton satellite. In the
first section, the two objects and their optical and infrared
properties are presented; in Sect. 3 the observations are
described, then in Sect. 4 a description is given of the data
processing and analysis and finally in Sect. 5 the results
are analyzed.
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2. Two Young Brown Dwarfs

The two objects have been confirmed as brown dwarfs and
as members of the Upper Scorpius and p-Oph star forming
regions by spectroscopic measurements. In this section, I
will summarize the properties of these objects as reported
in the literature.

2.1. DENIS J155601-233809

DENIS J155601-233809 has been reported as an M6.5
dwarf and as a member of the Upper Scorpius OB as-
sociation by Martin et al. (2004) on the basis of spectro-
scopic measurements. Proper motion measurements con-
firm that the object belongs to the association (Bouy et
al., in prep.). Martin et al. (2004) report a clear Ho emis-
sion with an equivalent width of EW(Ha)=-20+3 A, not
strong enough to indicate significant accretion, but indi-
cating that DENIS-P J155601-233809 is chromosphericaly
active (see e.g Barrado y Navascues & Martin (2003) or
Jayawardhana et al. (2003) for a discussion on Ha emis-
sion as an indicator of accretion and activity).

DENIS J155601-233809 was also reported in the
2MASS catalogue as 2MASS J155601-233808. Table 1
gives an overview of the photometric and astrometric
properties of DENIS J155601-233809. DENIS and 2MASS
photometry (see Table 1) indicate an I — J colour of
2.46+£0.10 mag. If we assume an intrinsic colour for M6.5
dwarfs of I — J=2.5-2.7 mag as reported by Dahn et al.
(2002), the measured I — J colour corresponds to almost
zero extinction Ay~0 mag. Using the bolometric cor-
rection Bi=2.95+0.15 mag evaluated for M6.5 dwarfs
by Leggett et al. (2002), the 2MASS apparent magni-
tude myx=12.81+0.03 mag, and assuming a distance of
14542 pc as measured with Hipparcos by de Zeeuw et al.
(1999), I arrive at log L/Lx=-2.08+0.05.

2.2 [GY92] 141

[GY92] 141 (hereafter GY 141) was reported by Luhman
et al. (1997) as a M8.0 dwarf and as member of the
p-Oph star forming region (p-Oph 162349.8-242601) us-
ing spectroscopic measurements. On 1997 April 14-15th
they report relatively strong Ha emission with an equiv-
alent width of EW(Ha)~-60 A. On 2002 October 31
Jayawardhana et al. (2002) report Ho emission with an
equivalent width of EW(Ha)=-13.4+0.2 A. The variabil-
ity and the strength of this emission suggest chromo-
spheric activity, but part of it could be due to accretion.
The detection of mid-infrared excess emission by Comeron
et al. (1998) with a magnitude of 12.2540.3 mag at 4.5 pm
in the LW1 filter of ISOCAM indeed indicates the pres-
ence of circumstellar material. Luhman et al. (1997) es-
timated a mass of 0.01-0.06 Mg using the evolution-
ary tracks of Burrows et al. (1997) and Baraffe et al.
(1997), and Gorlova et al. (2003) estimated a mass of
0.024+0.015 M. GY 141 is therefore clearly substellar.

GY 141 has already been observed twice in X-rays,
first in September 1994 with ROSAT by Neuhé&user et al.
(1999) who did not detect it with an upper limit on the
luminosity of log Lx <27.86, and second by Imanishi et al.
(2001) with Chandra in May 2000, who detected it with a
luminosity Lx =0.25x10?8 erg/s and log (L x /Lyoi)=-3.6.
The source was too faint to allow them to do spectroscopy.
They also estimated the chance of a background source
falling within their 9” beam to be 0.6%-1%.

GY 141 was also reported in the DENIS catalogue as
DENIS J162651.3-243242.9 and in the 2MASS catalogue
as 2MASS J16265113-243242. Table 1 gives an overview of
the photometric and astrometric properties of this object
as reported in these two catalogues.

3. Observations

The two sources were reported in the XMM-Newton
Serendipitous Source Catalogue (XMM-Newton Survey
Science Centre 2003). By doing a cross-matching between
a list of currently know brown dwarfs and brown dwarf
candidates with the catalogue, two X-ray sources were
found to have been reported at the position of these two
objects. The corresponding data have been retrieved from
the XMM-Newton Public Archive (program 0112380101,
P.I. Turner, and program 0111120201, P.I. Watson) for
further analysis.

3.1. DENIS J155601-233809

DENIS J155601-233809 was observed on 2000 August
26th for 48309 s. The pointing was made at R.A=
15°56'25.00” and Dec=-23h37/47.02", which is 331" away
from DENIS J155601-233809. The observation was done in
prime full window mode with the medium filter, which pre-
vents optical contamination from point sources as bright
as m,=8~10 mag. Both MOS and PN detectors have a 27’
diameter field of view. DENIS J155601-233809 appears
only on the EPIC PN and MOS2 images. It is reported
in the XMM-Newton Serendipitous Source Catalogue as
1XMM J155601.1-233809. Figure 1 shows the combination
of the EPIC PN, MOS1 and MOS2 images and the posi-
tion of DENIS J155601-233809. For more details on XMM-
Newton and its instruments, please refer to the XMM-
Newton Users” Handbook (Ehle et al. 2003).

The X-Ray source lies 170 away from the DENIS and
the 2MASS coordinates, therefore well within the abso-
lute astrometric uncertainties of the pointing (4” on av-
erage, according to the XMM-Newton Users’ Handbook).
No other optical/near infrared counterpart can be found in
the DENIS or 2MASS catalogues within an area of ~20”
around this position, which makes it very likely that the
faint X-ray source is associated with the DENIS object.
Moreover, and as will be discussed in Section 4, the asso-
ciated flux is consistent with that of a brown dwarf. The
corrected detection likelihood value reported in the cata-
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logue is 44.8, with a quality flag of 4, ensuring that the
probability that the detection is real is very high. !

3.2. GY 141

GY 141 was observed on 2001 February 19th for 33908 s.
The pointing was made on the core of the p—Oph star
forming region, 722" away from GY 141. This observa-
tion was also made in prime full window mode with the
medium filter. Figure 1 shows the EPIC PN image and
the position of GY 141 in the field. GY 141 was not de-
tected in the EPIC MOS2 camera. This source is reported
in the XMM-Newton Serendipitous Source Catalogue as
1XMM J162651.3-243242. The catalogue does not report
any detection in the EPIC PN camera, although the source
appears clearly in it (see Fig. 1). In both EPIC PN and
MOST1 the source is very faint, which might explain why
the pipeline used to build the catalogue missed it in the
EPIC PN image. The corrected detection likelihood value
reported in the catalogue for the MOS1 detection is 9.0,
with a quality flag of 4. According to the User Guide to
the Catalogue, sources with likelihood greater than ~8
and quality flag of 4 are reliable. GY 141 is just above
this limit, which probably explains why it was not de-
tected by the pipeline in the other EPIC detectors. Using
an aperture of 320 pixels, 92.6 counts are measured in
the EPIC PN image (corrected for background using a
standard phot sky algorithm). The corresponding rate is
0.00273400092 count /s, which is consistent with the value
reported in the catalogue for the EPIC MOS1 camera (see
Table 2). The detection in two of the three detectors in-
creases the likelihood that the detection is real, and the
chances of coincidence are very low. On the basis of all
these considerations, I will consider for the rest of this pa-
per that the detection is real, although the possibility that
it is spurious cannot be ruled out.

The X-ray source lies less than 075 away from the
DENIS and 2MASS coordinates, and once again no opti-
cal/near infrared counterpart can be found in the DENIS
and 2MASS catalogues in an area of ~25” around this
position, which makes it very likely that the faint X-ray
source is associated with the brown dwarf. As will be dis-
cussed in Section 4, the associated flux is also consistent
with that of a brown dwarf, but higher than the one re-
ported by Imanishi et al. (2001) with Chandra.

4. Data Processing

Since the source was not centered in the field of view, a
correction for vignetting had to be applied using the rec-
ommended evigweight task of the XMM-Newton Science

! According to the User Guide to the Catalogue, “the like-
lihood value stands for the detection likelihood of the source,
L = —In(p), where p is the probability of the detecti C
ring by chance. A value of ~7 corresponds roughly to one false
detection per exposure. A summary quality flag of 4 indicates
that the detection is good (0=bad; 1-3=suspect, 4=good)”. For
more details please refer to the User Guide to the Catalogue.

Oon occur-

Table 1. Astrometric and photometric measurements available
for the two objects

RAT Dec.” Filter Mag. Source
DENIS J155601-233809

15 56 01.04 -233808.1 J 13.86+£0.03 2MASS
H 13.24+0.02 2MASS
K 12.81+0.03 2MASS

15 56 01.04 -233808.1 I 16.324+0.07 DENIS
J 13.96+0.11 DENIS
K 12.85+0.14 DENIS

GY 141

16 26 51.28 -24 32 42 J 15.30+£0.04 2MASS
H 14.47+0.05 2MASS
K 13.89+0.06 2MASS

16 26 51.31 -24 32429 1 18.424+0.18 DENIS
J 15.33+0.15 DENIS
K 13.47+0.18 DENIS

T°J2000

Analysis System software (Loiseau 2003). Once this cor-
rection was applied, the light curve of each object was ex-
tracted in a circular area of 400 pixels around the source,
and the light-curve of their respective background in an
empty annulus region between 450 and 602 pixels around
the source, therefore with the same surface to allow direct
comparison. Figure 2 shows the light curves obtained. It
is clearly seen that the sources are very faint, i.e not much
brighter than the background. Neither timing nor spectral
analysis can therefore reasonably be performed on these
data, and I was only able to get flux measurements.

The fluxes reported in the XMM-Newton
Serendipitous Source Catalogue were computed for
Np=3.0x10%" cm?2, and assuming as a spectral model a
power law with a slope of 1.7. For more details about
the construction of the catalogue, please refer to the
corresponding User Guide 2. As this spectral model is
not the best adapted to this kind of source, the fluxes
were recomputed using the count rates reported in the
catalogue (see Table 2, except for the PN values of
GY 141, measured as explained in section 3.2) and the
recommended PIMMS and nH softwares®.

Table 3 gives the results obtained assuming a thin ther-
mal plasma with a temperature k7T varying from 0.5 to 2.5,
a distance of 145 pc for both objects as measured by de
Zeeuw et al. (1999), and bolometric luminosities estimated
as explained in Section 2.

5. Data analysis

Since no spectral analysis could be performed to deter-
mine which spectral model best describes the sources, the
analysis was done using the results obtained for a thermal
plasma with £7'=2.0 keV as shown in Table 3.

2 XMM-Newton Survey Science Centre Consortium
(http://xmmssc-www.star.le.ac.uk/)
3 PIMMS and nH are distributed by the NASA’s HEARSAC

(http://heasarc.gsfc.nasa.gov/)
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Table 3. X-ray flux and luminosities (in the energy range 0.2-12 keV)

Detector ETT Flux Lx log Lx /Lot
keV] [10"ergs-em™2-s7']  [10%ergs-s™]
DENIS J155601-233809
MOS1 1.0 7.87+2.67 1.98+0.67 -3.21
1.5 12.484+4.24 3.14+1.06 -3.00
2.0 17.57+5.96 4.42+1.50 -2.86
2.5 22.324+7.58 5.61+1.91 -2.75
PN 1.0 15.26+2.32 3.84+0.58 -2.92
1.5 23.37+3.55 5.884+0.89 -2.73
2.0 31.28+4.75 7.87+1.19 -2.61
2.5 38.06+£5.77 9.57+1.45 -2.52
MOS1+PN? 1.0 12.08+2.49 3.04+0.62 -3.02
1.5 18.88+3.89 4.75+0.97 -2.83
2.0 25.95+5.36 6.54+1.35 -2.69
2.5 32.28+6.67 8.12+1.68 -2.59
GY 141
MOS1 1.0 22.30+6.22 5.61+1.56 -2.25
1.5 35.23+9.82 8.86+£2.47 -2.05
2.0 49.49+13.80 12.4443.47 -1.90
2.5 62.82+17.52 15.80+4.41 -1.80
PN 1.0 13.01£4.38 3.27+1.10 -2.49
1.5 19.81£6.67 4.98+1.68 -2.30
2.0 26.44+8.91 6.65+£2.24 -2.18
2.5 32.124+10.83 8.08+2.72 -2.09
MOS1+PN? 1.0 16.09+5.30 4.05+1.33 -2.39
1.5 24.67+8.24 6.21+2.08 -2.20
2.0 33.22+11.35 8.35+2.86 -2.07
2.5 40.61+£14.17 10.21+£3.57 -1.99

1 temperature of the thermal plasma spectral model used to convert from count rate to flux

2

Table 2. X-ray Count Rates’

Count Rates
[10™%-counts-s ']
DENIS J155601-233809

Detector

MOS1 0.59-+0.20
MOS2 not detected
PN 3.25+0.49
MOS1+PN? 2.4840.40
GY 141
MOS1 1.6640.46
MOS2 not detected
PN 2.73+0.92
MOS1+PN? 2.37+0.77

Source: XMM-Newton Serendipitous Source Catalogue,
except EPIC PN value for GY 141
2 mean total count rate of the detections weighted by the errors

5.1. DENIS J155601-233809

As shown in Figure 3, DENIS J155601-233809 has an X-
ray luminosity very similar to that of other late type M-
dwarfs in star forming regions and the field. It belongs to
the strongest X-ray emitters among that class of objects.
It is important to note that no detailed timing analysis

mean total flux/luminosity of the detections weighted by the errors

can be done because of the very low flux (see Figure 2),
and that more sensitive observations are required to know
if the observed emission is quiescent or related to some
flare events.

52. GY 141

The X-ray activity of GY 141 shows that this object has a
strong coronal activity. In order to compare the different
measurements available, I used the PIMMS software to
convert the Chandra luminosity (measured in the energy
range 0.5-9.0 keV) and the ROSAT upper limit (mea-
sured in the energy range 0.1-2.4 keV) to the energy range
of the XMM-Newton observations (0.2-12.0 keV). The re-
sults are summarized in Table 4, and show that the flux of
GY 141 increased by a factor of ~14 between the Chandra
and the XMM-Newton observations. The X-ray emission is
therefore highly variable, and GY 141 would not have been
detected in the 33.9 ks XMM-Newton frame if its emission
had been at the same level as in the 100.6 ks Chandra
observation. The present XMM-Newton measurement is
close to the limit of detection of the ROSAT observation.

As shown in Figure 3, GY 141 has a very high X-ray
luminosity for a late-type object, and displays strong vari-
ability between two observations separated by a period of
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Table 4. X-ray Luminosities (0.2-12 keV) of GY 141 at dif-
ferent epochs

Instrument Date Obs. Lx log Lx /Lol
[10%%ergss ']

ROSATT 09/1994 <13.00 <-19

Chandra 05/2000 0.60 -3.22

XMM-Newton 02/2001 8.35 -2.07

1 GY 141 was not detected. The corresponding value is an
upper limit.

Remarks: Values computed assuming a thermal plasma
spectral model with k7'=2 keV.

~10 months. Neuhéuser et al. (1999) did not detect it
with ROSAT in 1994, but their limit of detection was
higher than the two values obtained with XMM-Newton
and Chandra. Tts X-ray luminosity increased by a factor of
~14 between the Chandra and the XMM-Newton obser-
vations. Although the light curve of the emission detected
with XMM-Newton suggests that there was no significant
variation during the 34 ks XMM-Newton observation (see
Figure 2), the shortness of the observation (34 ks) and the
faintness of the detection make it possible to conclude that
it was not a flare-like event. Further observations should
be made to verify if the observed variability occurs on long
(~months) or short (~10 ks) time-scales. This issue is very
important since the only few sources known to show vari-
ability are flaring objects with periods of 10~50 ks and,
except for the old field brown dwarfs LP944-20 and VB 10,
with amplitudes less than a factor of 10 (Imanishi et al.
2003). If confirmed by further observations, a strong vari-
ability over a long time-scale would probably mean that
two types of activity, governed by different mechanisms,
can occur in the corona of late type objects. Recently,
Schmitt & Liefke (2002) reported a significant variation of
the quiescent X-ray emission of the M9 dwarf LHS 2065
after a flare. Such a phenomenon might also be at work
and explain the variation observed for GY 141 between the
Chandra and XMM-Newton observations. Finally, since it
has been shown that the object is surrounded by a disk,
part of its emission could also come from the circumstel-
lar material interacting with the magnetic field, following a
emission scenario as suggested by Montmerle et al. (2000).

6. Conclusions

I report here the detection with XMM-Newton of two
young bona-fide brown dwarfs. DENIS J155601-233809
displays an X-ray emission similar to other young objects
of the same age and spectral class, with log(Lx/Lpo)=
-2.69. No significant variability was observed during the
48.3 ks observation, but the faintness of the source did not
allow me to perform precise timing analysis. More sensi-
tive observations are required to know if this emission is
quiescent or associated to a flare-like event. GY 141 has
the highest X-ray luminosity reported up to date for that
class of object, with log(Lx /Lpo;)= -2.07. Its luminosity
has increased by a factor of 14 since the previous Chandra

observation. No significant flare-like event could be de-
tected in the 33.9 ks XMM-Newton observation. In this
case again the faintness of the source did not allow me to
perform precise timing analysis, and more sensitive obser-
vations are also required to know if this emission is due to
a flare or if it is quiescent. Follow-up observations of this
object should allow us to know if this variability occurs
on long (~months) or short (~10 ks) time-scales.
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DENIS J155601-253609

EPIC PN+MOS1+M052 Zoom

GY 141

EPIC PN Zoom

Fig. 1. This figure shows the XMM-Newton images where the two objects have been detected. For DENIS J155601-233809 it
shows the combination of the images obtained with the 3 instruments (EPIC MOS1, MOS2 and PN cameras) and for GY 141
only the EPIC PN image.
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Fig. 2. Light curves of DENIS J155601-233809, GY 141, and the background around their positions. The size of the time bins
is 500 s. In both cases the source and the background have very similar amplitudes and variations, indicating that the sources
are at the limit of detection. Figure 1 also shows that the two sources are very faint.
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Fig. 3. Distribution of X-ray luminosity of M dwarfs as a function of spectral type. The open squares represent the values
obtained for field M-dwarfs. The circles, diamonds, triangles up and down denote young objects in star-forming regions. The
stars represent the flaring objects at their maximum with the corresponding value or upper limit on the quiescent emission.
While DENIS J155601-233809 seems to have a normal X-ray luminosity in comparison with other M6~M7 dwarfs, GY 141
shows a strong variability between the Chandra and XMM-Newton observations. To avoid confusion, the spectral types of some
objects have been shifted by 0.1 subclass. Values are from Martin & Bouy (2002) and references therein, except the quiescent
value for VB 10, which is from Fleming et al. (2003).

192




Appendix D

Curriculum Vitae & List of
Publications

193



Appendiz D. Curriculum Vite € List of Publications

Riemerfeldring 37

D-85748 Garching bei Miinchen

Germany

Phone : +49 (0)89 171 380 72 74

Mail : hbouy@mpe . mpg . de

Hervé Bouy

Curriculum Vitee

Born 14th January 1977
in Angers (France)
French Nationality
Single, no child

2004-

2001-2004

2000-2001

1998-2000

1997-1998

1996-1997

1994-1996

1995

EDUCATION

PosTpoc.

Postdoc position at the I.A.C in Tenerife, Spain.

> 3 years contract.

PuD.

PhD thesis, « Fundamental Properties of Binary Ultracool Dwarfs », E.S.O
& M.P.E (Garching, Germany), L.A.O.G (Grenoble, France)

> « cotutelle » (=« double PhD ») between Université de Grenoble and Ludwig Mazi-
milian Universitdt in Munich.

D.E.A « ASTROPHYSICS & PLASMAS ».

5t year at University, L.A.0.G (Grenoble, France)

> passed with distinction.

C.A.P.E.S PHYsICS AND CHEMICAL SCIENCES.

Preparation to the competitive examination conducted by the French State
for admission to posts on teaching staff of High Schools in physics and che-
mical sciences

> passed.

MAITRISE IN PHYSICAL SCIENCES.

4™ year at University (=~ Master), Université Paul Sabatier, Toulouse, France
> passed with distinction.

LICENCE IN PHYSICS AND CHEMICAL SCIENCES.

3™ year at University (=~ Bachelor Degree), Université d’Angers, France

> passed with distinction.

DIPLOME D’ETUDES UNIVERSITAIRES GENERALES.

17t & 24 years at University, Université d’Angers, France

DIPLOME UNIVERSITAIRE OF ASTROPHYSICS & ASTRONOMY.

Degree taken after 1 year at University, Université Paris XI

INTERNATIONAL ASTRONOMICAL MEETINGS AND CONFERENCES

2002

2003

> International Astronomical Union Symposium 211, “Brown Dwarfs”, Ha-
wai’i, U.S.A, May 20-14

> International Astronomical Union General Assembly, Sydney, Australia,
July 16-25

> E.S.O Workshop : “Science with Adaptive Optics”, Garching, Germany,
16-19 September, Member of the Local Organizing Committee

194




15-21 Dec. 2003

9-21 Sept. 2002

15 Mar 2001 to
25 Jun 2001

TRAINING COURSE & SCHOOLS

EXTRASOLAR PLANETS AND BROWN DWARFS, SANTIAGO DE CHILE.
First Advanced Chilean School in Astrophysics

3rRD NEON EURO SCHOOL, ASIAGO, ITALY.

Observing Summer School, Asiago Observatory (Network of European Ob-
servatories in the North), sponsored by the European Community
INSTITUTE FOR ASTRONOMY, HAWAT'L.

Research Assistant at the Institute for Astronomy of University of Hawai’i,
working on brown dwarfs and halo-binaries, using XMM- and IR-data, ob-
serving with UH88” on Mauna Kea Observatory

High Angular
Resolution

High Angular

OBSERVATIONAL EXPERIENCE

HUBBLE SPACE TELESCOPE.

Intensive use of HST high resolution cameras (WFPC2, ACS, STIS). De-
velopment of a PSF fitting program to analyse binary stars images, with a
calibrated accuracy of 0.001” on the relative astrometry.

ApApPTIVE OPTICS AT THE ESO/VLT.

Resolution Intensive use of VLT/NACO (P.I on 3 programs). Participation to the com-
missioning of the instrument in Paranal
Spectroscopy Low RESOLUTION SPECTROSCOPY.
Observation and Analysis of VLT/FORS2 and HST/STIS low resolution
spectra
X-Ray XMM-NEWTON.
Experienced with the processing and analysis of XMM X-Ray data
COMPLEMENTARY INFORMATIONS
Computer UNIX & Linux, C, IDL, ITEX, Windows, Adobe Illustrator & Photoshop
Sciences
Languages French
> Mother tongue.
English
> Read : good, Written : good, Spoken : good.
German
> Read : good, Written : good, Spoken : good.
Spanish
> Read : beginner, Written : beginner, Spoken : beginner.
GRANTSAND STUDENTSHIPS
2004 1 Year Studentship at M.P.E in Garching, Germany
2001-2003 2 Years Studentship at E.S.O headquarters in Garching, Germany
2001 5 Months Undergraduate Studentship at the IfA in Honolulu, U.S.A

195




Appendiz D. Curriculum Vite € List of Publications

2004

2003

2002

2004

2003

2002

REFEREED PUBLICATIONS

> Discovery of a triple system of brown dwarfs with the Hubble Space Teles-
cope, Bouy H., Martin E. L., Brandner W., Bouvier J., in prep. for Astro-
physical Journal, 2004

> Astrometric monitoring of the binary brown dwarf DENIS-P J1228.2-1547,
Brandner W., Martin E. L., Bouy et al., accepted for publication in Astro-
nomy & Astrophysics

> First determination of the orbit and dynamical mass of a binary L1 dwarf,
Bouy et al., Astronomy & Astrophysics, 2004, 423, 341

> A young binary Brown Dwarf in the R-CrA star formation region, Bouy,
H., Brandner, W., Martin, E. L., Delfosse, X., Allard, F., Baraffe, I., For-
veille, T., Demarco, R., Astronomy & Astrophysics, 424, 213

> X-ray detection of two Young Bona fide Brown Dwarfs, H. Bouy, Astro-
nomy & Astrophysics, 2004, 424, 619

> Multiplicity of Nearby Free Floating Ultracool Dwarfs : a HST/WFPC2
search for companions, Bouy, H., Brandner, W., Martin, E. L., Delfosse,
X., Allard, F., Basri, G., The Astronomical Journal , 2003, 126, 1526-1554
> An HST/WFPC?2 Survey for Brown Dwarf Binaries in the alpha Per and
the Pleiades Open Clusters, E. L. Martin, D. Barrado y Navascues, 1. Baraffe,
H. Bouy, S. Dahm, The Astrophysical Journal, 594, 525-532, 2003

> First NACO observations of the Brown Dwarf LHS 2397aB, E. Masciadri,
W. Brandner, H. Bouy, R. Lenzen, A.M. Lagrange, F. Lacombe, Astronomy
& Astrophysics, 2003, 411, 157

> XMM-Newton observation of the Nearby Brown Dwarf LP944-20, Martin,
E. L. & Bouy, H., New Astronomy , 2002

NON REFEREED PUBLICATIONS AND PROCEEDINGS

> Statistical and Physical properties of binaries of low-mass stars and brown
dwarfs, H. Bouy, W. Brandner, E. L. Martin, “SF2A4-2004 : Semaine de
U"Astrophysique Francaise, meeting held in Paris, France, June 14-18, 2004,
Eds. : F. Combes, D. Barret, T. Contini, F. Meynadier and L. Pagani EdP-
Sciences

> Substellar companions to Brown Dwarfs : First steps toward a direct de-
tection of Exoplanets, W. Brandner & H. Bouy, “Towards Other Earths
- Darwin/TPF and the Search for Extrasolar Terrestrial Planets”, MPIA,
Heidelberg, June 2003

> Brown Dwarfs Companions to Solar-type Stars and other Brown dwarfs,
Martin, E.L, Connelley M., Potter, D., Bouy, H., IAU Symposium Vol 213
, 2003, R. Norris

> High Resolution Observations of Binary Brown Dwarfs, Hervé Bouy &
Wolfgang Brandner, "Science with Adaptive Optics”, E.S.O Garching , Sep-
tember 2003

> NAOS+CONICA at YEPUN : first VLT adaptive optics system sees first
light, Brandner et al., E.S.O Messenger, 107, 2002

> A census of Brown Dwarf Binaries, Wolfgang Brandner & Hervé Bouy,
TAU Symposium, Vol. 211 , 2002, E. L. Martin, p. 241

> HST Observations of Candidates and Bona-fide Binary Brown Duwarfs,
Bouy et al., AU Symposium, Vol. 211 , 2002, E.L. Martin, p. 245

196




2004

2003
2002

2001

OTHER MERITS

Member of the French Astronomical and Astrophysical Society (SF2A) and
of the European Astronomical Society (EAS)

Scientific Referee for the journals “Astronomical Journal” and “Astronomy
& Astrophysics”

Principal-Investigator of ESO/VLT program 74.C-0018A & B
Principal-Investigator of ESO/VLT program 73.C-0557A & B
co-Investigator of HST program GO10208

Principal-Investigator of ESO/VLT program 71.C-0327A
Principal-Investigator of HST program GO9831

Principal-Investigator of ESO/VLT programs 70.D-0773A and 71.C-0327A
co-Investigator (P.I Brandner) of HST program G09451
Principal-Investigator of ESO/VLT program 69.C-0588A

197




Appendiz D. Curriculum Vite € List of Publications

198



Glossary

2MASS : Two Micron All-Sky Survey

A.U : Astronomical unit
ACS : Advanced Camera for Surveys

BD : brown dwarf

CMD : Colour vs Magnitude Diagram
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DENIS : DEep Near Infrared Survey

ESA : European Southern Agency
ESO : European Southern Observatory
EW : Equivalent Width

H-R diagram : Hertzsprung-Russel diagram
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HST : Hubble Space Telescope

TAU : International Astronomical Union
IMF : Initial Mass Function.
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NASA : National Aeronautics and Space Ad-
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P.A : Position Angle
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PSF : Point Spread Function

RMS : Root Mean Square

S/N : signal to noise ratio
SDSS : Sloan Digital Sky Survey
SED : Spectral Energy Distribution

SFR : star forming region.
UV : ultra-violet

VLM : Very Low Mass
VLT : Very Large Telescope

WEFPC2 : Wide Field Planetary Camera 2
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