Chapter 2

Proper motion survey for nearby
low-mass stars and brown dwarfs in
the southern sky

Aiming atfindingthe closestneighbourgo the Sun,anew high propermotionsurey wasini-
tiatedin the southerrsky for declinationsbelov —33° by Scholzetal. (2000)using6°® x 6° pho-
tographicplatesfrom the United Kingdom SchmidtTelescopdUKST) andmeasurementsiade
with the Automatic PlateMeasuring(APM) machineat Cambridge. The approachwasinitially
basedbnmeasurementsf UKST photographiglatesin two passband&B; andR) atepochssep-
aratedby aboutl5years.Typical limiting magnitudesrom thephotographiglatesare By ~ 22.5
magandR ~ 21 mag. Searchradii of 60to 90 arcseanvereusedto recover typical propermotions
of 0.3-1.0/yr dependingpn the epochdifference.The pilot surwey revealedabout100new high
propermotion starsover thousandsquaredegreesbetweer0” and7” in right ascensiomndfrom
—63° to —32 in declination,includingwhite dwarfsaswell asK andM dwarfs. More recently
this propermotion suney hasfocusedon the searchfor low-massstarsandbrovn dwarfsin the
solarneighbourhood.

Thischapterdedicatedo therecentesultsof thesearctor redhigh propermotionstarsjs or-
ganisedhsfollows. In § 2.1, we presenthesampleof about70very redhigh propermotiontargets
selectedasbrown dwarf candidatesin § 2.2, we describethe obserationsandgive anovervienv
of the varioustelescope/instrumemnfigurationsusedfor imagingandspectroscopifollow-up
obserations.In § 2.3,we detailthedatareductionof the opticalandnearinfraredphotometryand
spectroscop Generalresultsof the propermotionsuney aregivenin § 2.4. Interestingobjects
discoreredwithin theframawork of thesuney arehighlightedin thefollowing sectionsjncluding
somesubdvarfs (§ 2.5), anactve M8.5 asa wide companionof a M4/DA binary (§ 2.6),two M
dwarfs within 10 parsecq3 2.7), threeultracooldwarfs in the solarneighbourhood§ 2.8), and
the nearesbinary brovn dwarf, € IndiBa,Bb (§ 2.9). Conclusionsandfuture plansarepresented
in § 2.10.

The discoreriespresentedn this chapterare describedn more detailsin seseral published
papersjncluding:

1. Lodieu, Scholz,& McCaughrear{2002b)reportedthreel dwarfsin the solarneighbour
hoodalthoughtwo of themweresubsequentlglassifiedasM dwarfs.

2. McCaughrean$Scholz,& Lodieu(2002b)discoreredtwo M dwarfswithin 10 parsecs.

3. Scholz,Lodieu, Ibataet al. (2004) relatedthe discovery of an actve M dwarf asa wide
companiorto abinarysystem.
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4. Scholz,McCaughreanlodieu, & Kuhlbrodt(2003)reportedthe discovery of ¢ Indi B re-
solvedlaterinto a binary systenby McCaughrearetal. (2004).

5. A paperonthegeneraresultsof theentirepropermotionsuney is currentlyin preparation
(Lodieuetal. 2004).

The resultspresentedn this chapterconstitutethe outcomeof a teamwork (mainly R.—D.
Scholz,M. J. McCaughreanand myself). We will use“we” andnot“l” to describethis work
throughoutthe whole chapter Nevertheless] would like to stressthatthe sampleselectionwas
conductedby Ralf-Dieter Scholz. My contrilution consistedn reducingand analysingoptical
andnearinfraredimagingandspectroscopicataobtainedfor the whole sampleof objects. The
datareductionof theadaptve opticsdataobtainedfor thee Indi B systemwascarriedoutby Mark
McCaughrean.

2.1 The sample

The propermotion suney describedhereaimsat finding brown dwarfs in the solar neigh-
bourhoodamongselecteded high propermotion objects. A first setof follow-up imagingand
spectroscopidatafor redpropemotionobjectswasobtainedn 1999with theFORS1andISAAC
instrumentonthe ESOVery Large TelescopatParanal Chile. At thistime, thepreliminarysam-
ple revealedonly early andlate-M dwarfs aswell ascool white dwarfs (Scholzet al. 2002). The
high propermotion suney was extendedlater by Ralf-Dieter Scholzusingthe SuperCOSMOS
Sky Sunweys (hereaftelSSS)databask covering the whole southernsky from —90° to +2.5 in
threepassbandéB;, R, andI) andatfour differentepochsWe shouldstressherethatthesample
is neithermagnitudenor volume-limited. Theintrinsic limit of oursurwey is givenby theflux limit
of the photographiglates. The objectsare randomlyselectedbn the basisof their large proper
motionsand optical and/oroptical-to-infraredcoloursfor spectroscopidollow-up obserations.
Candidate$ave generallypropermotionslargerthan0.3’/yr. The colour selectionof the candi-
datesdid vary accordingto the type of objectswe aimedat finding. The searchprocedureo find
nearbylow-massstarsandbrovn dwarf candidategvolved with time for thefollowing reasons:

1. With time andexperiencethecolourscutshave beenimprovedto uncover latertypedwarfs.
As anexample,mostof theL dwarfsturnedoutto be undetectedn the B; passband.

2. Thefull southerrsky I-banddatabasérom the UK SchmidtTelescopeavasreleasedit the
SuperCOSMOSSky Suneyswebpage.

3. TheTwo Micron All-Sky Suney becamdully availableandenabledcolourselectiondased
on optical-to-infrarecandinfraredcolours.

Combiningvariousapproacheanddifferentselectioncriteria, several samplesof propermo-
tion objectsselectecasbrown dwarf candidatefiave beenextracted.Theoriginal or ‘preliminary’
samplecontainedobjectsmostly selectecon the basisof their B;—R colours. At thattime, most
objectswerelacking I-bandandinfrared measurementasthe SSSand 2MASS databasewere
not yet fully released. The remainingsamplestake into accountpropermotion and colour as
selectiorcriteria.

Yhttp:/www-wfau.roe.ac.uk/sss/
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We describeherethe sampleof red propermotion objectsselectedby Ralf-Dieter Scholzas
brown dwarf candidate$or spectroscopifollow-up in theopticaland/orin thenearinfrared. The
samplecontainsé subdvarfs, 10 early-M dwarfs (< M5), 47 late-M dwarfs (M5.5-M9.5), four
L dwarfs, andthe nearesbinary brown dwarf, € Indi Ba,Bh The photometricand spectroscopic
resultsare given in Table A.1 in AppendixA. The optical (6000-1000®) spectraare shawn
in Figures2.1 and 2.5, and FiguresA.2 and A.3 in AppendixA. Nearinfrared (1.0—2.5um)
spectraare displayedin Figure A.4 in AppendixA. Sometemplateobjectswith well-knowvn
spectratypeshave beenaddedor comparisompurposesincludingKelul (L2.0; Ruizetal. 1997),
BRI B0021-0214(M9.5; Irwin, McMahon,& Reid1991),andLP944-20(M9.5; Tinney 1998).

2.2 Observations

Opticalandnearinfraredphotometryandspectroscopwereobtainedwith severaltelescopes
andinstrumentsn serviceandvisitor modes. The obserationsaswell asthe characteristicef
eachinstrumentarebriefly describedelow.

¢ Optical imaging was obtainedfor a ‘preliminary’ sampleof selectedred proper motion
objectswith VLT/FORS1in servicemode (grey time and seeing< 0.8’). The aim was
to derive moreaccuratemagnitudesandcoloursthanthe SSSphotometryandobsere the
objectslacking I-bandmeasurements.
FORSL1is a focal reducermulti-modeinstrumentmountedon the UT1 on the VLT. The
camerds equippedvith a2048x 2048pixel TK thinnedCCD chip. Thepixel sizeis 24 ym,
correspondingo a spatialresolutionof 0.20arcsecyielding afield of view of 6.8 x 6.8.
A seriesof threeditheredpositionsin the Rp.ssenr andIgessep; broad-bandilters, exposed
10and5 sec respeciiely, wereobtainedor all the objectsamongthe‘preliminary’ sample.
Standardstarswereobsenred duringthe nightto calibratethe magnitude®f ourtaget.

¢ Nearinfraredimagingwasobtainedn servicemode(seeing< 0.8") with the ISAAC cam-
eraontheVLT for the‘preliminary’ sampleduringthe sameobservingoeriodsastheoptical
imaging.As the 2 Micron All-Sky Surwey is now fully releasednewly selectedropermo-
tions objectshave generallyinfraredcounterparts.
The nearinfrared cameralSAAC is equippedwith a HAWAII 1024x 1024 pixel array
(Moorwood & Spyromilio 1997) optimisedin the 1.0-2.5um rangewith a pixel size of
0.147, yielding a field of view of 2.5 x 2.5. A seriesof five ditheredpositions,exposed
two secondswasobtainedn threebroad-bandilters (J;, H, K;) to subtracthe sky back-
ground. Standardstarswere obsered during the night to calibratethe magnitudesof our
tamget.

e Opticalspectroscopwasobtainedoy Ralf-DieterScholzandmyselfwith EFOSC2mounted
ontheESO3.6-mtelescopetLa Sillain November2001andDecembef002. Thecamera
usesa 2048x 2048pixel Loral/LesserCCD with a pixel sizeof 0.157', yielding a useful
field-of-view of 5.2 x 5.2. A 1 arcsecslit wasusedfor spectroscopwith Grism12 cover
ing 6000—1000@ at a resolutionof R ~ 600. Up to threespectrashiftedalongthe slit by
~ 100 pixels were obtainedfor eachtamget dependingon the brightnessof the object. An
internalquartzlampflat field wastakenjust afterthe spectrurrin orderto remove efficiently

2ESOprogramme$3.L-0634,65.L-0689,68.C-0664and70.C-0568
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the fringing abore 8000A. Arc lampswere obtainedbeforeandafter the night to achieve
the wavelengthcalibration. Spectrophotometristandardsvere alsoobsered to calibrate
ourtametsin flux.

¢ Nearinfrared spectroscop wasobtainedwith Sofl (Sonof ISAAC) mountedon the New
TechnologyTelescopdhereafteNTT) atLa Sillain November2001by Ralf-DieterScholz
andmyself. The nearinfrared camera/spectrograpbofl is equippedwith a 1024x 1024
pixel HQCdTe HAWAII array (Moorwood & Spyromilio 1997)with a pixel sizeof 0.294'
for the Large Field Objectve usedfor spectroscop A 1 arcsecslit wasusedfor boththe
blue (0.95-1.64:m) andthered (1.53—-2.52:m) gratings,yielding aresolutionof R ~ 600.
Threepositionsalongtheslit shiftedby ~ 100 pixelsweretakento remove the background.
Arc lampswereobtainedbeforeandafterthe nightto achieve wavelengthcalibration.Fea-
turelessspectroscopistandardgtypically F5—F8)weremeasuredvithin onedegreeonthe
sky to remove telluric absorption.

2.3 Datareduction

Thedatareductionin theopticalandin thenearinfraredimagingandspectroscopimodesvas
conductedy myselfusinglRAF in asimilar manneffor eachtelescope/instrumegonfiguration.
A gquick overview is presentedbelow.

2.3.1 Optical imaging

The datareductionof the opticalimagingconsistedn subtractingbiasanddividing eachin-
dividual scienceframe by the domeflat-field. Subsequenaperturephotometryin Rgqsse; and
Iessen filters wascomputedwith the APPHOT packagen IRAF on eachindividual frame. Er-
rors on the magnitudesare estimatedrom the differencesetweenthe threemeasurementslhe
measurednagnitudesverethencorrectedor the extinction at Paranalandfor exposuretime fol-
lowing the equationgivenbelow.

The typical extinction coeficientsat Paranalare 0.13and 0.09in Rpesseyy and Igesserr, re-
spectvely (aslistedin the ESOweb page).The sameprocedurevasappliedto the standardstars
obsenred on the samenights and the aperturekept constantfor photometry The derived zero
pointswerethenappliedto the tamgets. No colour equationwasusedin the computationof the
magnitudes.

2.3.2 Near-infrared imaging

Thedatareductionof the nearinfraredimagingdiffersfrom the optical dueto the highersky
backgroundndwasachiezedasfollows. Differentialflat-fields(lights on — off) weretakenbefore
or aftereachnight of obserationsandaveragedo createa meanflat-field frame. To subtracthe
backgroundon eachscienceframe, the four remainingexposureswvere averagedto createa sky
image.Theraw imagewasthensky-subtractedandflat-fielded. The sameprocedurenvasapplied
to the standardstars. Subsequeraperturgphotometrywascomputedwith the APPHOT package
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in IRAF on eachindividual framein the Js, H, and K filters. The measurednagnitudesvere
correctedfor extinction and exposuretimes accordingto the equationgiven abore. The mean
extinction coeficientsat Paranalare0.11,0.07,and0.06in J, H, and K, respectrely. A mean
zeropoint, obtainedfrom several measurementsf standardstarsobsered throughoutthe night,
wereappliedto theinstrumentamagnitudes.

2.3.3 Optical spectroscopy

The datareductionof the optical spectroscopwascarriedout within the IRAF environment
(package®nedspec andtwodspec) andconsistedn several stepsdetailedbelow.

1.

Tenbiasframes,taken beforethe night, wereaveragedby rejectingthe lowestandhighest
valuesof eachindividual pixel. The resultingmeanbiasis thensubtractingfrom the raw
sciencamage.

A meanflat field was createdby averagingfive domeflats with a minmaxrejection. This
procedures adaptedor the VLT/FORS1spectroscop However, the presencef fringing
redward of 8000A in the ESO3.6-m/EFOSC2latarequiredthe obserationsof aninternal
flat fieldimmediatelyafterthefirst spectrunof eachtagetto remaove thefringing efficiently.
A responsdunctionwas createdo correctfor the wavelengthdependencef theflat-field
usinga high-orderpolynomialalongthe dispersioraxis (taskresponse).

Thebias-correctedcienceramewasthendivided by the normalisedpolynomialfit of the
flat-field.

. Thelocationof theaperturethe size,andthe backgroundevel wereestimatednteractvely

(taskapsum). Theaperturevariesfrom few pixelsupto 10 or sodependingnthebrightness
of the source.The traceof the spectrumwasfit throughoutthe entire spectrumby a cubic
splinefunction, yielding the extractionof a one-dimensionaspectrum.

TheHeandAr linesweremarkedin arclampspectraandidentified(taskidentify) to createa
linearfit of thewavelengthasafunctionof thepixel number Thetwo-dimensionaturvature
of the arc spectrawasalsotaken into accountby thetask. Referencdaablescontainingthe
accuratepositionswere available within IRAF for cross-correlationvith the obsered arc
lamps.

The dispersionsolution was assignedo the sciencetarget accordingto the linear fit of
the wavelengthas a function of the pixel number(taskdispcor). The startingandending
wavelengthaswell asthe wavelengthper pixel andthe numberof pixels were outputand
shouldobviously correspondo the parameterfistedin the usermanualof theinstrument.

. The final stepwasthe flux calibrationof the sciencespectrum(task calibrate) expressed

in egcm-2s! A~L. This procedureequiresobsenationsof spectrophotometristandard
starswhosedatareductionwasidenticalto the sciencearmets. Two morestepswere,how-
ever, requiredto correctfor the non-uniformresponsef the detectorover the whole wave-
lengthrange.The numberof countsfor eachstandardstarwereintegratedover bandpasses
(typically 20-50A) to tatulatethe flux accordingto the numberof countsat a given wave-
length(taskstandard). A meansensitvity functionwasextractedfrom severalstandardstar
obsenationsto calibratein flux the sciencespectrunm(tasksensfunc).
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The calibratedspectrawvere normalisedat 7500A. No removal of the telluric absorptiorhas
beenapplied.Optical (6000-10000‘3\) spectraof the coolestobjectsdiscoreredwithin the frame-
work of the propermotion suney are shavn in Figure 2.1. Optical spectraof M dwarfs are
displayedn FigureA.2 andA.3 in AppendixA. Spectraof subdvarfsaredisplayedn Figure2.5.

2.3.4 Near-infrared spectroscopy

Thedatareductionof thenearinfraredspectroscopconductedvith VLT/ISAAC andNTT/Sofl
wasdifferentfrom the opticalproceduradueto the higherandvariablesky backgroundatinfrared
wavelength. A minimum of threespectrashiftedalongthe slit by ~ 100 pixels was obtainedto
remove the sky background.Featurelesstandardsvereobsered at a similar airmasgo remove
thetelluric absorptiongpresenin the spectreof thetamgets.

Theinitial phaseof the datareductionrequiredthe subtractionof the sky background.The
procedureis similar to the infrared imaging as spectrawere combinedby pairs and averaged.
We subtractedhe combinedspectrafrom the remainderspectrumand subsequentlgivided by
theresponsdunction of the flat-field. We extracteda one-dimensionaspectrumandappliedthe
wavelengthcalibrationin a similar mannerasfor the optical spectra. The whole nearinfrared
rangewascoveredwith threegratingsfor ISAAC in J (1.1-1.4um), H (1.42-1.82um), and K,
(1.82—2.5Qum). A slightly larger wavelengthrangewas coveredwith the blue (0.95-1.64m)
andred (1.53-2.52um) gratingsusingthe Sofl instrument. We repeatedhe samedatareduction
procedurdor eachfilter.

Then,we averagedhethreeindividual wavelength-calibrat spectraanddividedthemby the
averagedspectrumof thefeaturelesstandarcdbbsened just beforeor afterthe scienceframeat a
similar airmasgo getrid off thetelluric absorptionsWe multiplied theresultingspectrumby the
blackbodyspectrumof a templatewith the samespectraltype asthe standard smoothedo the
resolutionof thetamgetspectra.To achieve this step,we have usedstellarspectraof O to M dwarfs
(Pickles1998) covering 1150—2500@ available at the ESOwebpagd. Thosetemplatespectra
were degradedto the resolutionof our obserationsby a simple smoothingoperation. Hence,
nearinfraredspectraarenot flux-calibratedoecause¢he standardstarsarenot spectrophotometric
standardsgontraryto optical spectra.This stepcan, neverthelessbe achieved by comparingthe
spectrao the nearinfrared JHK magnitudesvhenavailable.

Nearinfrared (1.0—2.5um) spectraof our tamgets, normalisedat 1.25um, are displayedin
FigureA.4 in AppendixA.

2.4 General results of the proper motion survey

The primary selectioncriteria of the bona-fidebrown dwarf candidatesvastheir significant
propermotion. The optical and/orthe infrared coloursof the selectedobjectsprovided a rough
classificationof the target. However, spectroscop wasmandatoryto classifyaccuratelythe ob-
jectsand estimatetheir distance. Altogether optical and/ornearinfrared spectroscop was ob-
tainedfor about70 objectsusing a variety of telescopesandinstruments. The spectralclassifi-
cationof the selecteded propermotion objectsis basedon the schemeslefinedby Martin et al.

Shttp://www.eso.og/instrumentsfisaac/lib/
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Figure 2.1: Optical (6000—100003\) spectraof the latest (M9-L2) nearby objects found in

the course of our southernsky proper motion suney. Spectraof SSSPM J2356-3426
(M9.0), SSSPMJ2352-2538(M9.0), SSSPMJ23075009(M9.0), SSSPMJ0222-5412(M9.0),

SSSPMIJ2316-1759(M9.5),andSSSPMI24006-2008(M9.5), SSSPMJ0219-1939(L1.0),and
SSSPMJ0829-1309 (L2.0; Scholz& Meusinger2002). Two templateM dwarfs, LP944-20
(M9.5) andBRI B0021-0214(M9.5), arealsoshavn for comparisonSpectratypesareaccurate
to half asubclassTelluric featureshave notbeenremoved from the spectraAn arbitraryconstant
hasbeenaddedto the spectrdor clarity.
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(1999b)andKirkpatrick etal. (1999b).

Wehave appliedtherecipedescribedn Sectionl.4.2in Chaptell to assigrspectratypeswith
uncertaintie®f half a subclasr better A brief summaryis given here. We have computedthe
VO-a(Tablel.2;Kirkpatrick etal. 1999h),TiO5 (Tablel.2;Reidetal. 1995),andPC3(Tablel.2;
Martin et al. 1999b)andtook the averageof the threevalues. Then, we have determinedthe
spectraltype of our targetsby comparingthe spectrumwith the spectrumof aM dwarf template
obseredwith the sametelescope/instrumerwbnfiguration.Finally, we have averagedhe results
obtainedndependentiyoy bothmethods.

Spectralndicesversusspectratypesaredisplayedn FigureA.1 in AppendixA. Thosegraphs
clearlydemonstrat¢hatsomedispersiorexistsfor the TiO5 andVO-aindices.However, the PC3
index correlatewverywell andappearssthemostaccuratespectraindex for our sampleof M and
L dwarfs.

The spectralclassificationof nearinfrared spectrarelied on templateswith well-determined
opticalspectratypesavailableon Sandyleggetts webpage.As thespectraklassificatioris more
accuratelydefinedin the optical, we have favouredthe optical spectraltyping to the infraredone
whenthetamgetwasobsered atbothwavelengths.

The sampleof propermotion objectspresentedn this chapterincludes6 subdvarfs, 10 M
dwarfswith spectratypesearlierthanM5, 47 late-M dwarfs,four L dwarfs,andthenearesbinary
brown dwarf discoreredto date.TableA.1 in AppendixA lists 67 red propermotion objectswith
their coordinategin J2000),epochsandpropermaotionsin mas/yr The opticalandnearinfrared
magnitudedor all tagetsareprovidedin TableA.2 in AppendixA. Thevaluesof spectraindices
andthe derived spectraltypesaregivenin TableA.3 in AppendixA. Opticalspectraof thelatest
ultracooldwarfs (M9-L2) foundin the surwey aredisplayedin Figure2.1. Spectraof early and
late-M dwarfsareshavn in FigureA.2 andFigureA.3 in AppendixA, respectiely. Nearinfrared
(1.0-2.5um) spectraaredisplayedn FigureA.4 in AppendixA.

We have estimatedhe photometricdistanceof the propermotion objectswithin our sample
usingthe I — J coloursversusspectratypesrelationgivenin Dahnetal. (2002). Thoserelations
arebasednlate-typedwarfswith parallaxmeasurementndvalid in thespectratangeM6.5-L.8.
Dueto differencesbsenedin the I filter definition(centralwavelengthandwidth), moreaccurate
distanceestimatesare obtainedwith the absoluteJ magnitudeversusspectraltype relationship
givenbelon (Dahnetal. 2002):

M; = 8.38 + 0.341 x SpT

whereSpT="7 for spectratypeM7 upto 18for spectratypel 8, with adispersiorof 0.25mag.
Apparent/ magnitudesreavailablefrom the2MASSdatabaséor all propermotionobjects.For
objectswith earlierspectraltypes,we have usedthe primary standardsistedin Kirkpatrick etal.
(1991). The histogramof the distancedistribution of our sampleof propermotion objectsis
displayedin Figure2.2. The shadedareaincludesall objectslater than spectraltype of M6.5.
Figure2.2 shawvs thatmostof the objects(~ 95%) arelocatedwithin 50 parsec®f the Sun.

Uncertaintieson the photometricdistancesare givenin Table A.2 in AppendixA. We have
usedthedispersionvalueof 0.25maggivenin Dahnetal. (2002)andconsiderednupperlimit on
theerrorof the2MASS J-bandmagnitude®f 0.1 mag. Themajoruncertaintie®n the photomet-
ric distancesare, on the one hand,the uncertaintyon the spectraltype determination(generally
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Figure 2.2: Distribution of the photometricdistanceqin pc) of the propermotion objectsfound
in the courseof our suney in the southerrsky. Distancesandtheir uncertaintiearelistedin Ta-
ble A.2in AppendixA. Theshadedireaindicateghestarswith spectratypeslaterthanM6.5 with
photometriadistanceslerived from theabsolutemagnitude-spectrayperelationfrom Dahnetal.
(2002). For spectraltypesearlierthanM6, we have usedthe primary standard$rom Kirkpatrick
etal. (1991). This graphshavs thatmostof the objectsarewithin 50pc of the Sun.

betterthanhalf a subclasspnd,on the otherhand,the uncertaintyon the luminosity of the stan-
dardstars.As a consequencehesephotometricparallayxesarenot a linearfunctionof decreasing
mass. The cosmicscatterdue to inhomogeneousampleof objectsin termsof metallicity, age,
andspin(Kroupaetal. 1993)is neggligible comparedo the uncertaintiegjuotedabove.

Out of 52 propermotion objectsobsened spectroscopicallyn the optical, more than half
of themexhibit Ha in emission(Figure 2.3). The chromospheri@ctivity is very high in some
objectswith equivalentwidthsupto 15A. Amongtheactive objects,18 exhibit equivalentwidths
largerthan5 A. Thepeakof Ha: emissiornoccursaroundspectratypesM7—M8, in agreementvith
previous studiesof nearbystars(Hawley et al. 1996; Gizis et al. 2000). Neverthelessabout10
objectswith earlierspectraktypes(M4—M5) exhibit large equivalentwidths. It is known thatthere
is a strongconnectiorbetweerrotationandchromospheri@actiity for in K to mid-M dwarfs but
thistrendis lessclearfor latertype dwarfs (Mohanty& Basri2003).

We have also investigatedthe distribution of the equivalent widths of two gravity-sensitve
doublets K I at 7665/7699 andNal at 8183/8195\ asa function of spectraltype (Figure2.4
andTableA.3). TheK | doubletis resohed at the resolutionof the spectrabut the Nal doubletis
not. Figure2.4shavsthattheK | equivalentwidthsareratherconstanwith spectratypewhereas
the Nal peakaroundspectraltype M8. Theseresultsshouldbe consideredastrendsdueto the
limited statisticsbut will be comparedvith spectroscopicesultsobtainedfor low-massstarsand
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Figure2.4: Gravity featureequivalentwidths (in ,&) versusspectratype (4 = M4,5= M5, 10=
LO, etc...) for all red propermotion objectsexceptthe subdvarfs andthe objectsobsered only
in the nearinfrared. The K | doubletat 7665/7699 is shavn in the left panelwhereaghe Nal
doubletat8183/8193 is in theright panel.
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brown dwarfsbelongingto the a Percluster(Chapter3).

2.5 Subdwarfs in the solar neighbourhood

Six subdvarfs have beenidentifiedamongour sampleof red propermotion objects.The sub-
dwarfsarelistedin Table2.1 alongwith their coordinatesspectraltypes,heliocentricvelocities,
estimatednassesnddistances.

The spectralclassificationof lower metallicity objects([Fe/H] between—2.0 and —1.0) than
normal dwarfs wasundertaken by Reid et al. (1995)andlater on extendedby Gizis (1997). As
describedn the latter paper threesteps,involving TiO and CaH bandstrengthaneasurements,
arerequiredto pin down the spectraltype. All objectsconsideredn this section(Figure2.5and
Table2.1)fulfil the cutofs criteriadefinedby Equationsi—6givenin Gizis (1997).

Table 2.1: The six subdvarfs found within the framavork of the propermotion suney in the
southerrsky. Namescoordinategin J2000) spectratypeswith anuncertaintyof half asubclass,
heliocentricradialvelocities(in km/s),estimatednassei solarmassefrom Barafe etal. (1997),
anddistancesn parsecarelisted. Errorsonthe massesake into accounthe uncertaintieon the
magnitudesandmetallicity.

Taget R.A.(J2000) | Dec(J2000) | SpT | Vaa (kmis)| M (Mg) d (pc)
LP815-21 20280452 | —181857.5 | esdM0.0| +122+20 | 0.200+0.100 | 325+ 15
LP614-35 1207:51.63 | —00:52:32.0 | esdM0.5| +288+20 | 0.11G£0.020 | 103+ 15
CE352 1340:38.77 | —30:32.02.7 | esdM3.0| —66+20 | 0.100+0.020 | 151+ 15
LP 314-67 09.48:05.16 | +26:2418.9 | sdM3.5 | +214+20 | 0.110+0.020 | 151+ 15
SSSPMJ0506-5406 | 05:00:15.77 | —54:06:27.3 | esdM6.0| +247+20 | 0.090+0.020 | 60415
SSSPMJ1936-4311 | 19.2940.99 | —4310:36.8 | sdM5.5 — 0.085+0.020 | 44+15

Fromtheindices,threeobjectsnamelyLP614-35,CE 352,andSSSPMJ05006-5406,areun-
ambiguouslyclassifiedasextremesubdvarfswith spectratypesesdM0.5esdM3.0andesdM6.0,
respectrely, with anaccurag of half a subclass.Thelatter SSSPMJ0506-5406,is amongthe
coolestextremesubdvarfs foundto date. This objectis ascool asLHS 1826 (esdM6.0;Gizis &
Reid 1997)but warmerthan APMPM J0559-2903 (esdM7.0;Schweitzert al. 1999). The sam-
ple of late-M subdvarfs hasrecentlybeenextendedby the discovery of thefirst two L subdvarfs
(Burgasseetal. 2003c;Lépineetal. 2003a).

ConcerningLP815-21,this objectlies in the boundaryregion betweensubdvarfs and ex-
tremesubdvarfs (cf. Figurelin Gizis 1997). A directcomparisorwith the spectrunof LHS489
(esdM0.0:Gizis 1997)allowed usto classifyit asa esdM0.0dueto the similarity of their spectra.

Anotheruncertainobject, LP314-67,appearsambiguous.Spectralindicesdefinedby Gizis
(1997)classifythis objecteitherasa subdvarf or anextremesubdwvarf or both. Directcomparison
with templatesubdvarfsandextremesubdvarfsfrom Gizis (1997)solved the ambiguity yielding
aspectratypeof sdM3.5.

Finally, despitethelow signal-to-noisespectrunof SSSPMJ19306-4311,theclassificatioras
asubdvarf of spectrakype sdM5.5+1.0 couldbeestablished.

We have detectedspectralline shiftsin the Call lines at 8542and 8662A in all objectsex-
cept SSSPMJ1933-4311, wherethe signal-to-noiseof the spectrumwastoo low. The wave-
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Figure2.5: Spectreaof six subdvarfs andextremesubdvarfs found amongthe propermotion ob-
jectsobsered with VLT/FORSl1land ESO3.6m/EFOSC2.From bottomto top are LP 815-21,
LP 614-35,CE 352, LP 314-67,SSSPMJ05006-5406, and SSSPMJ1930-4311 classifiedas
esdM0.0,esdM0.5,esdM3.0,sdM3.5,esdM6.0,and sdM5.5, respectiely, basedon the scheme
describedn Gizis (1997).Major absorptiorbandsareoverplotted.An arbitraryconstanhasbeen
addedo eachspectrunfor clarity.

length shifts indicatethat thoseobjectshave a radial velocity component. The computedshifts
of 43.5, +8.0, —2.5, +6.5, and +7.0+ 0.5,&, correspondo heliocentricradial velocities of
+122, +288, —66, +214, and +247+20km/s for LP815-21,LP614-35,CE 352, LP314-67,
SSSPMJ0500-5406,respectiely (Table2.1).

Themetallicity of subdvarfsandextremesubdvarfs,definedhereastheiron to hydrogerratio,
is estimatedas[Fe/H]=—1.2+ 0.3and[Fe/H]= —2.0+ 0.5, respectiely. Theenhancemertf the
oxygento iron ratio originatingfrom the productionof oxygenin typell superngaeis takinginto
accountin the computationof the metallicity (Barafe et al. 1997). Hence,we have computed
the physicalparameter®f all subdvarfs (Table 2.1), including distanceand mass,accordingto
the evolutionarymodelsfrom Barafe et al. (1997)at anageof 10Gyr. The errorsonthe masses
includeuncertaintie®n the magnitudesswell asuncertaintieon the metallicity.



2.6. An actve M8.5 dwarf wide companiorto a M4/DA binary 59

2.6 An active M8.5 dwarf wide companion to a M4/DA binary

We have recentlydiscoreredan active late-M dwarf asa wide companiorto a M4/DA binary
systemwithin theframework of our propermotion program(Scholzetal. 2004).

APMPM J2354-3316Cwasfirst detectedn the UKST B; and R plateswith a subsequent
detectionin the R and I bandsfrom SuperCOSMOSSky Suneys at differentepochs.We have
selectedhis objectasa field brovn dwarf candidatébasecdbnits large propermotion (about0.5")
andredopticalcolour(R-I ~ 2.7). Later, weidentifiedit asacommonpropemmotionto analready
known binary consistingof a mid-M dwarf (LHS4039)anda white dwarf (LHS4040). The pair
wasoriginally discoveredby Luyten (1979)during his Bruce propermotion suney anda recent
spectralclassificationby Oswalt, Hintzen,& Luyten (1988)assignedspectraltypesof dM4 and
DA5+ to LHS4039andLHS4040,respectiely. The photometriadistanceof the pair is estimated
to 21pcin the ARICNS databaséor nearbystaré. Thetriple systemis the first M4/white dwarf
pair complementedby alate-M dwarf componentall threebeingwidely separateédndsuitedfor
detailedfollow-up obsenations.

Two optical spectraof APMPM J2354-3316C were obtainedon 3 October1999 with the
EFOSC2cameramountedon the 3.6-mtelescopeat La Silla. Onespectrumwastaken with the
grism#1covering the wavelengthrange3200—-1090@&. The spectrumof the objectwastypical
of a late-M dwarf and consideredas a possiblebrovn dwarf. Hence,a secondhigherresolu-
tion spectrum(R ~ 600), exposedd00sec,was obsered during the sameobservingrun with the
grism#12,covering 6000—1000G (thin line in Figure 2.6). The datareductionfor the second
spectrumwasstandardandis describedn § 2.3. The PC3index definedby Martin etal. (1999b)
yieldeda spectraltype of M8.7 while the VO-aindex from Kirkpatrick etal. (1999b)gave M8.3.
A directcomparisorwith templatespectra(M7.5—M9.5)from Kirkpatrick et al. (1999b)aswell
aswith late-M dwarfsfrom otherpropermotion objectsobsered with the sametelescopeonfig-
urationledto aspectratypeof M8.5, with anuncertaintyof half asubclassComparinghe JHK ;
magnitudesrom 2MASS andthe absolutemagnitudesf two M8.5 dwarfs given by Dahnetal.
(2002),we have derived a spectroscopidistanceof 19.5pc, in goodagreementvith the ARICNS
estimate.

We obsened APMPM J2354-3316Cwith low-resolution(R=600) spectroscopin the near
infrared (0.9-2.5:m) on 25 November2001 with the cameraSofl mountedon the NTT at La
Silla. The datareductionof the nearinfrared spectrumwas identical to the other taigetsand
is describedin § 2.3. The comparisonwith infrared spectraavailable on Leggetts web page
yieldeda spectraltype of M8, with an uncertaintyof half a subclassconsistenwith the optical
classification However, sincetheopticalclassificatiorschemes moreaccuratelydefined we have
assigneaspectratypeof M8.5+ 0.5to APMPM J2354-3316C.Thenearinfraredclassification
of M8.0would placethe objectat a distanceof 25pc by comparisorwith four M8 dwarfslistedin
Dahnetal. (2002).

We obtaineda new low-resolutionopticalspectrunmof APMPM J2354-3316Con 8 December
2002with thesameéelescope/instrumerbnfiguratiorasthepreviousopticalspectrum(EFOSC2;
grism#12). The datareductionwas also identical for both spectra. Both calibratedspectraare
overplottedin theupperpartof Figure2.6. Thespectrunmtakenin Octoberl999is shavn asathin

“http://www.ari.uni-heidelbeg.de/aricns/
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Figure2.6: Top: Flux calibratedspectraof APMPM J2354-3316Cin quietstate(thin line) from

1999andwith strongH,, emissionin 2002 (thick line). Bottom: Thedifferencespectrumwhich

is a perfectblue veiling continuumplus H,, at 6563.82 andHel at 6678.1A in emissionwith

equivalentwidthsof 61.4+ 5.0A and2.3+ 0.5A, respectiely. FromScholzetal. (2004).

line whereaghe 2002 spectrumis displayedasa thick line. The lower partof Figure 2.6 shavs
theresultaftersubtractinghe spectrunobtainedn 1999from the 2002spectrum.

Thedifferencebetweenthe two spectreof the sameobject,taken with the sameinstrumental
set-up,is striking. Not only doesthe recentspectrumexhibit a large H, emissionline, but a
very strongblue continuumis also presentmakingthe optical colour of the objectbluerin the
active state.Many otherlate-M dwarfs wereobsened during that night andnoneof themexhibit
sucha blue continuum. Furthermorea look at the raw imageimmediatelyrevealeda peculiar
behaiour below 75004, excluding an incorrectdatareduction. Unfortunately we arelacking
anotheroptical spectrumof APMPM J2354-3316Cduringthatnight (andthe observingrun) so
thatthe durationin time of theeventis unknavn. Notethat APMPM J2354-3316Chasalsobeen
taigetedin X-rayshbut no excesswasdetectedht the positionof the objecton 13 Decembel001,
suggestingninactive stateatthattime.

Theflarespectrumof APMPM J2354-3316Cexhibit strongHa at6563A andHe | at6678A
emissionlines aswell (Figure 2.6), with equivalentwidths of 61.4+ 5.0A and 2.5+ 0.5A, re-
spectvely. The flux containedin the Ha emissionline during the flare spectrumwas 2.8 x
10~ egecm—2s~! whereaghe flux in the quiescenstatewas5.0 x 10~ egem=2s™!. As-
suminga distanceof 21 pc, the Ha luminosity L, is of about1.5 x 10?7 emgs~! during the
flare and abouta factor 60 lessin quiescence.Using absolutebolometric magnitudesof two
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M8.5 dwarfs given in Dahn et al. (2002), we have derived a meanbolometric luminosity of
Ly = 1.1 x 103 ergs™!.

Thebluecontinuumseenin theflarespectrunmof APMPM J2354-3316Cis steepeby afactor
of two comparedo the continuumdetectedn theM9.5 dwarf 2MASSWJ0149+29 (Liebertetal.
1999). However, theresulting Ly, / Ly ratiosin the flare and quiescenttatesare comparable
for bothobjects(1.4x 1073 versus2.5x 1072 and2.4x 1075 versus2.5x 107°%). A comparable
flare spectrumwasnoticedin the nearbyM8 dwarf, LHS 2397a(Bessell1991),recentlyresohed
asa binary systemwith a tight brovn dwarf companionat a separatiorof approximately3 AU
(Freedet al. 2003). We speculateahat APMPM J2354-3316C could be orbited thus by a tight
browvn dwarf. If it turns out that APMPM J2354-3316C s similar to LHS 2397a,the triple
systendiscussetherewould actuallybeaquadruplesystemwith two wide binariesata separation
of 2200AU, constitutedof a M4/white dwarf anda M8.5/bravn dwarf, respectiely.

2.7 Two M dwarfs within 10 pc

McCaughreanScholz, & Lodieu (2002b) reportedthe discovery of two bright (Ky ~ 9.5
mag)late-M dwarfs of spectraltypesM7.5 andM8 within 10pc with propermotionslargerthan
0.30'/yr.

Tofind thesenearbyreddwarfsin thesoutherrsky, we selectedll 2MASSobjectswithoutop-
tical counterpartn the USNO-A2 cataloguebut a counterpartvithin 60" in the NLTT catalogue
as bona-fidecandidates. After applyinga colour selectionsuchas m,—K; > 6.0, two objects,
namelyLP775-31and LP655-48,stoodout from the remainingshortlist. The full astrometric
and photometricdatafor LP775-31and LP655-48are provided in Table2.2. Note that LP655-
48 was identified with a bright X-ray source(1RXS J044022.8053020; Vogeset al. 1999).
Otherlate-typeM dwarfs with comparablebrightnessnclude the brown dwarf LP944-20(Tin-
ney 1998),the M9 dwarf DENISP J104814.7395606reportedby Delfosseet al. (2001),and
2MASSIJ1835379 325954at 6 pc recentlydiscoreredby Reidetal. (2003).

Table 2.2: Astrometry and photometryfrom SSSand 2MASS for two M dwarfs within 10pc
(LP775-31and LP655-48), SSSPMJ0109-5101 (M8.5), SSSPMJ2310-1759 (M9.5), and
SSSPMJ0219-1939(L1) foundin our propermotionsuney.

Name a,d Epoch | jiq cosé s R | I J | H | K
(J2000) masl/yr masl/yr (SSS) (2MASS
LP775-31 | 043516.14—160657.5 | 1998.9 | +160+4 | +305+4 | 16.35| 12.36 | 10.40 | 9.78 | 9.34
LP655-48 | 044023.33—053007.9 | 2001.8| +335+2 | +131+2 | 16.50 | 13.17 | 10.68 | 9.99 | 9.56
SSSPMO0219| 021928.03—193841.0 | 1999.9 | +194+4 | —173+06 | 20.13 | 17.46 | 14.09 | 13.30 | 12.83
SSSPM2310| 231018.53—175909.4 | 1998.1 | +24+17 | —246+13 | 20.52 | 17.67 | 14.40 | 13.58 | 13.01
SSSPM0109| 010901.29-510051.1 | 1990.8 | +207+4 | +94+11 | 18.21 | 14.80| 12.23 | 11.54 | 11.09

We obtainedpticalspectroscop(6000-1000@\) of LP775-31andLP655-48with theEFOSC2
cameramountedon the ESO3.6-mtelescopeThe normalisedspectraaredisplayedn Figure2.7
alongwith thoseof LP944-20(M9) andtheM7 dwarf 2MASS095229-192431(Gizisetal. 2000)
for comparisorpurposes.

We assignedspectraltypesof M7.5 and M8 to LP655-48and LP775-31,respeciiely, with
anuncertaintyof half a subclassSpectralindices,includingthe PC3(Martin et al. 1999b),TiO5
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(Reidetal. 1995),andVO-a(Kirkpatrick etal. 1999b)led to similar results.The spectraindices
foundfor thecomparisorobject(2MASS095229-192431andLP944-20)arein goodagreement
with publishedvaluesaswell.
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Figure2.7: ESO3.6-m/EFOSC3pectraof LP775-31andLP655-48(McCaughreartal. 2002b),
comparedwith thoseof LP944-20,a known brown dwarf (Tinney 1998), and the M7.0 dwarf
2MASS J0952219 192431(Gizis et al. 2000). Thelocationof typical featuresof late-M dwarfs
arelabelled,includingmetaloxide andhydrideabsorptiorbandsatomicabsorptiorlines, lithium
absorptionandHa emission.An arbitraryconstanthasbeenusedto separatéhe spectra.

IndependentlyCruz& Reid(2002)classifiedbothstarsasM6 dwarfs,while Cruzetal. (2003)
revised the spectraltypesand assignedvi7 to both objects. The direct spectroscopi®vidence
presentedn Figure2.7 favourslaterspectrakypes.

Basedon the absolutemagnitudesof known objectswith the samespectraltypes,we have
deriveddistance®f 8.0+ 1.6pcand6.4+ 1.4pcfor LP655-48andLP775-31 respectiely. If the
spectratypesestimatedy Cruz& Reid(2002)arecorrect thedistancesvill beroughlytwice as
large for both objects. Thoseassignedy Cruz et al. (2003)would yield distanceswithin 10pc,
confirmingour findings.

Furtherobserationsareneededo checkthebinarity of thoseobjectsandobtaintrigonometric
parallaxes. If distancesvithin 10pc areconfirmed,LP655-48andLP775-31would represenhewn
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benchmarldwarfsallowing detailedfollow-up obserationsandsearcHor planetarycompanions
with future missionssuchasDARWIN and/orTPF.

2.8 Three new ultracool dwarfs in the solar neighbourhood

Lodieuetal. (2002b)reportedthe discovery of threeL dwarfsin the solarvicinity within 30
parsecs.We foundthe threeobjectsby combiningB;, R, andI measurementom the UKST
platesand R-banddatafrom ESO Schmidtplateswithin the framewvork of a searchfor objects
with typical propermotionsof 0.15-0.20/yr on plateswith 15—20yearsepochdifferences.

The basicsearchstratgy consistedat looking for objectson a given plate which were not
matchedwith a correspondingbijectin a differentpassbando within a nominalsearctradiusof
3 arcsecThisprocessvasrepeatedor eachavailablephotographi@lateatagivenlocationonthe
sky. Then,we comparedhe reducedcatalogue®f unmatchedbjectsto look for possiblecoun-
terpartsoutto asearctradiusof 1 arcmin. We identifiedaspropermotioncandidate®nly objects
picked up at leastthreetimesalonga straightline. Furtherpositionalinformation,includingthe
2MASSdatabaseyasaddedo refinethesedetections.

As all three objectswere discoveredin the SuperCOSMOSSky Surneys data, we named
themasfollows: SSSPMJ0219-1939 (hereaftetSSSPM0219)SSSPMJ2310-1759 (hereafter
SSSPM2310)and SSSPMJ0109-5101 (hereaftelSSSPM0109) A full astrometricand photo-
metricinformationfor SSSPM0219SSSPM2310andSSSPM010%s givenin Table2.2.

We obtainedlow-resolution(R ~ 600) optical (6000—1000@\) spectraof SSSPM021%nd
SSSPM231@vith ESO3.6-m/EFOSC2ndnearinfrared(0.9—2.5:m) spectrdor all threeobjects
with NTT/Sofl in Decembe2001 (Figure 2.8). Optical spectrawere normalisedat 7500A and
nearinfraredspectravereadjustedo the optical spectraaroundQYOOA thanksto the overlapping
region betweenthe EFOSC2and Sofl data. The observingprocedureand datareductionwere
standardandaredescribedn § 2.2 and§ 2.3, respectiely.

The spectralclassificationfor SSSPM021%nd SSSPM2310vas basedon optical spectral
indicesdefinedby Kirkpatrick etal. (1999b)andMartin et al. (1999b)whereaghe classification
of SSSPM0109vasentirely basedon the nearinfrared spectralindicesdefinedby Tokunaga&
Kobayashi(1999), Testi et al. (2001), Reid et al. (2001a),and Geballeet al. (2002). Lodieu
et al. (2002b) publishedspectraltypesof L1, L2, andL2 for SSSPM2310SSSPM0219and
SSSPMO010%espectiely.

However, in the meantimewe have obtainedan optical spectrumfor SSSPM010%swell as
for M andL dwarf templateswith known spectraltypesusingthe sameinstrumentsetup. The
sampleof templateobjectsincludesLP944-20(M9.5), BRI0021-0214M9.5), andKelu-1(L2).
Unfortunately it is nov apparenthat the publishedclassificationsverein error and we revise
herethe spectraltypesof SSSPM0109SSSPM2310andSSSPM02190 M8.5, M9.5, and L1,
respectiely, with an uncertaintyof half a subclass.We have noticeda significantdiscrepang
betweerthe opticalandthe nearinfraredclassificatiorfor SSSPM0109Possibleeasondor the
differencemightbe:

1. Tokunaga Kobayash{1999)definedwo spectraindicesk1l andK2 (seeTablel.3)based
on higherresolutionspectroscopthanour dataandon narrav-bandphotometry
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Figure 2.8: Low-resolution (R ~ 600) optical (6000-1000@) and nearinfrared (12.0-2.5um)
spectraof SSSPM0109(M8.5), SSSPM2310(M9.5), and SSSPM0219(L1) obtained with
ES03.6-m/EFOSC2and NTT/Sofl, respectiely. Spectraarenormalisedat 7500A. Regions of
strongtelluric absorptionaround1.4 and 1.9um have beenremoved for clarity. An arbitrary
constantasbeenaddedn intensityto separateachspectrum.

2. Spectralindicesdefinedby Testiet al. (2001) appearefficient only at very low-resolution
(R=50-100).

3. Geballeetal. (2002)hasrecentlyconcludedhatthe watersteamindex at 1.5um is agood
spectraltype discriminantacrossthe L-T sequencebut its valuesexhibit large dispersion
for M8-L2 dwarfs.

Basedon trigopnometricparallavesof late-M andearly-L dwarfsandon spectratype/absolute
J magnitudeelationshipgproposedy Dahnetal. (2002),we have inferreddistance®f 37+ 7 pc,
35+ 1pc,and30+ 16pcfor SSSPM0109SSSPM2310andSSSPM021%espectiely. We have
derived tangentialvelocities of 43+ 10km/s, 51+ 2km/s, and 93+ 50km/s for SSSPM0109,
SSSPM2310and SSSPM0219respectiely. The errorsarelarge, particularlyfor SSSPM0219
asthey originatefrom two differentestimates.On the one hand,distancesare derived from the
spectratypesand,ontheotherhand,fromthel — J colours.Measurementwerein goodagree-
mentfor SSSPM010&ndSSSPM2310hut discrepanfor SSSPM0219.
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From the optical andinfrared colours, SSSPM0219s actually bluer SSSPM231&lthough
classifiedaslatertype. It might eitherbe the effect of a closecompanioror the resultof the dis-
persionin optical-to-infrarecandinfraredcoloursof L dwarfs(Hawley etal. 2002). Thepublished
I magnitudesrephotographianagnitudesand,thus,subjectto large uncertainties.

Thus,theseobjectsarenotL dwarfswithin 30pcasclaimedin Lodieuetal. (2002b)but ultra-
cooldwarfslikely betweerB80and40pc. Theirradialvelocitiesareconsistentvith thekinematics
of disk stars.

We have recentlyincludedthoseobjectsin a sampleof ~ 15 ultracool M8.5-L2 dwarfs for
high-resolution(R ~ 16000at 6000A) spectroscop (5750-731@) with VLT/FORS2to search
for lithium at 6708A. We have alsoincludedthe well-known M9.5 brown dwarf, LP944-20,as
atemplatesincelithium waspreviously detectedvia echellespectroscop usingeS0O3.6-m/CES
spectrograpliTinney & Reid 1998). The dataarenow in handandawait analysis.The detection
of lithium in objectslaterthanM8 would placeanupperlimit ontheirmassandaddconstraintso
their ages.

2.9 ¢IndiBa,Bb: the nearest binary brown dwarf

Scholz, McCaughreanLodieu, & Kuhlbrodt (2003) announcedhe discorery of a bright
(K4~ 11.2mag)T2.5dwarf at 3.626pc from the Sun,asacommonpropermotion(4.7’/yr) com-
panion(projectedohysicalseparation~ 1500AU) to the nearbyK5V stare Indi A (HD209100).

We usedthe UKST By, R, andI platesaswell asthe ESO R platesas startingpoint for
the selectionprocedure.We selectedall objectsbrighterthan 7 =17 with no counterparwithin
6 arcsecon the UKST By andESO R photographiglates. ¢ Indi B wasamongthe candidates
but hada UKST R plate counterpart.Visualinspectionof the finding chartsrevealedthatthe R
detectionwasassociatedvith the diffraction spike of a bright star namelye Indi A. Furthermore,
onanoverlappingl platewith anepochdifferenceof justtwo years the objecthadclearlyshifted,
yielding a large propermotion of 4.7'/yr identicalto one of ¢ IndiA. Thus, we ‘discovered’
¢ Indi B just 7 arcminaway on the sky (correspondingo a physicalseparatiorof 1459AU) from
¢ Indi A. Theredopticalandbluenearinfraredcoloursof ¢ Indi B immediatelysuggestethatthe
objectbelongsto the newly-definedT class(Kirkpatrick etal. 1999b).

A few dayslater on the night of 16—17November2002, Bjoern Kuhlbrodtobtaineda near
infrared spectrumof ¢ Indi B with the Sofl instrumentmountedon the NTT. Three spectraof
¢ Indi B, shiftedby about100 pixels, weretaken alongwith a standardstarat a similar airmass.
Thedatareductionwasstandardor nearinfraredspectroscopandis describedn § 2.3. Thefinal
normalisedspectrum(0.9—-2.5um) is displayedn Figure2.9 alongwith thelocationof prominent
waterandmethaneabsorptiorbands.

We assigned spectraltype of T2.5+ 0.5, accordingto the nearinfraredindicesdefinedby
Burgasseret al. (2002) and Geballeet al. (2002) and direct comparisorwith T dwarf templates
availableat BurgasseandLeggetts® webpages.

e Indi A is amongthe 20 nearessystemdo the Sunandhasan accurateHipparcos parallax
measurementjielding a distanceof 3.626+ 0.010pc. Basedon rotationalpropertiesof ¢ Indi A,

Sftp://ftp.jach.havaii.edu/pub/ukirt/skl/dBpectra/
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Figure2.9: Original nearinfraredspectrunof ¢ Indi B obtainedwith NTT/Sofl from Scholzetal.
(2003).Regionsof strongtelluric absorptioraroundl.4and1.9m have beerremovedfor clarity.
The locationsof prominentH,O and CH,; absorptionbandsin the atmospheref ¢ IndiB are
indicated.Also labelledaretheK | at 1.25um andtentatve detectionof K | doubletat 1.52m
andtheNal doubletat2.33um.

Lachaumeet al. (1999)inferreda meanvaluefor the ageof 1.31“8:; Gyr. Hence,we derivedthe
following physicalparameteror ¢ Indi B:

Ter = 1270K
log(L/Ly) = —4.67
R = 0.097Rq
M = 40-60Myj,p

Following our discovery, we submitteda Hubble Space Telescope (HST) proposalto search
for a possible(planetary)companionaswell asa VLT proposalfor a detailedphotometricand
spectroscopstudy includingadaptve optics,of thisnew benchmark dwarf. TheHST proposal
wasrejected andthe VLT proposawasgranted20hservicemodeobservingimein spring2004.

SCommentsrom the HST Time Allocation Committeewere: Strengths:This seemsto be the possibility to find
a planetcompanionto a brovn dwarf. Use of the HST/ACSis well justified. WeaknessesVery expensve to look
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Meanwhile commissioningf anew differentialmethanémagingsystemon NAOS/CONICA
mountedon the VLT took placeande Indi B waschosemasa referenceby Laird Closeandcol-
laborators And, surprisele Indi B wasresolhedinto abinary systemwith a separatiorof approx-
imately 0.7”. Following the recognitionof the binary a collaborationstartedbetweenus andthe
obsenrers. Few dayslater, obserersatthe GeminiObsenatoryresolhede Indi B into abinaryand
announcedheir discovery in the IAU circular n®° 8188on 27th August2003 (Volk et al. 2003).
A quick look into the ESOArchive revealedthatthe companionwasalreadydetectablén short,
0.6 arcsecFWHM seeingVLT/FORS1acquisitionimagesobtainedwithin the frameavork of a
polarimetricprogramfor brown dwarfs carriedout in June2003. The binary natureof ¢ Indi B
washowever not noticedat thattime. Dueto its large propermotion,bothcomponent®f ¢ Indi B
movedby 0.8 arcsedn two months,confirmingtheir physicalassociation.

Immediatelyafter the VLT discovery, we conductedadaptve optics obsenationswith the
infraredwavefrontsensingcapabilityof the NAOS/CONICAsystem.Despitethe naturalseeingof
0.5’ FWHM, we obtainedsharp(0.08arcsedn the K ; band)nearinfraredimagesof the e Indi B
binary T dwarf. Thefield-of-view of the S27NACO cameras 27.7 x 27.7arcseavith animage
scaleof 27.074+ 0.05milliarcsecperpixel. Thetotalintegrationtime in eachfilter was90 seconds.
No other sourcethan the ¢ Indi Ba,Bb systemwas detectedin the field-of-view (Figure 2.10).
The meanseparatiorof both componentss 0.732+ 0.002arcsec,correspondingo a projected
physicalseparatiorof 2.65+ 0.01AU atthedistanceof the system.

Figure2.10: NACO broad-bandhearlR adaptve opticsimagesof the ¢ Indi Ba,Bb system,with
J, H, and K, from left to right (McCaughrearet al. 2004). Eachimageis a 5.4x 5.4 arcsec
(19.6x 19.6AU at3.626pc) subsectiorof thefull 27.7x 27.7arcsedNACO S27camerdield-of-
view. Theangularresolutionsare~ 116,100,and84 masFWHM at J, H, and K, respectiely.
Northis up, Eastleft: ¢ Indi Bb is thefaintersourceto thesouth-eastTheintensitiesaredisplayed
logarithmically No othersourcesredetectedn ary filter acrosgshewhole NACO field-of-view.

We alsoobtainedmoderate-resolutio(R ~ 1000) H-bandspectroscopfor bothcomponents
with the NAOS/CONICAIlong-slit mode,covering 1.5—-1.85:m, with antotal on-sourcentegra-
tion time of 24 minutes. Obsenrationsof a nearbyG2V star (HD209552)were madeshortly
afterwardsto measurdhetelluric absorption.Tungsten-illuminatedpectraldomeflatswerealso

for somethingthat might not be there. If nothingis found in first 4 orbits, how will the remaining8 orbits be used?
Obsenationsin 3 epochsareunnecessarywo would do.
"Polarimetricprogramme’2.C-0575(A)for brown dwarfsfrom Ménard Delfosse & Monin
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takenwith the sameconfigurationat the endof the night. Theresulting H-bandspectrafor both
componentalongwith the majorwaterandmethaneabsorptiorbandsareshavn in Figure2.11.
We assignedspectratypesof T1 andT6 to € Indi Baande Indi Bb, respecitely, accordingto the
spectraindicesfrom Burgassegetal. (2002)andGeballeetal. (2002).
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Figure2.11: H bandspectraof ¢ IndiBa and ¢ Indi Bb from McCaughrearet al. (2004). The
spectratesolutions ~ 17A FWHM, yielding R ~ 1000.Flux calibrationwasmadeby cornvolving

the spectrumof ¢ Indi Bb with the2MASS H filter profile andassuminga 2MASS magnitudeof

H =11.51. The excellent signal-to-noiseof the spectrais seenin the relatively smooth1.58—
1.62um range;the ‘ripples’ shortward of 1.56um and longward of 1.72um are real features,
predominantlydueto H,O andCH, but alsopossiblyin partdueto FeH. The deepdoubleCH,

absorptiortroughseenin both sourcesat 1.67um is alsoseenin the T6 dwarf Gl 229B (Geballe
etal 1996),asis theadjacentbsorptiorfeatureat 1.658;m seenin ¢ Indi Bb.

The physicalparameter®f both componentsg Indi Ba and e Indi Bb, can be estimatedoy
combiningindividual magnitudesndspectratypeswith theaccuratalistanceof 3.626pc andthe
meanagevalueof 1.3Gyr for ¢ Indi A. We have emplgyed the evolutionarymodelsfrom Barafe
etal. (1998)to derive the physicalparameterfistedbelan. Theparametersf ¢ Indi A aregivenas
well for comparisorpurposesncertaintiesn the effective temperaturesre+ 40K and+ 20K
for e Indi Baande Indi Bb. Uncertaintieson themassesre10Mj,, and7 M, for € IndiBaand
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¢ Indi Bb andaredominatedby the ageuncertainty A cumulatve error of about20% affectsthe
determinatiorof theluminosity dueto uncertaintiesn T dwarf bolometriccorrection.

e cIndiA (K5V) Ter=4200K R=0.72R; log(L/Ly)=-0.16 M=0.63M
e cIndiBa(T1V) Tg=1276K R=0.091Ry log(L/Ly)=—4.71 M=47Myy,
e ¢cIndiBb(T6V) T=854K R=0.096R, log(L/Ly)=—5.35 M=28My,

To concludeon this very interestingobject(s) we would lik e to mentionthat photometricand
spectroscopidataof the ¢ Indi Ba,Bb systemobtainedwith FORS2andISAAC on the VLT in
thewavelengthrange0.6-5.Qum arenow in handandawait analysis. Accurate JHKLM photom-
etry will be extractedfor bothcomponentaswell asa goodsignal-to-noisenoderate-resolution
spectrunfrom 1.0to 5.0pm.

Few mid-infrareddataareavailablefor T dwarfsto dateand,in particular goodquality spectra
longwardsof 3.0um. On the onehand,e Indi Ba is a transitionobjectwhererefractoryspecies
are depletedandrain out in the atmospherdo form cloudsasin Jupiter On the other hand,
¢ Indi Bb hasanatmospheravherethe dusthasentirely settledout. The modellingof the spectral
enepy distribution of eachT dwarf componentepresents majorchallengeo the understanding
of bronvn dwarf atmospheresMoreover, the detectionof the methanebandat 3.3um in both
componentsvill addconstraintgo the understandinghe verticalmixing involvedin brovn dwarf
atmospheresTo date,the only modellingof the 3.3um methanebandrelieson a poor signal-to-
noisespectrunof the T6 dwarf, GI229B (Saumoretal. 2000).

The otherinterestingadwantageof the e Indi B systemis the opportunityto derive dynamical
massedor the systemwithin afew years,accordingto therelatively shortorbit of approximately
15 years.Finally, the ultimategoal will beto obtainthe individual massesindependenthof the
evolutionary modelsin orderto testtheir reliability. The e Indi B systemis currently the only
binary brown dwarf with accuratespectraklassificatiorandmassestimategor bothcomponents.

Becausethe ¢ Indi B systemis close, bright, and hasa short orbit, it will become,to my
opinion, oneof the mostextensve studiedsystemin the comingyearsandprovide vital cluesfor
understandinghe atmospheregprmation,andevolution of brown dwarfs.

2.10 Conclusions on the proper motion survey and outlook

We have presentedn this chapterthe photometricand spectroscopicesultsof an on-going
propermotion suney in the southernsky focusingon the searchfor low-massstarsand brovn
dwarfsin thesolarneighbourhoodOptical andnearinfrared spectroscop hasrevealeda variety
of objectswithin 50 parsecsincluding 6 subdvarfs,57 M dwarfs,four L dwarfs,andthe closest
binary T dwarf to date,e Indi Ba,Bh New red propermotionselectedasbrovn dwarf candidates
have beenalreadyobsenred spectroscopicallin the opticalandawait analysis.

Futurepossibleobsenationsof someinterestingobjects,presentedn this chapter have al-
readybeenobtainedor areforeseen.

e High-resolution(R ~ 20000)spectroscop of ultracooldwarfs (M8.5—-L2) belongingto our
sampleof propermotion objectsto detectthe lithium absorptionline at 6708A. The de-
tectionof lithium in the atmospheref thesenearbyobjectswill setanupperlimit on their
massand constraintheir age. This programhasalreadybeengrantedtime atthe VLT and
spectraof aboutl5 objectsarenow in hand.
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e High signal-to-noiseoptical andinfrared photometry(VRIJHKL M) aswell asmoderate-

resolutionspectroscop(0.6—5.0um) of eachcomponendf thee Indi B systemto constrain
atmospherianodelsof brown dwarfs. The nearinfrared datahave beenalreadyobtained
with VLT/ISAAC andawait analysis.

e Thedeterminatiorof theparametersf theorbit of thee Indi B systemwill provide thetotal

massof the system. Several epochshave beenobsered with the adaptve optics system
ontheVLT. The ultimateaim is to determinedynamicallythe individual masse®of each
componento testevolutionary modelsin the substellaregime. This canbe achieved by
measuringhe orbital-motioninducedradial velocity variationsin oneof thecomponent.

¢ High spatialresolutionmagingfrom spacewvith Hubble or from thegroundwith VLT/NACO

for exampleto verify the presencef a tight brovn dwarf companionto the M8.5 active
dwarf APMPM J2354-3316C.Sucha discorery would provide an explanationfor the ob-
senedpeculiarspectrum.

e Adaptie opticsimagingof the two nearbylate-M dwarfs within 10 parsecgo searchfor

possiblebrown dwarf or planetarycompanions.

The work presentedn this chapterrepresents first stepin the characterisatiorof brown

dwarfs. However, large uncertaintiesemainregardingthe ageandthe distanceof nearbyobjects.
As brown dwarfs cool off with age,the ideal placeto unearthbrowvn dwarfs at a given distance
andwith a homogeneousageare youngopenstellar clusters. We will presentin the following
chapterghe latestresultsof a nearinfraredwide-field suney in the o Percluster(Chapter3) as
well asa detailedoptical and nearinfrared photometricstudy of the pre-main-sequenceluster
Collinder359 (Chapter4).



