
Chapter 2
Proper motion survey for nearby
low-mass stars and brown dwarfs in
the southern sky

Aiming atfinding theclosestneighboursto theSun,anew highpropermotionsurvey wasini-
tiatedin thesouthernsky for declinationsbelow � 33

�
by Scholzet al. (2000)using6

���
6
�

pho-
tographicplatesfrom theUnitedKingdomSchmidtTelescope(UKST) andmeasurementsmade
with the AutomaticPlateMeasuring(APM) machineat Cambridge.The approachwasinitially
basedonmeasurementsof UKST photographicplatesin two passbands(

���
and � ) atepochssep-

aratedby about15years.Typical limiting magnitudesfrom thephotographicplatesare
� ���

22.5
magand � �

21mag.Searchradii of 60 to 90arcsecwereusedto recover typicalpropermotions
of 0.3–1.0	 	 /yr dependingon theepochdifference.Thepilot survey revealedabout100new high
propermotionstarsover thousandsquaredegreesbetween0
 and7
 in right ascensionandfrom� 63

�
to � 32

�
in declination,includingwhite dwarfsaswell asK andM dwarfs. More recently,

this propermotionsurvey hasfocusedon thesearchfor low-massstarsandbrown dwarfs in the
solarneighbourhood.

Thischapter, dedicatedto therecentresultsof thesearchfor redhighpropermotionstars,is or-
ganisedasfollows. In � 2.1,wepresentthesampleof about70veryredhighpropermotiontargets
selectedasbrown dwarf candidates.In � 2.2,we describetheobservationsandgive anoverview
of thevarioustelescope/instrumentconfigurationsusedfor imagingandspectroscopicfollow-up
observations.In � 2.3,wedetailthedatareductionof theopticalandnear-infraredphotometryand
spectroscopy. Generalresultsof thepropermotionsurvey aregiven in � 2.4. Interestingobjects
discoveredwithin theframework of thesurvey arehighlightedin thefollowing sections,including
somesubdwarfs ( � 2.5),anactive M8.5 asa wide companionof a M4/DA binary( � 2.6), two M
dwarfs within 10 parsecs( � 2.7), threeultracooldwarfs in the solarneighbourhood( � 2.8), and
thenearestbinarybrown dwarf, � Indi Ba,Bb( � 2.9). Conclusionsandfutureplansarepresented
in � 2.10.

The discoveriespresentedin this chapteraredescribedin moredetailsin several published
papers,including:

1. Lodieu, Scholz,& McCaughrean(2002b)reportedthreeL dwarfs in the solarneighbour-
hoodalthoughtwo of themweresubsequentlyclassifiedasM dwarfs.

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

3. Scholz,Lodieu, Ibataet al. (2004) relatedthe discovery of an active M dwarf asa wide
companionto abinarysystem.
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4. Scholz,McCaughrean,Lodieu, & Kuhlbrodt(2003)reportedthe discovery of � Indi B re-
solvedlaterinto abinarysystemby McCaughreanetal. (2004).

5. A paperon thegeneralresultsof theentirepropermotionsurvey is currentlyin preparation
(Lodieuet al. 2004).

The resultspresentedin this chapterconstitutethe outcomeof a teamwork (mainly R.–D.
Scholz,M. J. McCaughrean,andmyself). We will use“we” andnot “I” to describethis work
throughoutthewholechapter. Nevertheless,I would like to stressthat thesampleselectionwas
conductedby Ralf-DieterScholz. My contribution consistedin reducingandanalysingoptical
andnear-infraredimagingandspectroscopicdataobtainedfor thewholesampleof objects.The
datareductionof theadaptiveopticsdataobtainedfor the � Indi B systemwascarriedoutby Mark
McCaughrean.

2.1 The sample

The propermotion survey describedhereaimsat finding brown dwarfs in the solarneigh-
bourhoodamongselectedred high propermotion objects. A first setof follow-up imagingand
spectroscopicdatafor redpropermotionobjectswasobtainedin 1999with theFORS1andISAAC
instrumentsontheESOVeryLargeTelescopeatParanal,Chile. At this time,thepreliminarysam-
ple revealedonly earlyandlate-M dwarfsaswell ascool white dwarfs (Scholzet al. 2002). The
high propermotion survey wasextendedlater by Ralf-DieterScholzusingthe SuperCOSMOS
Sky Surveys (hereafterSSS)database1, covering thewholesouthernsky from � 90

�
to  2.5

�
in

threepassbands(
� �

, � , and � ) andat four differentepochs.Weshouldstressherethatthesample
is neithermagnitudenorvolume-limited.Theintrinsic limit of oursurvey is givenby theflux limit
of the photographicplates. The objectsarerandomlyselectedon the basisof their large proper
motionsandoptical and/oroptical-to-infraredcoloursfor spectroscopicfollow-up observations.
Candidateshave generallypropermotionslarger than0.3	 	 /yr. Thecolourselectionof thecandi-
datesdid vary accordingto thetypeof objectswe aimedat finding. Thesearchprocedureto find
nearbylow-massstarsandbrown dwarf candidatesevolvedwith time for thefollowing reasons:

1. With timeandexperience,thecolourscutshavebeenimprovedto uncover latertypedwarfs.
As anexample,mostof theL dwarfsturnedout to beundetectedin the

� �
passband.

2. Thefull southernsky � -banddatabasefrom theUK SchmidtTelescopewasreleasedat the
SuperCOSMOSSky Surveys webpage.

3. TheTwoMicron All-Sky Survey becamefully availableandenabledcolourselectionsbased
onoptical-to-infraredandinfraredcolours.

Combiningvariousapproachesanddifferentselectioncriteria,severalsamplesof propermo-
tion objectsselectedasbrown dwarf candidateshavebeenextracted.Theoriginalor ‘preliminary’
samplecontainedobjectsmostlyselectedon thebasisof their

� �
–� colours.At that time, most

objectswerelacking � -bandandinfraredmeasurementsastheSSSand2MASS databaseswere
not yet fully released.The remainingsamplestake into accountpropermotion and colour as
selectioncriteria.

1http://www-wfau.roe.ac.uk/sss/
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We describeherethesampleof redpropermotion objectsselectedby Ralf-DieterScholzas
brown dwarf candidatesfor spectroscopicfollow-up in theopticaland/orin thenear-infrared.The
samplecontains6 subdwarfs, 10 early-M dwarfs ( � M5), 47 late-M dwarfs (M5.5–M9.5), four
L dwarfs,andthenearestbinarybrown dwarf, � Indi Ba,Bb. Thephotometricandspectroscopic
resultsaregiven in TableA.1 in Appendix A. The optical (6000–10000̊A) spectraareshown
in Figures2.1 and 2.5, and FiguresA.2 and A.3 in Appendix A. Near-infrared (1.0–2.5� m)
spectraare displayedin Figure A.4 in Appendix A. Sometemplateobjectswith well-known
spectraltypeshavebeenaddedfor comparisonpurposes,includingKelu1 (L2.0;Ruizetal. 1997),
BRI B0021� 0214(M9.5; Irwin, McMahon,& Reid1991),andLP944-20(M9.5; Tinney 1998).

2.2 Observations

Opticalandnear-infraredphotometryandspectroscopy wereobtainedwith severaltelescopes
andinstrumentsin serviceandvisitor modes2. Theobservationsaswell asthecharacteristicsof
eachinstrumentarebriefly describedbelow.

� Optical imaging was obtainedfor a ‘preliminary’ sampleof selectedred propermotion
objectswith VLT/FORS1in servicemode(grey time and seeing � 0.8	 	 ). The aim was
to derive moreaccuratemagnitudesandcoloursthantheSSSphotometryandobserve the
objectslacking � -bandmeasurements.
FORS1is a focal reducermulti-modeinstrumentmountedon the UT1 on the VLT. The
cameraisequippedwith a2048

�
2048pixel TK thinnedCCDchip. Thepixel sizeis24 � m,

correspondingto a spatialresolutionof 0.20arcsec,yielding a field of view of 6.8	 � 6.8	 .
A seriesof threeditheredpositionsin the ��������������� and ��������������� broad-bandfilters, exposed
10and5 sec,respectively, wereobtainedfor all theobjectsamongthe‘preliminary’ sample.
Standardstarswereobservedduringthenight to calibratethemagnitudesof our target.

� Near-infraredimagingwasobtainedin servicemode(seeing� 0.8	 	 ) with theISAAC cam-
eraontheVLT for the‘preliminary’ sampleduringthesameobservingperiodsastheoptical
imaging.As the2 Micron All-Sky Survey is now fully released,newly selectedpropermo-
tionsobjectshave generallyinfraredcounterparts.
The near-infrared cameraISAAC is equippedwith a HAWAII 1024

�
1024 pixel array

(Moorwood & Spyromilio 1997)optimisedin the 1.0–2.5� m rangewith a pixel size of
0.147	 	 , yielding a field of view of 2.5	 � 2.5	 . A seriesof five ditheredpositions,exposed
two seconds,wasobtainedin threebroad-bandfilters ( � � ,  , ! � ) to subtractthesky back-
ground. Standardstarswereobserved during the night to calibratethe magnitudesof our
target.

� Opticalspectroscopy wasobtainedby Ralf-DieterScholzandmyselfwith EFOSC2mounted
ontheESO3.6-mtelescopeatLa Silla in November2001andDecember2002.Thecamera
usesa 2048

�
2048pixel Loral/LesserCCD with a pixel sizeof 0.157	 	 , yielding a useful

field-of-view of 5.2	 � 5.2	 . A 1 arcsecslit wasusedfor spectroscopy with Grism12 cover-
ing 6000–10000̊A at a resolutionof R

�
600. Up to threespectrashiftedalongtheslit by�

100 pixels wereobtainedfor eachtarget dependingon thebrightnessof the object. An
internalquartzlampflat field wastakenjustafterthespectrumin orderto removeefficiently

2ESOprogrammes63.L-0634,65.L-0689,68.C-0664,and70.C-0568
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the fringing above 8000Å. Arc lampswereobtainedbeforeandafter the night to achieve
the wavelengthcalibration. Spectrophotometricstandardswerealsoobserved to calibrate
our targetsin flux.

� Near-infraredspectroscopy wasobtainedwith SofI (Sonof ISAAC) mountedon the New
TechnologyTelescope(hereafterNTT) atLa Silla in November2001by Ralf-DieterScholz
andmyself. The near-infraredcamera/spectrographSofI is equippedwith a 1024

�
1024

pixel HgCdTe HAWAII array(Moorwood& Spyromilio 1997)with a pixel sizeof 0.294	 	
for theLarge Field Objective usedfor spectroscopy. A 1 arcsecslit wasusedfor both the
blue(0.95–1.64� m) andthered(1.53–2.52� m) gratings,yielding a resolutionof R

�
600.

Threepositionsalongtheslit shiftedby
�

100pixelsweretakento remove thebackground.
Arc lampswereobtainedbeforeandafterthenight to achieve wavelengthcalibration.Fea-
turelessspectroscopicstandards(typically F5–F8)weremeasuredwithin onedegreeon the
sky to remove telluric absorption.

2.3 Data reduction

Thedatareductionin theopticalandin thenear-infraredimagingandspectroscopicmodeswas
conductedby myselfusingIRAF in asimilarmannerfor eachtelescope/instrument configuration.
A quick overview is presentedbelow.

2.3.1 Optical imaging

Thedatareductionof theoptical imagingconsistedin subtractingbiasanddividing eachin-
dividual scienceframeby the domeflat-field. Subsequentaperturephotometryin �"���#��������� and
�����#��������� filters wascomputedwith theAPPHOT packagein IRAF on eachindividual frame. Er-
rorson themagnitudesareestimatedfrom thedifferencesbetweenthethreemeasurements.The
measuredmagnitudeswerethencorrectedfor theextinction at Paranalandfor exposuretime fol-
lowing theequationgivenbelow.

minstrumental $&% mmeasured' � % Extinction
�

Airmass'  %)(+*�, �.-0/21 % ExpTime'3'

The typical extinction coefficientsat Paranalare0.13and0.09 in �"���#��������� and �����#��������� , re-
spectively (aslistedin theESOwebpage).Thesameprocedurewasappliedto thestandardstars
observed on the samenights and the aperturekept constantfor photometry. The derived zero
pointswerethenappliedto the targets. No colour equationwasusedin the computationof the
magnitudes.

2.3.2 Near-infrared imaging

Thedatareductionof thenear-infraredimagingdiffersfrom theopticaldueto thehighersky
backgroundandwasachievedasfollows. Differentialflat-fields(lightson � off) weretakenbefore
or aftereachnight of observationsandaveragedto createa meanflat-field frame.To subtractthe
backgroundon eachscienceframe,the four remainingexposureswereaveragedto createa sky
image.Theraw imagewasthensky-subtractedandflat-fielded.Thesameprocedurewasapplied
to thestandardstars.Subsequentaperturephotometrywascomputedwith theAPPHOT package
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in IRAF on eachindividual framein the � � ,  , and ! � filters. The measuredmagnitudeswere
correctedfor extinction andexposuretimes accordingto the equationgiven above. The mean
extinction coefficientsat Paranalare0.11,0.07,and0.06in � ,  , and ! � , respectively. A mean
zeropoint, obtainedfrom severalmeasurementsof standardstarsobserved throughoutthenight,
wereappliedto theinstrumentalmagnitudes.

2.3.3 Optical spectroscopy

Thedatareductionof theopticalspectroscopy wascarriedout within theIRAF environment
(packagesonedspec andtwodspec) andconsistedin severalstepsdetailedbelow.

1. Tenbiasframes,takenbeforethenight, wereaveragedby rejectingthe lowestandhighest
valuesof eachindividual pixel. The resultingmeanbiasis thensubtractingfrom the raw
scienceimage.

2. A meanflat field wascreatedby averagingfive domeflatswith a minmaxrejection. This
procedureis adaptedfor theVLT/FORS1spectroscopy. However, thepresenceof fringing
redwardof 8000Å in theESO3.6-m/EFOSC2datarequiredtheobservationsof aninternal
flat field immediatelyafterthefirst spectrumof eachtargetto removethefringing efficiently.
A responsefunctionwascreatedto correctfor thewavelengthdependenceof theflat-field
usingahigh-orderpolynomialalongthedispersionaxis(taskresponse).

3. Thebias-correctedscienceframewasthendividedby thenormalisedpolynomialfit of the
flat-field.

4. Thelocationof theaperture,thesize,andthebackgroundlevel wereestimatedinteractively
(taskapsum). Theaperturevariesfrom few pixelsupto 10or sodependingonthebrightness
of thesource.Thetraceof thespectrumwasfit throughouttheentirespectrumby a cubic
splinefunction,yielding theextractionof aone-dimensionalspectrum.

5. TheHeandAr linesweremarkedin arclampspectraandidentified(taskidentify) to createa
linearfit of thewavelengthasafunctionof thepixel number. Thetwo-dimensionalcurvature
of thearcspectrawasalsotaken into accountby thetask. Referencetablescontainingthe
accuratepositionswereavailablewithin IRAF for cross-correlationwith the observed arc
lamps.

6. The dispersionsolution was assignedto the sciencetarget accordingto the linear fit of
the wavelengthasa function of the pixel number(taskdispcor). The startingandending
wavelengthaswell asthewavelengthperpixel andthenumberof pixels wereoutputand
shouldobviously correspondto theparameterslistedin theusermanualof theinstrument.

7. The final stepwasthe flux calibrationof the sciencespectrum(taskcalibrate) expressed
in ergcm465 s4�7 Å 4�7 . This procedurerequiresobservationsof spectrophotometricstandard
starswhosedatareductionwasidenticalto thesciencetargets.Two morestepswere,how-
ever, requiredto correctfor thenon-uniformresponseof thedetectorover thewholewave-
lengthrange.Thenumberof countsfor eachstandardstarwereintegratedover bandpasses
(typically 20–50Å) to tabulatetheflux accordingto thenumberof countsat a givenwave-
length(taskstandard). A meansensitivity functionwasextractedfrom severalstandardstar
observationsto calibratein flux thesciencespectrum(tasksensfunc).
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Thecalibratedspectrawerenormalisedat 7500Å. No removal of the telluric absorptionhas
beenapplied.Optical(6000-10000̊A) spectraof thecoolestobjectsdiscoveredwithin theframe-
work of the propermotion survey are shown in Figure 2.1. Optical spectraof M dwarfs are
displayedin FigureA.2 andA.3 in AppendixA. Spectraof subdwarfsaredisplayedin Figure2.5.

2.3.4 Near-infrared spectroscopy

Thedatareductionof thenear-infraredspectroscopy conductedwith VLT/ISAACandNTT/SofI
wasdifferentfrom theopticalproceduredueto thehigherandvariablesky backgroundat infrared
wavelength.A minimum of threespectrashiftedalongthe slit by

�
100 pixels wasobtainedto

remove thesky background.Featurelessstandardswereobserved at a similar airmassto remove
thetelluric absorptionspresentin thespectraof thetargets.

The initial phaseof the datareductionrequiredthe subtractionof the sky background.The
procedureis similar to the infrared imaging as spectrawere combinedby pairs and averaged.
We subtractedthe combinedspectrafrom the remainderspectrumandsubsequentlydivided by
theresponsefunctionof theflat-field. We extracteda one-dimensionalspectrumandappliedthe
wavelengthcalibrationin a similar manneras for the optical spectra. The whole near-infrared
rangewascoveredwith threegratingsfor ISAAC in � (1.1–1.4� m),  (1.42–1.82� m), and ! �
(1.82–2.50� m). A slightly larger wavelengthrangewascoveredwith the blue (0.95–1.64� m)
andred(1.53-2.52� m) gratingsusingtheSofI instrument.We repeatedthesamedatareduction
procedurefor eachfilter.

Then,weaveragedthethreeindividualwavelength-calibrated spectraanddividedthemby the
averagedspectrumof thefeaturelessstandardobserved just beforeor after thescienceframeat a
similar airmassto getrid off thetelluric absorptions.Wemultiplied theresultingspectrumby the
blackbodyspectrumof a templatewith the samespectraltype asthe standard,smoothedto the
resolutionof thetargetspectra.To achieve thisstep,wehaveusedstellarspectraof O to M dwarfs
(Pickles1998)covering 1150–25000̊A availableat the ESOwebpage3. Thosetemplatespectra
weredegradedto the resolutionof our observationsby a simple smoothingoperation. Hence,
near-infraredspectraarenot flux-calibratedbecausethestandardstarsarenot spectrophotometric
standards,contraryto opticalspectra.This stepcan,nevertheless,beachieved by comparingthe
spectrato thenear-infrared �� 8! magnitudeswhenavailable.

Near-infrared (1.0–2.5� m) spectraof our targets,normalisedat 1.25� m, are displayedin
FigureA.4 in AppendixA.

2.4 General results of the proper motion survey

The primary selectioncriteria of the bona-fidebrown dwarf candidateswastheir significant
propermotion. The optical and/orthe infraredcoloursof the selectedobjectsprovided a rough
classificationof the target. However, spectroscopy wasmandatoryto classifyaccuratelytheob-
jectsandestimatetheir distance.Altogether, optical and/ornear-infraredspectroscopy wasob-
tainedfor about70 objectsusinga variety of telescopesandinstruments.The spectralclassifi-
cationof theselectedredpropermotionobjectsis basedon theschemesdefinedby Mart́ın et al.

3http://www.eso.org/instruments/isaac/lib/
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Figure 2.1: Optical (6000–10000̊A) spectraof the latest (M9–L2) nearby objects found in
the course of our southern sky proper motion survey. Spectra of SSSPM J2356� 3426
(M9.0),SSSPMJ2352� 2538(M9.0),SSSPMJ2307� 5009(M9.0),SSSPMJ0222� 5412(M9.0),
SSSPMJ2310� 1759(M9.5),andSSSPMJ2400� 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),arealsoshown for comparison.Spectraltypesareaccurate
to half asubclass.Telluric featureshavenotbeenremovedfrom thespectra.An arbitraryconstant
hasbeenaddedto thespectrafor clarity.
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(1999b)andKirkpatrick etal. (1999b).

Wehaveappliedtherecipedescribedin Section1.4.2in Chapter1 toassignspectraltypes,with
uncertaintiesof half a subclassor better. A brief summaryis givenhere.We have computedthe
VO-a(Table1.2;Kirkpatrick etal. 1999b),TiO5 (Table1.2;Reidetal. 1995),andPC3(Table1.2;
Mart́ın et al. 1999b)and took the averageof the threevalues. Then, we have determinedthe
spectraltypeof our targetsby comparingthespectrumwith thespectrumof a M dwarf template
observedwith thesametelescope/instrumentconfiguration.Finally, we have averagedtheresults
obtainedindependentlyby bothmethods.

Spectralindicesversusspectraltypesaredisplayedin FigureA.1 in AppendixA. Thosegraphs
clearlydemonstratethatsomedispersionexistsfor theTiO5 andVO-aindices.However, thePC3
index correlatesverywell andappearsasthemostaccuratespectralindex for oursampleof M and
L dwarfs.

The spectralclassificationof near-infraredspectrarelied on templateswith well-determined
opticalspectraltypesavailableonSandyLeggett’swebpage.As thespectralclassificationis more
accuratelydefinedin theoptical,we have favouredtheopticalspectraltyping to theinfraredone
whenthetargetwasobservedatbothwavelengths.

The sampleof propermotion objectspresentedin this chapterincludes6 subdwarfs, 10 M
dwarfswith spectraltypesearlierthanM5, 47late-Mdwarfs,four L dwarfs,andthenearestbinary
brown dwarf discoveredto date.TableA.1 in AppendixA lists67 redpropermotionobjectswith
their coordinates(in J2000),epochs,andpropermotionsin mas/yr. Theopticalandnear-infrared
magnitudesfor all targetsareprovidedin TableA.2 in AppendixA. Thevaluesof spectralindices
andthederivedspectraltypesaregivenin TableA.3 in AppendixA. Opticalspectraof thelatest
ultracooldwarfs (M9-L2) found in the survey aredisplayedin Figure2.1. Spectraof early and
late-Mdwarfsareshown in FigureA.2 andFigureA.3 in AppendixA, respectively. Near-infrared
(1.0–2.5� m) spectraaredisplayedin FigureA.4 in AppendixA.

We have estimatedthephotometricdistancesof thepropermotionobjectswithin our sample
usingthe � � � coloursversusspectraltypesrelationgivenin Dahnetal. (2002).Thoserelations
arebasedonlate-typedwarfswith parallaxmeasurementsandvalid in thespectralrangeM6.5–L8.
Dueto differencesobservedin the � filter definition(centralwavelengthandwidth),moreaccurate
distanceestimatesareobtainedwith the absolute� magnitudeversusspectraltype relationship
givenbelow (Dahnet al. 2002):

9 � $;:+*�<2: >= *�<@?BA �
SpT

whereSpT= 7 for spectraltypeM7 upto 18for spectraltypeL8, with adispersionof 0.25mag.
Apparent� magnitudesareavailablefrom the2MASSdatabasefor all propermotionobjects.For
objectswith earlierspectraltypes,we have usedtheprimarystandardslistedin Kirkpatrick et al.
(1991). The histogramof the distancedistribution of our sampleof propermotion objectsis
displayedin Figure2.2. The shadedareaincludesall objectslater thanspectraltype of M6.5.
Figure2.2shows thatmostof theobjects(

�
95%) arelocatedwithin 50 parsecsof theSun.

Uncertaintieson the photometricdistancesaregiven in TableA.2 in AppendixA. We have
usedthedispersionvalueof 0.25maggivenin Dahnetal. (2002)andconsideredanupperlimit on
theerrorof the2MASS � -bandmagnitudesof 0.1mag.Themajoruncertaintieson thephotomet-
ric distancesare,on the onehand,the uncertaintyon the spectraltype determination(generally
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Figure2.2: Distribution of thephotometricdistances(in pc) of thepropermotion objectsfound
in thecourseof our survey in thesouthernsky. Distancesandtheir uncertaintiesarelistedin Ta-
bleA.2 in AppendixA. Theshadedareaindicatesthestarswith spectraltypeslaterthanM6.5with
photometricdistancesderivedfrom theabsolutemagnitude-spectraltyperelationfrom Dahnetal.
(2002). For spectraltypesearlierthanM6, we have usedtheprimarystandardsfrom Kirkpatrick
et al. (1991).Thisgraphshows thatmostof theobjectsarewithin 50pcof theSun.

betterthanhalf a subclass)and,on theotherhand,theuncertaintyon the luminosityof thestan-
dardstars.As a consequence,thesephotometricparallaxesarenot a linearfunctionof decreasing
mass.The cosmicscatterdueto inhomogeneoussampleof objectsin termsof metallicity, age,
andspin(Kroupaetal. 1993)is negligible comparedto theuncertaintiesquotedabove.

Out of 52 propermotion objectsobserved spectroscopicallyin the optical, more than half
of themexhibit H C in emission(Figure2.3). The chromosphericactivity is very high in some
objects,with equivalentwidthsupto 15Å. Amongtheactiveobjects,18exhibit equivalentwidths
largerthan5Å. Thepeakof H C emissionoccursaroundspectraltypesM7–M8, in agreementwith
previous studiesof nearbystars(Hawley et al. 1996;Gizis et al. 2000). Nevertheless,about10
objectswith earlierspectraltypes(M4–M5) exhibit largeequivalentwidths. It is known thatthere
is a strongconnectionbetweenrotationandchromosphericactivity for in K to mid-M dwarfsbut
this trendis lessclearfor latertypedwarfs(Mohanty& Basri2003).

We have also investigatedthe distribution of the equivalent widths of two gravity-sensitive
doublets,K I at 7665/7699̊A andNaI at 8183/8195̊A asa function of spectraltype (Figure2.4
andTableA.3). TheK I doubletis resolvedat theresolutionof thespectrabut theNaI doubletis
not. Figure2.4shows thattheK I equivalentwidthsareratherconstantwith spectraltypewhereas
the NaI peakaroundspectraltype M8. Theseresultsshouldbe consideredastrendsdueto the
limited statisticsbut will becomparedwith spectroscopicresultsobtainedfor low-massstarsand
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Figure2.3: H C equivalentwidths(in Å) versusspectraltype(4 D M4, 5 D M5, 10 D L0, etc. . . )
for all propermotion objectsobserved spectroscopicallyin the optical. Filled trianglesindicate
objectswith no H C detectionat theresolutionof thespectra.

Figure2.4: Gravity featureequivalentwidths(in Å) versusspectraltype(4 D M4, 5 D M5, 10 D
L0, etc. . . ) for all redpropermotionobjectsexceptthesubdwarfsandtheobjectsobservedonly
in thenear-infrared. TheK I doubletat 7665/7699̊A is shown in the left panelwhereastheNaI
doubletat8183/8195̊A is in theright panel.
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brown dwarfsbelongingto the C Percluster(Chapter3).

2.5 Subdwarfs in the solar neighbourhood

Six subdwarfshave beenidentifiedamongoursampleof redpropermotionobjects.Thesub-
dwarfsarelisted in Table2.1alongwith their coordinates,spectraltypes,heliocentricvelocities,
estimatedmassesanddistances.

Thespectralclassificationof lower metallicity objects([Fe/H] between� 2.0 and � 1.0) than
normaldwarfs wasundertaken by Reid et al. (1995)andlater on extendedby Gizis (1997). As
describedin the latter paper, threesteps,involving TiO andCaH bandstrengthsmeasurements,
arerequiredto pin down thespectraltype. All objectsconsideredin this section(Figure2.5and
Table2.1) fulfil thecutoffs criteriadefinedby Equations4–6givenin Gizis (1997).

Table 2.1: The six subdwarfs found within the framework of the propermotion survey in the
southernsky. Names,coordinates(in J2000),spectraltypeswith anuncertaintyof half asubclass,
heliocentricradialvelocities(in km/s),estimatedmassesin solarmassesfromBaraffe etal. (1997),
anddistancesin parsecsarelisted.Errorson themassestake into accounttheuncertaintieson the
magnitudesandmetallicity.

Target R.A. (J2000) Dec(J2000) SpT V EGFIH (km/s) M (M J ) d (pc)
LP815-21 20K 28K 04.52 L 18K 18K 57.5 esdM0.0 M 122 N 20 0.200N 0.100 325 N 15
LP614-35 12K 07K 51.63 L 00K 52K 32.0 esdM0.5 M 288 N 20 0.110N 0.020 103 N 15
CE352 13K 40K 38.77 L 30K 32K 02.7 esdM3.0 L 66 N 20 0.100N 0.020 151 N 15
LP 314-67 09K 48K 05.16 M 26K 24K 18.9 sdM3.5 M 214 N 20 0.110N 0.020 151 N 15
SSSPMJ0500L 5406 05K 00K 15.77 L 54K 06K 27.3 esdM6.0 M 247 N 20 0.090N 0.020 60 N 15
SSSPMJ1930L 4311 19K 29K 40.99 L 43K 10K 36.8 sdM5.5 — 0.085N 0.020 44 N 15

Fromtheindices,threeobjects,namelyLP614-35,CE352,andSSSPMJ0500� 5406,areun-
ambiguouslyclassifiedasextremesubdwarfswith spectraltypesesdM0.5,esdM3.0,andesdM6.0,
respectively, with anaccuracy of half a subclass.The latter, SSSPMJ0500� 5406,is amongthe
coolestextremesubdwarfs foundto date.This objectis ascool asLHS 1826(esdM6.0;Gizis &
Reid1997)but warmerthanAPMPM J0559� 2903(esdM7.0;Schweitzeret al. 1999).Thesam-
ple of late-M subdwarfshasrecentlybeenextendedby thediscovery of thefirst two L subdwarfs
(Burgasseretal. 2003c;Lépineet al. 2003a).

ConcerningLP815-21,this object lies in the boundaryregion betweensubdwarfs and ex-
tremesubdwarfs(cf. Figure1 in Gizis 1997).A directcomparisonwith thespectrumof LHS489
(esdM0.0;Gizis 1997)allowedusto classifyit asaesdM0.0dueto thesimilarity of their spectra.

Anotheruncertainobject,LP314-67,appearsambiguous.Spectralindicesdefinedby Gizis
(1997)classifythisobjecteitherasasubdwarf or anextremesubdwarf or both.Directcomparison
with templatesubdwarfsandextremesubdwarfsfrom Gizis (1997)solvedtheambiguity, yielding
aspectraltypeof sdM3.5.

Finally, despitethelow signal-to-noisespectrumof SSSPMJ1930� 4311,theclassificationas
asubdwarf of spectraltypesdM5.5O 1.0couldbeestablished.

We have detectedspectralline shifts in the CaII lines at 8542and8662Å in all objectsex-
cept SSSPMJ1930� 4311, wherethe signal-to-noiseof the spectrumwas too low. The wave-
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Figure2.5: Spectraof six subdwarfsandextremesubdwarfs foundamongthepropermotionob-
jectsobserved with VLT/FORS1andESO3.6m/EFOSC2.From bottomto top areLP 815-21,
LP 614-35,CE 352, LP 314-67,SSSPMJ0500� 5406, and SSSPMJ1930� 4311 classifiedas
esdM0.0,esdM0.5,esdM3.0,sdM3.5,esdM6.0,andsdM5.5,respectively, basedon the scheme
describedin Gizis (1997).Major absorptionbandsareoverplotted.An arbitraryconstanthasbeen
addedto eachspectrumfor clarity.

lengthshifts indicatethat thoseobjectshave a radial velocity component.The computedshifts
of  3.5,  8.0, � 2.5,  6.5, and  7.0 O 0.5Å, correspondto heliocentricradial velocitiesof
 122,  288, � 66,  214, and  247 O 20km/s for LP815-21,LP614-35,CE 352, LP314-67,
SSSPMJ0500� 5406,respectively (Table2.1).

Themetallicityof subdwarfsandextremesubdwarfs,definedhereastheiron tohydrogenratio,
is estimatedas[Fe/H]= � 1.2 O 0.3and[Fe/H]= � 2.0O 0.5,respectively. Theenhancementof the
oxygento iron ratiooriginatingfrom theproductionof oxygenin typeII supernovaeis takinginto
accountin the computationof the metallicity (Baraffe et al. 1997). Hence,we have computed
the physicalparametersof all subdwarfs (Table2.1), including distanceandmass,accordingto
theevolutionarymodelsfrom Baraffe et al. (1997)at anageof 10Gyr. Theerrorson themasses
includeuncertaintieson themagnitudesaswell asuncertaintieson themetallicity.
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2.6 An active M8.5 dwarf wide companion to a M4/DA binary

We have recentlydiscoveredanactive late-M dwarf asa wide companionto a M4/DA binary
systemwithin theframework of ourpropermotionprogram(Scholzetal. 2004).

APMPM J2354� 3316Cwasfirst detectedin the UKST
� �

and � plateswith a subsequent
detectionin the � and � bandsfrom SuperCOSMOSSky Surveys at differentepochs.We have
selectedthisobjectasafield brown dwarf candidatebasedon its largepropermotion(about0.5	 	 )
andredopticalcolour( � –� � 2.7).Later, weidentifiedit asacommonpropermotionto analready
known binary, consistingof a mid-M dwarf (LHS4039)anda white dwarf (LHS4040).Thepair
wasoriginally discoveredby Luyten (1979)duringhis Brucepropermotionsurvey anda recent
spectralclassificationby Oswalt, Hintzen,& Luyten (1988)assignedspectraltypesof dM4 and
DA5+ to LHS4039andLHS4040,respectively. Thephotometricdistanceof thepair is estimated
to 21pc in theARICNS databasefor nearbystars4. Thetriple systemis thefirst M4/white dwarf
pair complementedby a late-M dwarf component,all threebeingwidely separatedandsuitedfor
detailedfollow-up observations.

Two optical spectraof APMPM J2354� 3316Cwere obtainedon 3 October1999 with the
EFOSC2cameramountedon the3.6-mtelescopeat La Silla. Onespectrumwastaken with the
grism#1covering the wavelengthrange3200–10900̊A. The spectrumof the objectwastypical
of a late-M dwarf and consideredas a possiblebrown dwarf. Hence,a secondhigher resolu-
tion spectrum(R

�
600),exposed900sec,wasobserved during thesameobservingrun with the

grism#12,covering 6000–10000̊A (thin line in Figure2.6). The datareductionfor the second
spectrumwasstandardandis describedin � 2.3. ThePC3index definedby Mart́ın et al. (1999b)
yieldeda spectraltypeof M8.7 while theVO-aindex from Kirkpatrick et al. (1999b)gave M8.3.
A directcomparisonwith templatespectra(M7.5–M9.5)from Kirkpatrick et al. (1999b)aswell
aswith late-Mdwarfsfrom otherpropermotionobjectsobservedwith thesametelescopeconfig-
urationledto aspectraltypeof M8.5,with anuncertaintyof half asubclass.Comparingthe �� P! �
magnitudesfrom 2MASSandtheabsolutemagnitudesof two M8.5 dwarfsgivenby Dahnet al.
(2002),wehavederivedaspectroscopicdistanceof 19.5pc, in goodagreementwith theARICNS
estimate.

WeobservedAPMPM J2354� 3316Cwith low-resolution(R= 600)spectroscopy in thenear-
infrared (0.9–2.5� m) on 25 November2001with the cameraSofI mountedon the NTT at La
Silla. The datareductionof the near-infrared spectrumwas identical to the other targetsand
is describedin � 2.3. The comparisonwith infrared spectraavailable on Leggett’s web page
yieldeda spectraltype of M8, with an uncertaintyof half a subclass,consistentwith theoptical
classification.However, sincetheopticalclassificationschemeismoreaccuratelydefined,wehave
assignedaspectraltypeof M8.5 O 0.5to APMPM J2354� 3316C.Thenear-infraredclassification
of M8.0 wouldplacetheobjectatadistanceof 25pcby comparisonwith four M8 dwarfslistedin
Dahnetal. (2002).

Weobtainedanew low-resolutionopticalspectrumof APMPM J2354� 3316Con8 December
2002with thesametelescope/instrumentconfigurationasthepreviousopticalspectrum(EFOSC2;
grism#12). The datareductionwasalso identical for both spectra.Both calibratedspectraare
overplottedin theupperpartof Figure2.6.Thespectrumtakenin October1999is shown asathin

4http://www.ari.uni-heidelberg.de/aricns/
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Figure2.6: Top: Flux calibratedspectraof APMPM J2354� 3316Cin quietstate(thin line) from
1999andwith strong  RQ emissionin 2002(thick line). Bottom: Thedifferencespectrum,which
is a perfectblue veiling continuumplus  Q at 6563.8Å andHeI at 6678.1Å in emission,with
equivalentwidthsof 61.4 O 5.0Å and2.3 O 0.5Å, respectively. FromScholzet al. (2004).

line whereasthe2002spectrumis displayedasa thick line. The lower partof Figure2.6 shows
theresultaftersubtractingthespectrumobtainedin 1999from the2002spectrum.

Thedifferencebetweenthetwo spectraof thesameobject,takenwith thesameinstrumental
set-up,is striking. Not only doesthe recentspectrumexhibit a large  RQ emissionline, but a
very strongblue continuumis alsopresent,makingthe optical colour of the objectbluer in the
active state.Many otherlate-M dwarfswereobservedduringthatnight andnoneof themexhibit
sucha blue continuum. Furthermore,a look at the raw imageimmediatelyrevealeda peculiar
behaviour below 7500Å, excluding an incorrectdatareduction. Unfortunately, we are lacking
anotheropticalspectrumof APMPM J2354� 3316Cduringthatnight (andtheobservingrun) so
thatthedurationin timeof theeventis unknown. NotethatAPMPM J2354� 3316Chasalsobeen
targetedin X-raysbut no excesswasdetectedat thepositionof theobjecton 13 December2001,
suggestinganinactive stateat thattime.

Theflarespectrumof APMPM J2354� 3316Cexhibit strongH C at6563Å andHeI at6678Å
emissionlines aswell (Figure2.6), with equivalent widths of 61.4 O 5.0Å and2.5 O 0.5Å, re-
spectively. The flux containedin the H C emissionline during the flare spectrumwas (+*�: �
A = 4�7TS ergcm465 s4�7 whereasthe flux in the quiescentstatewas ,+* = � A = 4�7�U ergcm465 s4�7 . As-
suminga distanceof 21 pc, the H C luminosity VXW�Y is of about AZ*�, � A =25\[ ergs4�7 during the
flare and abouta factor 60 less in quiescence.Using absolutebolometricmagnitudesof two
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M8.5 dwarfs given in Dahn et al. (2002), we have derived a meanbolometric luminosity of
V^])_ � $`AZ*aA � A =2b3c ergs4�7 .

Thebluecontinuumseenin theflarespectrumof APMPM J2354� 3316Cis steeperby afactor
of two comparedto thecontinuumdetectedin theM9.5 dwarf 2MASSWJ0149 29 (Liebertetal.
1999). However, the resulting V^WdYfe@V^])_ � ratios in the flare andquiescentstatesarecomparable
for bothobjects(1.4

�
1046b versus2.5

�
1046b and2.4

�
1046g versus2.5

�
1046g ). A comparable

flarespectrumwasnoticedin thenearbyM8 dwarf, LHS 2397a(Bessell1991),recentlyresolved
asa binary systemwith a tight brown dwarf companionat a separationof approximately3AU
(Freedet al. 2003). We speculatethat APMPM J2354� 3316Ccould be orbitedthusby a tight
brown dwarf. If it turns out that APMPM J2354� 3316C is similar to LHS 2397a,the triple
systemdiscussedherewouldactuallybeaquadruplesystemwith two widebinariesataseparation
of 2200AU, constitutedof aM4/whitedwarf andaM8.5/brown dwarf, respectively.

2.7 Two M dwarfs within 10 pc

McCaughrean,Scholz, & Lodieu (2002b) reportedthe discovery of two bright (K � � 9.5
mag)late-M dwarfsof spectraltypesM7.5 andM8 within 10pc with propermotionslarger than
0.30	 	 /yr.

Tofind thesenearbyreddwarfsin thesouthernsky, weselectedall 2MASSobjectswithoutop-
tical counterpartin theUSNO-A2cataloguebut a counterpartwithin 60	 	 in theNLTT catalogue
as bona-fidecandidates.After applying a colour selectionsuchas mh –! �di 6.0, two objects,
namelyLP775-31andLP655-48,stoodout from the remainingshort list. The full astrometric
andphotometricdatafor LP775-31andLP655-48areprovided in Table2.2. Note that LP655-
48 was identified with a bright X-ray source(1RXS J044022.8� 053020; Vogeset al. 1999).
Other late-typeM dwarfs with comparablebrightnessincludethe brown dwarf LP944-20(Tin-
ney 1998), the M9 dwarf DENISPJ104814.7� 395606reportedby Delfosseet al. (2001),and
2MASSIJ1835379 325954at6pc recentlydiscoveredby Reidetal. (2003).

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

Name Q+jlk Epoch m YonTp3q�k msr t u � W vxw
(J2000) mas/yr mas/yr (SSS) (2MASS)

LP775-31 043516.14 4 160657.5 1998.9 y 160 z 4 y b3c3g z S 16.35 12.36 10.40 9.78 9.34
LP655-48 044023.33 4 053007.9 2001.8 y 335 z 2 y 7�b{7 z 5 16.50 13.17 10.68 9.99 9.56

SSSPM0219 021928.03 4 193841.0 1999.9 y 194 z 4 4�7�[#b z c3U 20.13 17.46 14.09 13.30 12.83
SSSPM2310 231018.53 4 175909.4 1998.1 y 24 z 17 465#S\U z 7�b 20.52 17.67 14.40 13.58 13.01
SSSPM0109 010901.29 4 510051.1 1990.8 y 207 z 4 y}| S z 737 18.21 14.80 12.23 11.54 11.09

Weobtainedopticalspectroscopy (6000–10000̊A) of LP775-31andLP655-48with theEFOSC2
cameramountedon theESO3.6-mtelescope.Thenormalisedspectraaredisplayedin Figure2.7
alongwith thoseof LP944-20(M9) andtheM7 dwarf 2MASS095229� 192431(Gizisetal.2000)
for comparisonpurposes.

We assignedspectraltypesof M7.5 andM8 to LP655-48andLP775-31,respectively, with
anuncertaintyof half a subclass.Spectralindices,includingthePC3(Mart́ın et al. 1999b),TiO5
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(Reidet al. 1995),andVO-a(Kirkpatrick et al. 1999b)led to similar results.Thespectralindices
foundfor thecomparisonobjects(2MASS095229� 192431andLP944-20)arein goodagreement
with publishedvaluesaswell.

Figure2.7: ESO3.6-m/EFOSC2spectraof LP775-31andLP655-48(McCaughreanetal. 2002b),
comparedwith thoseof LP944-20,a known brown dwarf (Tinney 1998), and the M7.0 dwarf
2MASSJ0952219� 192431(Gizis et al. 2000).Thelocationof typical featuresof late-M dwarfs
arelabelled,includingmetaloxideandhydrideabsorptionbands,atomicabsorptionlines,lithium
absorption,andH C emission.An arbitraryconstanthasbeenusedto separatethespectra.

Independently, Cruz& Reid(2002)classifiedbothstarsasM6 dwarfs,while Cruzetal. (2003)
revised the spectraltypesandassignedM7 to both objects. The direct spectroscopicevidence
presentedin Figure2.7 favourslaterspectraltypes.

Basedon the absolutemagnitudesof known objectswith the samespectraltypes,we have
deriveddistancesof 8.0 O 1.6pcand6.4 O 1.4pc for LP655-48andLP775-31,respectively. If the
spectraltypesestimatedby Cruz& Reid(2002)arecorrect,thedistanceswill beroughlytwiceas
large for bothobjects.Thoseassignedby Cruz et al. (2003)would yield distanceswithin 10pc,
confirmingourfindings.

Furtherobservationsareneededto checkthebinarityof thoseobjectsandobtaintrigonometric
parallaxes.If distanceswithin 10pcareconfirmed,LP655-48andLP775-31would representnew
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benchmarkdwarfsallowing detailedfollow-up observationsandsearchfor planetarycompanions
with futuremissionssuchasDARWIN and/orTPF.

2.8 Three new ultracool dwarfs in the solar neighbourhood

Lodieuet al. (2002b)reportedthediscovery of threeL dwarfs in thesolarvicinity within 30
parsecs.We found the threeobjectsby combining

���
, � , and � measurementsfrom theUKST

platesand � -banddatafrom ESOSchmidtplateswithin the framework of a searchfor objects
with typicalpropermotionsof 0.15–0.20	 	 /yr onplateswith 15–20yearsepochdifferences.

The basicsearchstrategy consistedat looking for objectson a given platewhich werenot
matchedwith a correspondingobjectin a differentpassbandto within a nominalsearchradiusof
3 arcsec.Thisprocesswasrepeatedfor eachavailablephotographicplateatagivenlocationonthe
sky. Then,we comparedthereducedcataloguesof unmatchedobjectsto look for possiblecoun-
terpartsout to asearchradiusof 1 arcmin.We identifiedaspropermotioncandidatesonly objects
picked up at leastthreetimesalonga straightline. Furtherpositionalinformation,including the
2MASSdatabase,wasaddedto refinethesedetections.

As all threeobjectswere discovered in the SuperCOSMOSSky Surveys data,we named
themasfollows: SSSPMJ0219� 1939(hereafterSSSPM0219),SSSPMJ2310� 1759(hereafter
SSSPM2310),andSSSPMJ0109� 5101(hereafterSSSPM0109).A full astrometricandphoto-
metricinformationfor SSSPM0219,SSSPM2310,andSSSPM0109is givenin Table2.2.

We obtainedlow-resolution(R
�

600) optical (6000–10000̊A) spectraof SSSPM0219and
SSSPM2310with ESO3.6-m/EFOSC2andnear-infrared(0.9–2.5� m) spectrafor all threeobjects
with NTT/SofI in December2001(Figure2.8). Optical spectrawerenormalisedat 7500Å and
near-infraredspectrawereadjustedto theopticalspectraaround9700Å thanksto theoverlapping
region betweenthe EFOSC2andSofI data. The observingprocedureanddatareductionwere
standardandaredescribedin � 2.2and � 2.3,respectively.

The spectralclassificationfor SSSPM0219and SSSPM2310was basedon optical spectral
indicesdefinedby Kirkpatrick et al. (1999b)andMart́ın et al. (1999b)whereastheclassification
of SSSPM0109wasentirely basedon the near-infraredspectralindicesdefinedby Tokunaga&
Kobayashi(1999), Testi et al. (2001), Reid et al. (2001a),and Geballeet al. (2002). Lodieu
et al. (2002b)publishedspectraltypesof L1, L2, and L2 for SSSPM2310,SSSPM0219,and
SSSPM0109,respectively.

However, in themeantime,we have obtainedanopticalspectrumfor SSSPM0109aswell as
for M andL dwarf templateswith known spectraltypesusingthe sameinstrumentsetup. The
sampleof templateobjectsincludesLP944-20(M9.5), BRI0021-0214(M9.5), andKelu-1 (L2).
Unfortunately, it is now apparentthat the publishedclassificationswere in error andwe revise
herethe spectraltypesof SSSPM0109,SSSPM2310,andSSSPM0219to M8.5, M9.5, andL1,
respectively, with an uncertaintyof half a subclass.We have noticeda significantdiscrepancy
betweentheopticalandthenear-infraredclassificationfor SSSPM0109.Possiblereasonsfor the
differencemight be:

1. Tokunaga& Kobayashi(1999)definedtwo spectralindicesK1 andK2 (seeTable1.3)based
on higherresolutionspectroscopy thanourdataandon narrow-bandphotometry.
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Figure 2.8: Low-resolution (R ~ 600) optical (6000–10000̊A) and near-infrared (1.0–2.5� m)
spectraof SSSPM0109(M8.5), SSSPM2310(M9.5), and SSSPM0219(L1) obtainedwith
ESO3.6-m/EFOSC2andNTT/SofI, respectively. Spectraarenormalisedat 7500Å. Regionsof
strongtelluric absorptionaround1.4 and 1.9 � m have beenremoved for clarity. An arbitrary
constanthasbeenaddedin intensityto separateeachspectrum.

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

3. Geballeet al. (2002)hasrecentlyconcludedthat thewatersteamindex at 1.5 � m is a good
spectraltype discriminantacrosstheL-T sequencesbut its valuesexhibit large dispersion
for M8–L2 dwarfs.

Basedon trigonometricparallaxesof late-Mandearly-Ldwarfsandon spectraltype/absolute�
magnituderelationshipsproposedby Dahnetal. (2002),wehaveinferreddistancesof 37 � 7pc,

35 � 1pc,and30 � 16pc for SSSPM0109,SSSPM2310,andSSSPM0219,respectively. Wehave
derived tangentialvelocitiesof 43 � 10km/s, 51 � 2km/s, and 93 � 50km/s for SSSPM0109,
SSSPM2310,andSSSPM0219,respectively. The errorsarelarge, particularly for SSSPM0219
asthey originatefrom two differentestimates.On the onehand,distancesarederived from the
spectraltypesand,on theotherhand,from the ��� �

colours.Measurementswerein goodagree-
mentfor SSSPM0109andSSSPM2310,but discrepantfor SSSPM0219.
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From the optical and infraredcolours,SSSPM0219is actuallybluer SSSPM2310although
classifiedaslater type. It might eitherbetheeffect of a closecompanionor theresultof thedis-
persionin optical-to-infraredandinfraredcoloursof L dwarfs(Hawley etal. 2002).Thepublished
� magnitudesarephotographicmagnitudes,and,thus,subjectto largeuncertainties.

Thus,theseobjectsarenotL dwarfswithin 30pcasclaimedin Lodieuetal. (2002b)but ultra-
cooldwarfslikely between30and40pc. Their radialvelocitiesareconsistentwith thekinematics
of diskstars.

We have recentlyincludedthoseobjectsin a sampleof
�

15 ultracoolM8.5–L2 dwarfs for
high-resolution(R

�
16000at 6000Å) spectroscopy (5750–7310̊A) with VLT/FORS2to search

for lithium at 6708Å. We have alsoincludedthe well-known M9.5 brown dwarf, LP944-20,as
a templatesincelithium waspreviously detectedvia echellespectroscopy usingESO3.6-m/CES
spectrograph(Tinney & Reid1998).Thedataarenow in handandawait analysis.Thedetection
of lithium in objectslaterthanM8 wouldplaceanupperlimit on theirmassandaddconstraintsto
their ages.

2.9 � Indi Ba,Bb: the nearest binary brown dwarf

Scholz, McCaughrean,Lodieu, & Kuhlbrodt (2003) announcedthe discovery of a bright
( ! � � 11.2mag)T2.5dwarf at3.626pc from theSun,asacommonpropermotion(4.7	 	 /yr) com-
panion(projectedphysicalseparation

�
1500AU) to thenearbyK5V star � Indi A (HD209100).

We usedthe UKST
� �

, � , and � platesas well as the ESO � platesas startingpoint for
the selectionprocedure.We selectedall objectsbrighterthan � = 17 with no counterpartwithin
6 arcsecon the UKST

���
andESO � photographicplates. � Indi B wasamongthe candidates

but hada UKST � platecounterpart.Visual inspectionof thefinding chartsrevealedthat the �
detectionwasassociatedwith thediffractionspike of a bright star, namely � Indi A. Furthermore,
onanoverlapping� platewith anepochdifferenceof just two years,theobjecthadclearlyshifted,
yielding a large propermotion of 4.7	 	 /yr identical to one of � Indi A. Thus, we ‘discovered’
� Indi B just 7 arcminaway on thesky (correspondingto a physicalseparationof 1459AU) from
� Indi A. Theredopticalandbluenear-infraredcoloursof � Indi B immediatelysuggestedthatthe
objectbelongsto thenewly-definedT class(Kirkpatrick et al. 1999b).

A few dayslater on the night of 16–17November2002,Bjoern Kuhlbrodtobtaineda near-
infrared spectrumof � Indi B with the SofI instrumentmountedon the NTT. Threespectraof
� Indi B, shiftedby about100 pixels,weretaken alongwith a standardstarat a similar airmass.
Thedatareductionwasstandardfor near-infraredspectroscopy andis describedin � 2.3.Thefinal
normalisedspectrum(0.9–2.5� m) is displayedin Figure2.9alongwith thelocationof prominent
waterandmethaneabsorptionbands.

We assigneda spectraltype of T2.5 O 0.5, accordingto the near-infraredindicesdefinedby
Burgasseret al. (2002)andGeballeet al. (2002)anddirect comparisonwith T dwarf templates
availableatBurgasserandLeggett’s5 webpages.

� Indi A is amongthe20 nearestsystemsto theSunandhasan accurateHipparcos parallax
measurement,yielding a distanceof 3.626O 0.010pc. Basedon rotationalpropertiesof � Indi A,

5ftp://ftp.jach.hawaii.edu/pub/ukirt/skl/dT.spectra/



66 Propermotionsurvey for nearbyreddwarfsin thesouthernsky

Figure2.9: Originalnear-infraredspectrumof � Indi B obtainedwith NTT/SofI from Scholzetal.
(2003).Regionsof strongtelluric absorptionaround1.4and1.9 � m havebeenremovedfor clarity.
The locationsof prominentH 5 O and CHS absorptionbandsin the atmosphereof � Indi B are
indicated.Also labelledaretheK I at 1.25� m andtentative detectionsof K I doubletat 1.52� m
andtheNaI doubletat 2.33� m.

Lachaumeet al. (1999)inferreda meanvaluefor theageof 1.3y c{� [46c{� g Gyr. Hence,we derived the
following physicalparametersfor � Indi B:

T �)� = 1270K
log(L/L � ) = � 4.67

R = 0.097R�
M = 40–60M �3���

Following our discovery, we submitteda Hubble Space Telescope (HST) proposalto search
for a possible(planetary)companion,aswell asa VLT proposalfor a detailedphotometricand
spectroscopy study, includingadaptive optics,of thisnew benchmarkT dwarf. TheHSTproposal
wasrejected6 andtheVLT proposalwasgranted20hservicemodeobservingtime in spring2004.

6Commentsfrom the HST Time Allocation Committeewere: Strengths:This seemsto be the possibility to find
a planetcompanionto a brown dwarf. Useof the HST/ACS is well justified. Weaknesses:Very expensive to look
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Meanwhile,commissioningof anew differentialmethaneimagingsystemonNAOS/CONICA
mountedon theVLT took placeand � Indi B waschosenasa referenceby Laird Closeandcol-
laborators.And, surprise! � Indi B wasresolvedinto abinarysystemwith a separationof approx-
imately0.7	 	 . Following therecognitionof thebinary, a collaborationstartedbetweenusandthe
observers.Few dayslater, observersat theGeminiObservatoryresolved � Indi B into abinaryand
announcedtheir discovery in the IAU circular n

�
8188on 27th August2003(Volk et al. 2003).

A quick look into theESOArchive revealedthat thecompanionwasalreadydetectablein short,
0.6 arcsecFWHM seeingVLT/FORS1acquisitionimagesobtainedwithin the framework of a
polarimetricprogramfor brown dwarfscarriedout in June20037. Thebinarynatureof � Indi B
washowevernotnoticedat thattime. Dueto its largepropermotion,bothcomponentsof � Indi B
movedby 0.8arcsecin two months,confirmingtheirphysicalassociation.

Immediatelyafter the VLT discovery, we conductedadaptive optics observationswith the
infraredwavefrontsensingcapabilityof theNAOS/CONICAsystem.Despitethenaturalseeingof
0.5	 	 FWHM, we obtainedsharp(0.08arcsecin the ! � band)near-infraredimagesof the � Indi B
binaryT dwarf. Thefield-of-view of theS27NACO camerais 27.7

�
27.7arcsecwith animage

scaleof 27.07O 0.05milliarcsecperpixel. Thetotal integrationtimein eachfilter was90seconds.
No other sourcethan the � Indi Ba,Bb systemwas detectedin the field-of-view (Figure 2.10).
The meanseparationof both componentsis 0.732O 0.002arcsec,correspondingto a projected
physicalseparationof 2.65 O 0.01AU at thedistanceof thesystem.

Figure2.10:NACO broad-bandnear-IR adaptive opticsimagesof the � Indi Ba,Bbsystem,with
� ,  , and ! � from left to right (McCaughreanet al. 2004). Eachimageis a 5.4

�
5.4 arcsec

(19.6
�

19.6AU at3.626pc)subsectionof thefull 27.7
�

27.7arcsecNACOS27camerafield-of-
view. Theangularresolutionsare

�
116,100,and84 masFWHM at � ,  , and ! � , respectively.

North is up,Eastleft: � Indi Bb is thefaintersourceto thesouth-east.Theintensitiesaredisplayed
logarithmically. No othersourcesaredetectedin any filter acrossthewholeNACOfield-of-view.

We alsoobtainedmoderate-resolution(R
�

1000)  -bandspectroscopy for bothcomponents
with theNAOS/CONICAlong-slit mode,covering1.5–1.85� m, with antotal on-sourceintegra-
tion time of 24 minutes. Observationsof a nearbyG2V star (HD209552)were madeshortly
afterwardsto measurethetelluric absorption.Tungsten-illuminatedspectraldomeflatswerealso

for somethingthat might not be there. If nothingis found in first 4 orbits,how will the remaining8 orbits be used?
Observationsin 3 epochsareunnecessary, two would do.

7Polarimetricprogramme72.C-0575(A)for brown dwarfsfrom Ménard,Delfosse,& Monin
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takenwith thesameconfigurationat theendof thenight. Theresulting  -bandspectrafor both
componentsalongwith themajorwaterandmethaneabsorptionbandsareshown in Figure2.11.
We assignedspectraltypesof T1 andT6 to � Indi Ba and � Indi Bb, respectively, accordingto the
spectralindicesfrom Burgasseretal. (2002)andGeballeetal. (2002).

Figure 2.11:  bandspectraof � Indi Ba and � Indi Bb from McCaughreanet al. (2004). The
spectralresolutionis

�
17Å FWHM, yieldingR

�
1000.Fluxcalibrationwasmadebyconvolving

thespectrumof � Indi Bb with the2MASS  filter profile andassuminga 2MASSmagnitudeof
 = 11.51. The excellent signal-to-noiseof the spectrais seenin the relatively smooth1.58–
1.62� m range;the ‘ripples’ shortward of 1.56� m and longward of 1.72� m are real features,
predominantlydueto H 5 O andCHS but alsopossiblyin partdueto FeH. ThedeepdoubleCHS
absorptiontroughseenin bothsourcesat 1.67� m is alsoseenin theT6 dwarf Gl 229B (Geballe
etal 1996),asis theadjacentabsorptionfeatureat1.658� m seenin � Indi Bb.

The physicalparametersof both components,� Indi Ba and � Indi Bb, canbe estimatedby
combiningindividualmagnitudesandspectraltypeswith theaccuratedistanceof 3.626pcandthe
meanagevalueof 1.3Gyr for � Indi A. We have employedtheevolutionarymodelsfrom Baraffe
etal. (1998)to derive thephysicalparameterslistedbelow. Theparametersof � Indi A aregivenas
well for comparisonpurposes.Uncertaintiesin theeffective temperaturesare O 40K and O 20K
for � Indi Ba and � Indi Bb. Uncertaintieson themassesare10M �3��� and7M �\�{� for � Indi Ba and
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� Indi Bb andaredominatedby theageuncertainty. A cumulative errorof about20% affectsthe
determinationof theluminositydueto uncertaintiesin T dwarf bolometriccorrection.

� � Indi A (K5V) T �)� = 4200K R= 0.72R� log(L/ L � ) = � 0.16 M = 0.63M �� � Indi Ba (T1V) T �)� = 1276K R= 0.091R� log(L/ L � ) = � 4.71 M = 47M �\�{�� � Indi Bb (T6V) T �)� = 854K R= 0.096R� log(L/ L � ) = � 5.35 M = 28M �\�{�
To concludeon this very interestingobject(s),we would like to mentionthatphotometricand

spectroscopicdataof the � Indi Ba,Bbsystemobtainedwith FORS2andISAAC on the VLT in
thewavelengthrange0.6–5.0� m arenow in handandawait analysis.Accurate�� P! V 9 photom-
etry will beextractedfor bothcomponentsaswell asa goodsignal-to-noisemoderate-resolution
spectrumfrom 1.0to 5.0 � m.

Few mid-infrareddataareavailablefor T dwarfsto dateand,in particular, goodqualityspectra
longwardsof 3.0 � m. On the onehand, � Indi Ba is a transitionobjectwhererefractoryspecies
are depletedand rain out in the atmosphereto form cloudsas in Jupiter. On the other hand,
� Indi Bb hasanatmospherewherethedusthasentirelysettledout. Themodellingof thespectral
energy distribution of eachT dwarf componentrepresentsa majorchallengeto theunderstanding
of brown dwarf atmospheres.Moreover, the detectionof the methanebandat 3.3 � m in both
componentswill addconstraintsto theunderstandingtheverticalmixing involvedin brown dwarf
atmospheres.To date,theonly modellingof the3.3 � m methanebandrelieson a poorsignal-to-
noisespectrumof theT6 dwarf, Gl229B(Saumonetal. 2000).

Theotherinterestingadvantageof the � Indi B systemis theopportunityto derive dynamical
massesfor thesystemwithin a few years,accordingto therelatively shortorbit of approximately
15 years.Finally, theultimategoalwill be to obtainthe individual masses,independentlyof the
evolutionary modelsin order to test their reliability. The � Indi B systemis currently the only
binarybrown dwarf with accuratespectralclassificationandmassestimatesfor bothcomponents.

Becausethe � Indi B systemis close,bright, and hasa short orbit, it will become,to my
opinion,oneof themostextensive studiedsystemin thecomingyearsandprovide vital cluesfor
understandingtheatmospheres,formation,andevolution of brown dwarfs.

2.10 Conclusions on the proper motion survey and outlook

We have presentedin this chapterthe photometricandspectroscopicresultsof an on-going
propermotion survey in the southernsky focusingon the searchfor low-massstarsandbrown
dwarfs in thesolarneighbourhood.Opticalandnear-infraredspectroscopy hasrevealeda variety
of objectswithin 50 parsecs,including6 subdwarfs,57 M dwarfs,four L dwarfs,andtheclosest
binaryT dwarf to date, � Indi Ba,Bb. New redpropermotionselectedasbrown dwarf candidates
have beenalreadyobservedspectroscopicallyin theopticalandawait analysis.

Futurepossibleobservationsof someinterestingobjects,presentedin this chapter, have al-
readybeenobtainedor areforeseen.

� High-resolution(R
�

20000)spectroscopy of ultracooldwarfs(M8.5–L2)belongingto our
sampleof propermotion objectsto detectthe lithium absorptionline at 6708Å. The de-
tectionof lithium in theatmosphereof thesenearbyobjectswill setanupperlimit on their
massandconstraintheir age.This programhasalreadybeengrantedtime at theVLT and
spectraof about15objectsarenow in hand.
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� High signal-to-noiseoptical andinfraredphotometry( �d���3�� 8! V 9 ) aswell asmoderate-
resolutionspectroscopy (0.6–5.0� m) of eachcomponentof the � Indi B systemto constrain
atmosphericmodelsof brown dwarfs. The near-infrareddatahave beenalreadyobtained
with VLT/ISAAC andawait analysis.

� Thedeterminationof theparametersof theorbit of the � Indi B systemwill provide thetotal
massof the system. Several epochshave beenobserved with the adaptive opticssystem
on the VLT. The ultimateaim is to determinedynamicallythe individual massesof each
componentto testevolutionarymodelsin the substellarregime. This canbe achieved by
measuringtheorbital-motioninducedradialvelocity variationsin oneof thecomponent.

� Highspatialresolutionimagingfromspacewith Hubble or fromthegroundwith VLT/NACO
for exampleto verify the presenceof a tight brown dwarf companionto the M8.5 active
dwarf APMPM J2354� 3316C.Sucha discovery would provide anexplanationfor theob-
servedpeculiarspectrum.

� Adaptive optics imagingof the two nearbylate-M dwarfs within 10 parsecsto searchfor
possiblebrown dwarf or planetarycompanions.

The work presentedin this chapterrepresentsa first step in the characterisationof brown
dwarfs.However, largeuncertaintiesremainregardingtheageandthedistanceof nearbyobjects.
As brown dwarfs cool off with age,the ideal placeto unearthbrown dwarfs at a given distance
andwith a homogeneousageareyoungopenstellarclusters. We will presentin the following
chaptersthe latestresultsof a near-infraredwide-fieldsurvey in the C Percluster(Chapter3) as
well asa detailedoptical andnear-infraredphotometricstudyof the pre-main-sequencecluster
Collinder359(Chapter4).


