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ABSTRACT

New AAT nearinfrared and SEST?CO J = 2 — 1 obsenationsare combined
with existing ISO mid-infraredandATCA cmradiocontinuumobsenationsto exam-
ine the protostellarcontentof the Bok globule BHR 71. Togethemwith obsenationsof
Herbig-Haroobjects thesedatashow: (1) Two protostellarsources]RS1andIRS2,
with a separatiorof ~17” (3400AU) arelocatedwithin BHR 71. (2) Eachprotostar
is driving its own molecularoutflow. Theoutflow from IRS1is muchlargerin extent,
is moremassve, anddominateghe CO emission.(3) Both protostarsare associated
with Herbig-Haroobjectsandshockexcited2.122um H» v=1-0S(1)emissionwhich
coincidespatiallywith their CO outflows. (4) IRS1is associatedvith cm continuum
emissionwith aflat or rising spectrumwhich is consistentwith free-freeemissiona
signposibf protostellarorigin.

Subjectheadings:ISM: globules— ISM: individual (BHR 71) — ISM: jetsandout-
flows — stars:formation— stars:binaries:general— stars:pre-main-sequence

1. Intr oduction

BHR 71 (Bourke etal. 1995a,b)is a well isolatedBok globule locatedat ~200 pc, which
harborsa highly collimatedbipolar outflow (Bourke etal. 1997 — hereafteiB97). The outflow is
drivenby avery youngClass0 protostamwith aluminosity of ~9 L.

This paperbringstogethemew obsenationswith existing obsenationsto shav thatBHR 71
containstwo embeddedrotostarswith a separatiornf ~3400 AU. Eachprotostaris driving a
molecularoutflow seenin CO, but only oneappeargo be associatedavith a substantiabmountof
circumstellarmaterial. The obsenationssuggesthat BHR 71 may containan embeddedinary
protostellarsystem.
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2. Obsewations

Nearinfrared obsenationswere undertalen with the 128x128 HgCdTe array cameralRIS
onthe Anglo-AustralianTelescopd AAT). Mountedat thef/36 CassgrainfocusIRIS provideda
field of view of approximatelyl00” with aresolutionof 0779 pixel™t. A 4x4 mosiacatK’ (2.11
um) with 90" offsetsbetweerframeswasobtainedon 1992Februaryl5, with anintegrationtime
of 200s/frame A 3x 3 mosaicin the H, v=1-0S(1)transitionat 2.12 um (1% bandpassyvith 80"
offsetswas obtainedon 1993 Januaryll, with an integrationtime of 60s/frame. Standarddata
reductionwasperformedwith the Starlink FIGARO datareductionpackage.

Obsenationsof the 1°CO J =2 — 1 transitionat 230537.99MHz were obtainedwith the
15-mSwedishESOSubmillimetreTelescopdSEST)during2000May. Thebackendusedwasan
acousto-opticaspectrometeproviding a channekeparatiorof 43 kHz (0.055km s 1) over 2000
channelsTheobsenationswereperformedn dualbeam-switchingnodewith a beamseparation
of 12/47" in azimuth. Systemgemperaturesf 220K wererecordedduring the obsenations. A
small13 pointmapwith 30" offsetsaboutthe positionof theembeddedourceBHR 71-mm(B97)
wasmade with anintegrationtime of 60s/point.The beamsizeat this frequeng is ~23".

BHR 71 wasobsened by the Infrared SpaceObsenatory (ISO) on 1996 August19 aspart
of programDMARDONE. Obsenationsin theLW2 (5.0-8.5um) andLW3 (12.0-18.Qum) bands
were obtainedwith a field of view of ~90". Full detailsof the obsenationscanbe foundin van
denAncker, Mardones& Myers(2001;seealsoMyers& Mardonesl998).

TheAustraliaTelescopeCompactArray (ATCA)! wasusedto obtainimagesof BHR 71 at3
and6 cm (8.64and4.80GHz respectrely) aspartof programC368(Wilner etal. 2001). Obser
vationsweremadeon 1994 Novemberl2 with the 6D configuration,observingboth frequencies
simultaneouslyvith 128 MHz bandpassed.hedatawasreducedvith MIRIAD andimagedusing
naturalweighting, resultingin beamsize®f ~2” at 3 cm and~4" at 6 cm. Full detailscanbe
foundin Wilner etal. 2001.

3. Results

The nearinfrared (NIR) imagesare shovn in Figure1l. The K’ imageis shavn in (a), and
the narravband2.12 ym imagein (b). No continuumsubtractionhasbeenperformedon the
narravbandimage. It is immediatelyevidentby comparisorof the two imagesthat mostof the

1The ATCA is partof the AustraliaTelescopevhich is fundedby the Commonwealttof Australiafor operationas
a NationalFacility managedy CSIRO.
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non-stellaremissionis dueto the emissionin the H, v=1-0S(1)line. This is mostlikely dueto
shocksin the outflowing gas(Eisloffel 1997). In BHR 71 the large scaleCO outflow lies ata PA
of ~165 (B97) andsois well alignedwith the nearinfraredemission.

Mid-infrared (MIR) emissionin the ISO LW2 bandis overlayedontheK’ imagein Fig. 1(a),
labelledas“ISO 7um”. Two of the7 um sourcesppeato belocatedattheapexesof NIR emission,
strongly suggestinghat they are associatedvith the emission. Source*1” (hereaftedRS1) lies
at the apex of the reflectionnehulosity seenalsoin thel bandimagepresentedy B97, which is
associateavith thelarge blue-shiftedCO outflow lobe. IRS1is alsoco-incidentwith the position
of the mm sourceBHR 71-mm, alsoknown asIRAS 11590-6452(B97). No suchcounterpart
existsfor source2” (hereaftelRS2),whichis thewealer of thetwo sourcesat 7 um. Thefluxes
for IRS1andIRS2in the ISO LW2 (7 um) andLW3 (15 um) bandsarelistedin Table1. IRS2
is not seendirectly at 2 um. The NIR featurecoincidentwith IRS2in Fig. 1(a)is non-stellay by
comparisorof its PSFwith starsin thesameimage.

Onecentimetercontinuumsourcewasdetectedoward BHR 71, at both 3 and6 cm (Wilner
etal. 2001). Thepositionof thesourceat 3 cmis indicatedin Fig. 1(b) andis listedin the notesto
Tablel. It coincideswith the positionof IRS1andhasa spectraindex at centimetemwavelengths
thatis consistentvith aflat or rising spectrundueto free-freeemissionasignpostof protostellar
origin (Rodiiguez1994).

Corporon& Reipurth(1997)discoveredtwo Herbig-Haroassociationgn BHR 71— HH 320
andHH 321. Their locationsareshovn on Fig. 1(b). The positionsof the HH objectsaslisted
in Corporon& Reipurth(1997)areincorrect(P. Corporon privatecommunication) As discussed
below, the platesolutionsfor their SIl imagehave beenredetermine@ndthe positionsof HH 320
andHH 321 remeasured.The correctpositions,accurateto < 1”, aregivenin Tablel. From
Fig. 1(b) it canbe seenthat HH 320is coincidentwith the NIR emissionassociatedvith IRS2,
while HH 321is coincidentwith the NIR emissionassociatedvith IRS1.

In Figure2(a)is shovn anenlagedview of the centralpartof the 2.12 um imagepresented
in Fig. 1(b). Indicatedon this figure arethe locationsof the ISO sourcedRS1 andIRS2 (unfilled
squares)Overlayedon the figure arecontoursof integrated!?CO J = 2 — 1 emissionwith solid
contoursrepresentingmissionthatis blue-shifted(—20 < Vig; < —6 km s~1) with-respect-tdhe
cloud systemicvelocity (Visr ~ —4.5 km s~1; B97), anddottedcontoursrepresentinged-shifted
emission(—3 < Vigr < 30km s™1). ThelargescaleCO outflow mappecby B97 is evidentasopen
blue- and red-shiftedcontours,orientatedapproximatelynorth-southwith IRS1 lying between
them.Onscaledargerthanis mappedn thepresentCO J = 2 — 1 obsenationsthis outflow hasa
positionangleof ~165". Closedcontoursof blue-shiftedemissiorpeakatthepositionof HH 320.

In Figure2(b)is shovntheCOJ = 2 — 1 spectrumatthe(—30",30") offsetposition(HH 320).
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Thehigh velocity outflow wing emissiomat this positiondueto IRS1 (red-shiftedandIRS2 (blue-
shifted)is clearlyseen.

In orderto determineaccuratelythe ISO positionsandtherelative positionsof the centimeter
sourceandHH objectsit wasnecessaryo registertheimagesto the samespatialsystem.First, a
platesolutionfor a40 FOV Digital Sky Surwey (DSS)imagecenteredn BHR 71 wasdetermined
by comparisorwith 25 starsfrom the HST Guide Star Catalog(GSC).Using both the corrected
DSSimageandthe GSC, plate solutionsfor the | bandimageandthe S1I image (Corporon&
Reipurth1997- kindly providedin digital form by P. Corporon)weredeterminedusing14 stars
commonto all threebands.The uncertaintyin positionsmeasuredrom theseframesis believed
to be <1”, by comparisorwith the GSCandwith eachother

The plate solutionfor the NIR imageswas determinedusing starscommonwith the | band
image,20 for the K’ imageand 10 for the narravband2.12 um image,respectiely. Finally, the
ISO 7 um plate solutionwas determinedusingthe threelSO sourcesvisible in Fig. 1(a) andnot
associateavith NIR nelulosity. The positionsof the HH objectsweremeasuredlirectly from the
correctedS Il image, usingthe peakpositionsdueto their non-symmetricshape. All positions
guotedherearebelievedto beaccuratao <1”.

4. Discussion
4.1. Two protostars—two outflows

Thedatapresentedhereclearlyindicatesthattwo protostellarsourcesarepresenin BHR 71,
eachdriving its own molecularoutflov. IRS1andits large-scaleoutflov hasbeendiscussedn
detail by B97. The spectaculashockchemistryin the outflow hasbeenstudiedby Garayetal.
(1998).B97 discoveredextendedl.3mmemissionassociateavith IRS1andsuggestethatthisis
dueto amassve circumstellardisk.

IRS2 hasbeennotedpreviously (Myers & Mardonesl998). The datapresentedereshows
thatit is driving a compactCO outflow andis associatedvith nearinfrared molecularhydrogen
emission(Fig. 2(a)), which is coincidentwith HH 320 and mostlikely shockexcited (Eisloffel
1997). Earlier evidencefor the blue-lobecanbe seenin the channelmapsof the IRS1 outflow
presentedn B97. Their Figure 6 shavs the emissionfrom the CO J = 1 — 0 transition,andthe
outflow associateavith IRS2canbeseenin thevelocity range—10.8 < Vigr < —8.4kms 1,

Comparisorof thel bandimageandthe IRS1 outflon suggestshatits blue lobe hasbroken
throughthenearsideof theglobule (B97). Thepresencef HH objectsin thebluelobeof theIRS2
outflow suggestshatthis outflow is alsopenetratinghenearsideof theglobule. Therelatve mass
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of the blue andred outflow lobesof IRS1 suggestshatthe red lobe of the IRS1 outflow hasnot
penetratedhefar sideof theglobule (B97). It is likely thatIRS1andIRS2arelocatedat a similar
depthwithin the globule from the nearside,andthat their angularseparatiorof ~17" is a good
indicationof their physicalseparationwhichis therefore3400AU for theassumedlistanceof 200

pC.

The limited CO obsenationsdo not reveal a red-shiftedlobe to the IRS2 outflowv. Dueto
the large inclination of the IRS1 outflow to the line-of-sight, both blue- and red-shiftedoutflom
emissionis seenin the SE part of the IRS1 outflow (B97), which probablymasksany emission
from the red-shiftedlobe of the IRS2 outflow. However, the NIR imageshaws a knot of Hs line
emission,arrovedin Fig. 1(b), which is a possiblecounterflav to the IRS2 blue-shiftedoutflow
lobe. A line drawvn from this knot throughand extendingpastIRS2 bisectsthe limb-brightened
conicalreflectionnelulosity (connectingRS2andHH 320)atthe baseof the blue-outflav lobe of
IRS2. Takingthis to definethe outflow axis,the IRS2 outflow hasa PA. of ~ —36°.

CombiningtheIRS2CO J = 2 — 1 datawith the COJ = 1 — 0 dataof B97 for IRS2allows
for anestimationof the CO excitationtemperaturde,, thoughthe signal-to-noisef the latterdata
setis poorer andthe samplinggrids aredifferent. As noisotopicdataareavailable,optically thin
conditionsareassumedyhich implies Tex ~10 K. The massof the blue-shiftedemissionin the
IRS2outflow is ~0.004M,, significantlylessthanthe~0.06 M, in the blue-shiftedyasof the SE
lobeof thelRS1outflow (B97 - usingCOJ = 1 — 0 dataandassumingpptically thin conditions).
The IRS1 outflow is moderatelyoptically thick (t ~ 2; B97), so the optical depthof the IRS2
outflow would have to be significantlygreaterto modify this comparison Although significantly
lessmassve thanthe IRS1 outflow, the IRS2 outflow is still ableto produceshock-ecited Ho
emissionandHH objects.

Previousobsenationsby B97 shav thatIRS1is a ClassO protostar Comparedo IRS1,IRS2
is muchwealer at 7 ym anddrivesa muchlessmassve outflow, andis not detectedat 1.3 mm
(84.2). ThissuggestshatIRS2is moreevolvedthanIRS1andis mostlikely a Classl protostar

4.2. A binary protostellar system?

The presenceof two sourcesn BHR 71 with a separatiorof 3400AU, neitherdetectedat
wavelengths< 7 um, and both driving molecularoutflows, suggestghat a binary protostellar
systemhasformedwithin the globule. Obsenationsby B97 shav thatstrong1.3 mm continuum
emissionis associatedvith the protostellarpair, but the emissionis highly pealed on IRS1,and
no obvious extensionincluding IRS2 is seen(their Figs. 9 & 13). The lack of mm emissionand
the weaknes®f the 7 um emissioncomparedo IRS1 suggestshatIRS2is not surroundedy a
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significantamountof circumstellardust. This situationis similar to thatobsenedin Bok globule
CB230(Launhardt2001). High-angularresolutionobsenations(~2") of CB230shav compact
mm emissionassociateavith only onecomponenbf a NIR protostellampair separatedby ~107,
suggestinghatlike BHR 71 only thiscomponenhasa substantiatircumstellardisk, thoughboth
protostarsn CB230drive CO outflows. Anotherwide binary protostellampair, SVS 13 (Bachiller
etal. 1998;separatio®300AU), shovs mm emissionfrom both protostars.

Kinematicinformationindicatingacommoncenterof gravity is requiredto shav thata stellar
pairis abinary Launhard(2001)hasalsoobseredN,H™ 1—0 emission(93.7GHz) from CB230
with aresolutionof <10” andfoundtwo coreswith a separatiorof 10" (4500AU), eachspatially
coincidentwith a NIR source,andwhich rotateaboutthe axis perpendiculato the axis joining
the cores. This implies that CB230 containsa true binary protostellarsystem. Molecular line
obsenationsto dateof BHR 71 (B97) do not have sufficient angularresolutionto determineif
IRS1andIRS2areeachassociatedavith their own molecularcore. Thoughtherearea similarities
betweerBHR 71 andCB230- bothcontain2 protostellarsourcesn aBok globule, eachdriving a
COoutflow, andlarge scalemm emissions centeredn only oneof thesources-BHR 71 canonly
beconsideredsacandidatéinaryprotostellarsystermuntil high-angularesolutionmoleculadine
obsenationsbecomeavailable.

5. Conclusions

New nearinfraredand12CO J = 2 — 1 obsenationshave beencombinedwith existing 1ISO
mid-infraredand ATCA cm radio continuumobsenationsto examinethe protostellarcontentof
theBok globule BHR 71. Togethemwith obsenationsof Herbig-Haroobjects thesedatashow:

(1) Two protostellarsourceslRS1andIRS2,with aseparatiomf ~17’ (3400AU) arelocated
within BHR 71, asrevealedby ISO mid-infraredobsenations.IRS1is the brighterof the two by
aboutafactor10.

(2) Eachprotostaris driving its own molecularoutflow, asrevealedby the 12COJ=2—1
obsenations.Theoutflow from IRS1is muchlargerin extent,is moremassve,anddominateghe
COemission.

(3) Both protostarsareassociateavith Herbig-Haroobjectsandshockexcited 2.122um Ho
v=1-0S(1)emissionwhich coincidespatiallywith their CO outflows.

(4) IRS1is associatedvith cm continuumemission,with a flat or rising spectrumwhich is
consistentvith free-freeemissiona signposiof protostellarorigin.

The obsenationssuggesthata binary protostellarsystemhasformedwithin BHR 71. IRS1
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is aClass0 protostaywhile IRS2,associateavith muchlesscircumstelladustanddriving amuch
wealer CO outflow, is probablya more evolved Classl protostar High angularresolutionmm
molecularline obsenationsare requiredto determineif IRS1 andIRS2 are a physically bound
binary.

| thankDavid Wilner, Diego MardonesandMario vandenAnckerfor sharingdatain advance
of publication. | alsothank Patrice Corporonfor providing his Sl imagein digital form. | am
gratefulto GarryRobinsonandA.R. Hylandfor fruitful collaborations.
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Tablel. PositionsandFluxes

Position(B1950)
R.A. Dec. 7pum  15pum
Name hms ° 7 (mdy) (mJy)
ISO sources
IRS1®  115902.7 —645206 346 230
IRS2 115900.1 -645202 39 <18

Herbig-Haroobjects?

HH 320A 115858.3 —-645131
B 115857.4 —-645123
HH 321A 1159025 —-645251
B 115905.2 —645335

(@The 3 cm position of IRS1 is R.A. (B1950) =

11"59M02561 andDec.(B1950)= —64°520657.

(b)positionsare differentto thosegivenin Corporon&

Reipurth(1997)— seetext.
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Fig. 1.— (a)— K’ imageof BHR 71 (greyscale)overlayedwith 1ISO LW2 contours(5.0-8.5um).
The approximateegion obsened by ISO is indicatedby the dashedox, andthe embeddedgbro-
tostarsIRS1 (“1”) andIRS2 (“2”) arelabeled. (b) — Narrovband2.12 ym + continuumimage
(greyscale). The positionsof HH 320andHH 321 (Corporon& Reipurth1997)are markedwith
crossesandthe positionof the 3 cm continuumsourceis markedwith anunfilled box.

Fig. 2.— (a) — Narravband2.12 um + continuumimage(greyscale)overlayedwith contoursof
COJ =2 — 1 emission.The blue (red) contoursrepresenemissionintegratedover the velocity
range—20 < Visr < —6 km s~ (=3 < Vs < 30 km s~1), which is blueshifted(redshifted)with-
respect-tahe cloud systemicvelocity. The positionsof IRS1andIRS2 aremarked with unfilled
boxes. Offsetsarerelative to R.A. (B1950)= 11"59M0253 andDec. (B1950)= —64°5201". (b) —
COJ = 2 — 1spectrumatthe (—30",30") offsetposition. Thedashedinesrepresenthelimits of
the ambientcloud emission(—6 < Visr < —3 km s™1). High velocity blue (red) shiftedline wings
arepresentaitvelocitiesVig; < —6 kms=1 (Vg > —3kms™1).
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