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IRAS 11590–6452in BHR 71– a binary protostellar system?
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ABSTRACT

New AAT near-infrared and SEST12CO J � 2 � 1 observationsare combined
with existing ISOmid-infraredandATCA cmradiocontinuumobservationsto exam-
ine theprotostellarcontentof theBok globuleBHR 71. Togetherwith observationsof
Herbig-Haroobjects,thesedatashow: (1) Two protostellarsources,IRS1andIRS2,
with a separationof � 17��� (3400AU) arelocatedwithin BHR 71. (2) Eachprotostar
is driving its own molecularoutflow. Theoutflow from IRS1is muchlargerin extent,
is moremassive, anddominatestheCO emission.(3) Both protostarsareassociated
with Herbig-Haroobjectsandshockexcited2.122µm H2 v=1-0S(1)emission,which
coincidespatiallywith their CO outflows. (4) IRS1is associatedwith cm continuum
emission,with a flat or rising spectrumwhich is consistentwith free-freeemission,a
signpostof 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 et al. 1995a,b)is a well isolatedBok globule locatedat � 200 pc, which
harborsa highly collimatedbipolaroutflow (Bourke et al. 1997– hereafterB97). Theoutflow is
drivenby averyyoungClass0 protostarwith a luminosityof � 9 L � .

This paperbringstogethernew observationswith existing observationsto show thatBHR 71
containstwo embeddedprotostarswith a separationof � 3400 AU. Eachprotostaris driving a
molecularoutflow seenin CO,but only oneappearsto beassociatedwith a substantialamountof
circumstellarmaterial. The observationssuggestthat BHR 71 may containan embeddedbinary
protostellarsystem.
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2. Observations

Near-infraredobservationswereundertaken with the 128� 128 HgCdTe arraycameraIRIS
on theAnglo-AustralianTelescope(AAT). Mountedat thef/36 CassegrainfocusIRIS provideda
field of view of approximately100��� with a resolutionof 0���� 79 pixel 1. A 4 � 4 mosiacat K � (2.11
µm) with 90��� offsetsbetweenframeswasobtainedon 1992February15,with anintegrationtime
of 200s/frame.A 3 � 3 mosaicin theH2 v=1-0S(1)transitionat 2.12µm (1% bandpass)with 80���
offsetswasobtainedon 1993January11, with an integrationtime of 60s/frame.Standarddata
reductionwasperformedwith theStarlinkFIGARO datareductionpackage.

Observationsof the 12CO J � 2 � 1 transitionat 230537.99MHz were obtainedwith the
15-mSwedishESOSubmillimetreTelescope(SEST)during2000May. Thebackendusedwasan
acousto-opticalspectrometerproviding a channelseparationof 43 kHz (0.055km s 1) over 2000
channels.Theobservationswereperformedin dualbeam-switchingmodewith a beamseparation
of 11� 47�!� in azimuth. Systemstemperaturesof 220K wererecordedduring theobservations. A
small13pointmapwith 30��� offsetsaboutthepositionof theembeddedsourceBHR 71-mm(B97)
wasmade,with anintegrationtimeof 60s/point.Thebeamsizeat this frequency is � 23��� .

BHR 71 wasobservedby the InfraredSpaceObservatory (ISO) on 1996August19 aspart
of programDMARDONE. Observationsin theLW2 (5.0–8.5µm) andLW3 (12.0–18.0µm) bands
wereobtainedwith a field of view of � 90�!� . Full detailsof theobservationscanbefound in van
denAncker, Mardones& Myers(2001;seealsoMyers& Mardones1998).

TheAustraliaTelescopeCompactArray (ATCA)1 wasusedto obtainimagesof BHR 71at 3
and6 cm (8.64and4.80GHz respectively) aspartof programC368(Wilner et al. 2001). Obser-
vationsweremadeon 1994November12 with the6D configuration,observingboth frequencies
simultaneouslywith 128MHz bandpasses.Thedatawasreducedwith MIRIAD andimagedusing
naturalweighting,resultingin beamsizesof � 2��� at 3 cm and � 4��� at 6 cm. Full detailscanbe
foundin Wilner et al. 2001.

3. Results

The near-infrared(NIR) imagesareshown in Figure1. The K � imageis shown in (a), and
the narrowband2.12 µm imagein (b). No continuumsubtractionhasbeenperformedon the
narrowbandimage. It is immediatelyevident by comparisonof the two imagesthat mostof the

1TheATCA is partof theAustraliaTelescopewhich is fundedby theCommonwealthof Australiafor operationas
a NationalFacility managedby CSIRO.
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non-stellaremissionis dueto the emissionin the H2 v=1-0S(1)line. This is most likely dueto
shocksin theoutflowing gas(Eislöffel 1997). In BHR 71 the largescaleCO outflow lies at a PA
of � 165" (B97)andsois well alignedwith thenear-infraredemission.

Mid-infrared(MIR) emissionin theISOLW2 bandis overlayedon theK � imagein Fig. 1(a),
labelledas“ISO 7µm”. Twoof the7 µmsourcesappearto belocatedattheapexesof NIR emission,
stronglysuggestingthat they areassociatedwith the emission.Source“1” (hereafterIRS1) lies
at theapex of the reflectionnebulosity seenalsoin the I bandimagepresentedby B97, which is
associatedwith thelargeblue-shiftedCO outflow lobe. IRS1is alsoco-incidentwith theposition
of the mm sourceBHR 71-mm,alsoknown as IRAS 11590-6452(B97). No suchcounterpart
existsfor source“2” (hereafterIRS2),which is theweaker of thetwo sourcesat 7 µm. Thefluxes
for IRS1 andIRS2 in the ISO LW2 (7 µm) andLW3 (15 µm) bandsarelisted in Table1. IRS2
is not seendirectly at 2 µm. TheNIR featurecoincidentwith IRS2 in Fig. 1(a) is non-stellar, by
comparisonof its PSFwith starsin thesameimage.

OnecentimetercontinuumsourcewasdetectedtowardBHR 71, at both3 and6 cm (Wilner
et al. 2001).Thepositionof thesourceat3 cmis indicatedin Fig. 1(b)andis listedin thenotesto
Table1. It coincideswith thepositionof IRS1andhasa spectralindex at centimeterwavelengths
thatis consistentwith aflat or rising spectrumdueto free-freeemission,asignpostof protostellar
origin (Rodŕıguez1994).

Corporon& Reipurth(1997)discoveredtwo Herbig-Haroassociationsin BHR 71 – HH 320
andHH 321. Their locationsareshown on Fig. 1(b). The positionsof the HH objectsaslisted
in Corporon& Reipurth(1997)areincorrect(P. Corporon,privatecommunication).As discussed
below, theplatesolutionsfor theirS II imagehavebeenredeterminedandthepositionsof HH 320
andHH 321 remeasured.The correctpositions,accurateto # 1��� , aregiven in Table1. From
Fig. 1(b) it canbe seenthat HH 320 is coincidentwith the NIR emissionassociatedwith IRS2,
while HH 321is coincidentwith theNIR emissionassociatedwith IRS1.

In Figure2(a) is shown anenlargedview of thecentralpartof the2.12µm imagepresented
in Fig. 1(b). Indicatedon this figurearethelocationsof theISO sourcesIRS1andIRS2(unfilled
squares).Overlayedon thefigurearecontoursof integrated12CO J � 2 � 1 emission,with solid
contoursrepresentingemissionthat is blue-shifted( $ 20 # Vl sr #%$ 6 km s 1) with-respect-tothe
cloudsystemicvelocity (Vl sr �&$ 4� 5 km s 1; B97), anddottedcontoursrepresentingred-shifted
emission( $ 3 # Vl sr # 30 km s 1). ThelargescaleCOoutflow mappedby B97 is evidentasopen
blue- and red-shiftedcontours,orientatedapproximatelynorth-southwith IRS1 lying between
them.Onscaleslargerthanis mappedin thepresentCO J � 2 � 1 observationsthisoutflow hasa
positionangleof � 165" . Closedcontoursof blue-shiftedemissionpeakat thepositionof HH 320.

In Figure2(b)isshowntheCOJ � 2 � 1spectrumatthe( $ 30��� ,30��� ) offsetposition(HH 320).
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Thehighvelocityoutflow wing emissionat thispositiondueto IRS1(red-shifted)andIRS2(blue-
shifted)is clearlyseen.

In orderto determineaccuratelytheISOpositionsandtherelativepositionsof thecentimeter
sourceandHH objectsit wasnecessaryto registertheimagesto thesamespatialsystem.First, a
platesolutionfor a40� FOV Digital Sky Survey (DSS)imagecenteredonBHR 71wasdetermined
by comparisonwith 25 starsfrom the HSTGuideStarCatalog(GSC).Using both the corrected
DSSimageandthe GSC,platesolutionsfor the I bandimageandthe S II image(Corporon&
Reipurth1997– kindly providedin digital form by P. Corporon)weredetermined,using14 stars
commonto all threebands.Theuncertaintyin positionsmeasuredfrom theseframesis believed
to be # 1��� , by comparisonwith theGSCandwith eachother.

The platesolutionfor the NIR imageswasdeterminedusingstarscommonwith the I band
image,20 for the K � imageand10 for the narrowband2.12µm image,respectively. Finally, the
ISO 7 µm platesolutionwasdeterminedusingthe threeISO sourcesvisible in Fig. 1(a)andnot
associatedwith NIR nebulosity. Thepositionsof theHH objectsweremeasureddirectly from the
correctedS II image,using the peakpositionsdue to their non-symmetricshape. All positions
quotedherearebelievedto beaccurateto ' 1��� .

4. Discussion

4.1. Two protostars– two outflows

Thedatapresentedhereclearlyindicatesthattwo protostellarsourcesarepresentin BHR 71,
eachdriving its own molecularoutflow. IRS1 and its large-scaleoutflow hasbeendiscussedin
detail by B97. The spectacularshockchemistryin the outflow hasbeenstudiedby Garayet al.
(1998).B97discoveredextended1.3mmemissionassociatedwith IRS1andsuggestedthatthis is
dueto amassivecircumstellardisk.

IRS2hasbeennotedpreviously (Myers& Mardones1998). Thedatapresentedhereshows
that it is driving a compactCO outflow andis associatedwith near-infraredmolecularhydrogen
emission(Fig. 2(a)), which is coincidentwith HH 320 andmost likely shockexcited (Eislöffel
1997). Earlier evidencefor the blue-lobecanbe seenin the channelmapsof the IRS1 outflow
presentedin B97. Their Figure6 shows theemissionfrom theCO J � 1 � 0 transition,andthe
outflow associatedwith IRS2canbeseenin thevelocity range$ 10� 8 # Vl sr #($ 8� 4 km s 1.

Comparisonof theI bandimageandtheIRS1outflow suggeststhat its bluelobehasbroken
throughthenearsideof theglobule(B97). Thepresenceof HH objectsin thebluelobeof theIRS2
outflow suggeststhatthisoutflow is alsopenetratingthenearsideof theglobule. Therelativemass
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of theblueandredoutflow lobesof IRS1suggeststhat the red lobeof the IRS1outflow hasnot
penetratedthefarsideof theglobule (B97). It is likely thatIRS1andIRS2arelocatedatasimilar
depthwithin the globule from the nearside,andthat their angularseparationof � 17��� is a good
indicationof theirphysicalseparation,whichis therefore3400AU for theassumeddistanceof 200
pc.

The limited CO observationsdo not reveal a red-shiftedlobe to the IRS2 outflow. Due to
the large inclination of the IRS1 outflow to the line-of-sight,both blue- andred-shiftedoutflow
emissionis seenin the SE part of the IRS1 outflow (B97), which probablymasksany emission
from the red-shiftedlobeof the IRS2outflow. However, theNIR imageshows a knot of H2 line
emission,arrowed in Fig. 1(b), which is a possiblecounterflow to the IRS2blue-shiftedoutflow
lobe. A line drawn from this knot throughandextendingpastIRS2 bisectsthe limb-brightened
conicalreflectionnebulosity (connectingIRS2andHH 320)at thebaseof theblue-outflow lobeof
IRS2.Takingthis to definetheoutflow axis,theIRS2outflow hasaP.A. of �($ 36" .

CombiningtheIRS2COJ � 2 � 1 datawith theCOJ � 1 � 0 dataof B97 for IRS2allows
for anestimationof theCOexcitationtemperatureTex, thoughthesignal-to-noiseof thelatterdata
setis poorer, andthesamplinggridsaredifferent.As no isotopicdataareavailable,optically thin
conditionsareassumed,which implies Tex � 10 K. The massof the blue-shiftedemissionin the
IRS2outflow is � 0.004M � , significantlylessthanthe � 0.06M � in theblue-shiftedgasof theSE
lobeof theIRS1outflow (B97- usingCOJ � 1 � 0 dataandassumingoptically thin conditions).
The IRS1 outflow is moderatelyoptically thick (τ � 2; B97), so the optical depthof the IRS2
outflow would have to besignificantlygreaterto modify this comparison.Althoughsignificantly
lessmassive than the IRS1 outflow, the IRS2 outflow is still able to produceshock-excited H2

emissionandHH objects.

Previousobservationsby B97show thatIRS1is aClass0 protostar. Comparedto IRS1,IRS2
is muchweaker at 7 µm anddrivesa muchlessmassive outflow, andis not detectedat 1.3 mm
(§ 4.2).ThissuggeststhatIRS2is moreevolvedthanIRS1andis mostlikely aClassI protostar.

4.2. A binary protostellar system?

The presenceof two sourcesin BHR 71 with a separationof 3400AU, neitherdetectedat
wavelengths# 7 µm, and both driving molecularoutflows, suggeststhat a binary protostellar
systemhasformedwithin theglobule. Observationsby B97 show thatstrong1.3 mm continuum
emissionis associatedwith the protostellarpair, but theemissionis highly peaked on IRS1,and
no obviousextensionincluding IRS2 is seen(their Figs. 9 & 13). The lack of mm emissionand
theweaknessof the7 µm emissioncomparedto IRS1suggeststhat IRS2 is not surroundedby a
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significantamountof circumstellardust. This situationis similar to thatobservedin Bok globule
CB230(Launhardt2001). High-angularresolutionobservations( � 2��� ) of CB230show compact
mm emissionassociatedwith only onecomponentof a NIR protostellarpair separatedby � 10��� ,
suggestingthatlikeBHR 71only thiscomponenthasasubstantialcircumstellardisk, thoughboth
protostarsin CB230driveCO outflows. Anotherwide binaryprotostellarpair, SVS13 (Bachiller
et al. 1998;separation4300AU), showsmm emissionfrom bothprotostars.

Kinematicinformationindicatingacommoncenterof gravity is requiredto show thatastellar
pair is abinary. Launhardt(2001)hasalsoobservedN2H ) 1� 0 emission(93.7GHz)from CB230
with a resolutionof # 10�!� andfoundtwo coreswith a separationof 10��� (4500AU), eachspatially
coincidentwith a NIR source,andwhich rotateaboutthe axis perpendicularto the axis joining
the cores. This implies that CB230 containsa true binary protostellarsystem. Molecular line
observationsto dateof BHR 71 (B97) do not have sufficient angularresolutionto determineif
IRS1andIRS2areeachassociatedwith their own molecularcore.Thoughtherearea similarities
betweenBHR 71andCB230– bothcontain2 protostellarsourcesin aBok globule,eachdriving a
COoutflow, andlargescalemmemissionis centeredononly oneof thesources– BHR 71canonly
beconsideredasacandidatebinaryprotostellarsystemuntil high-angularresolutionmolecularline
observationsbecomeavailable.

5. Conclusions

New near-infraredand12CO J � 2 � 1 observationshave beencombinedwith existing ISO
mid-infraredandATCA cm radio continuumobservationsto examinethe protostellarcontentof
theBok globuleBHR 71. Togetherwith observationsof Herbig-Haroobjects,thesedatashow:

(1) Two protostellarsources,IRS1andIRS2,with aseparationof � 17��� (3400AU) arelocated
within BHR 71, asrevealedby ISO mid-infraredobservations.IRS1is thebrighterof thetwo by
abouta factor10.

(2) Eachprotostaris driving its own molecularoutflow, asrevealedby the 12CO J � 2 � 1
observations.Theoutflow from IRS1is muchlargerin extent,is moremassive,anddominatesthe
COemission.

(3) Both protostarsareassociatedwith Herbig-Haroobjectsandshockexcited2.122µm H2

v=1-0S(1)emission,whichcoincidespatiallywith their COoutflows.

(4) IRS1 is associatedwith cm continuumemission,with a flat or rising spectrumwhich is
consistentwith free-freeemission,asignpostof protostellarorigin.

Theobservationssuggestthata binaryprotostellarsystemhasformedwithin BHR 71. IRS1
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is aClass0 protostar, while IRS2,associatedwith muchlesscircumstellardustanddriving amuch
weaker CO outflow, is probablya moreevolved ClassI protostar. High angularresolutionmm
molecularline observationsare requiredto determineif IRS1 andIRS2 area physicallybound
binary.

I thankDavid Wilner, DiegoMardonesandMario vandenAnckerfor sharingdatain advance
of publication. I alsothankPatriceCorporonfor providing his S II imagein digital form. I am
gratefulto GarryRobinsonandA.R. Hylandfor fruitful collaborations.
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Rodŕıguez,L. F., 1994,Rev. Mex. Astron.Astrofis.,29,69

vandenAncker, M. E., Mardones,D., & Myers,P. C., 2001,in prep

Wilner D. J.,Lindsey, B., Curiel,S.,& Rodŕıguez,L. F. 2001,in prep
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Table1. PositionsandFluxes

Position(B1950)
R.A. Dec. 7 µm 15µm

Name h m s "*�(��� (mJy) (mJy)

ISO sources

IRS1+ a, 1159 02.7 $ 64 5206 346 230
IRS2 1159 00.1 $ 64 5202 39 # 18

Herbig-Haroobjects+ b,
HH 320A 1158 58.3 $ 64 5131 -.-.- -.-/-

B 1158 57.4 $ 64 5123 -.-.- -.-/-
HH 321A 1159 02.5 $ 64 5251 -.-.- -.-/-

B 1159 05.2 $ 64 5335 -.-.- -.-/-

+ a, The 3 cm position of IRS1 is R.A. (B1950) =
11h59m02�s61 andDec.(B1950)= $ 64" 52� 06�s7.

+ b, Positionsaredifferentto thosegiven in Corporon&
Reipurth(1997)– seetext.
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Fig. 1.— (a) – K � imageof BHR 71 (greyscale)overlayedwith ISO LW2 contours(5.0–8.5µm).
Theapproximateregion observedby ISO is indicatedby thedashedbox, andtheembeddedpro-
tostarsIRS1 (“1”) and IRS2 (“2”) are labeled. (b) – Narrowband2.12 µm + continuumimage
(greyscale).Thepositionsof HH 320andHH 321(Corporon& Reipurth1997)aremarkedwith
crosses,andthepositionof the3 cm continuumsourceis markedwith anunfilledbox.

Fig. 2.— (a) – Narrowband2.12µm + continuumimage(greyscale)overlayedwith contoursof
COJ � 2 � 1 emission.Theblue(red)contoursrepresentemissionintegratedover thevelocity
range$ 20 # Vl sr #%$ 6 km s 1 ( $ 3 # Vl sr # 30 km s 1), which is blueshifted(redshifted)with-
respect-tothecloudsystemicvelocity. Thepositionsof IRS1andIRS2aremarkedwith unfilled
boxes.Offsetsarerelative to R.A. (B1950)= 11h59m02�s3 andDec.(B1950)= $ 64" 52� 01��� . (b) –
COJ � 2 � 1 spectrumat the( $ 30�!� ,30�!� ) offsetposition.Thedashedlinesrepresentthelimits of
theambientcloudemission( $ 6 # Vl sr #($ 3 km s 1). High velocityblue(red)shiftedline wings
arepresentat velocitiesVl sr #0$ 6 km s 1 (Vl sr 1 $ 3 km s 1).
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Fig. 1.—
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Fig. 2.—


