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Abstract. Theprotostellarout�ow HH 211is of considerableinterestsinceit is extremelyyoungandhighly collimated.Here,
we explore the out�ow throughimaging and spectroscopy in the near-infrared to determineif thereare further diagnostic
signaturesof youth.We con�rm thedetectionof a near-infraredcontinuumof unknown origin. We proposethat it is emitted
by thedriving millimeter source,escapesthecorethroughtunnels,andilluminatesfeaturesaligningtheout�ow. Narrow-band
�ux measurementsof thesefeaturescontainan unusuallylarge amountof continuumemission.[FeII] emissionat 1.644� m
hasbeendetectedandis restrictedto isolatedcondensations.However, thecharacteristicsof vibrationalexcitationof molecular
hydrogenresemblethoseof oldermolecularout�ows. We attemptto modeltheorderedstructureof thewesternout�ow asa
seriesof shocks,�nding thatbow shockswith J-typedissociative apicesandC-type�anks areconsistent.Moreover, essentially
thesameconditionsarepredictedfor all threebows exceptfor a systematicreductionin speedanddensitywith distancefrom
thedriving source.We �nd increasedK-bandextinctionsin thebright regionsashigh as2.9 magnitudesandsuggestthat the
bow shocksbecomevisiblewheretheout�ow impactsondenseclumpsof cloudmaterial.Weproposethattheout�ow is carved
out by episodesof pulsatingjets.The jets,driven by centralexplosive events,areresponsiblefor excavating a centraltunnel
throughwhich radiationtemporarilypenetrates.
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1. Intr oduction

Theprocessescontrollingthebirth of individualstarsevadedi-
rectanalysisin theopticalbecausethey operatewithin highly
obscuringcoreswithin densemolecularclouds.Nevertheless,
theendof theperiodof gestationis heraldedby oftenspectac-
ular ejectionsof material(Bachiller 1996).We may thus de-
duceinformationconcerningtheaccretionprocessby indirect
means.Bipolar jetsfrom protostarsappearto beubiquitousand
theircharacteristicssuggestacloserelationshipto theaccretion
processfrom adiscinto aformingstar(Froebrichetal. 2003b).
In addition,they have drasticdynamicalandchemicale� ects
on their environment.They excavatecavities by sweepingup
themolecularmaterialwhich thenformsanout¯ow visible in
emissionfrom CO molecules.As well asa leadingbow wave
which ploughsthroughthe ambientmedium,irregularitiesin
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the out¯ow give rise to shockswhich propagateaway from
the protostarinto the ambientmoleculargas(Froebrichet al.
2003a).Thesebow shocksexcite atomsandmolecules,induc-
ing line emissionwhich is oftenvisible at opticalwavelengths
as Herbig-Haro(HH) objects(Reipurth& Bally 2001; Bally
& Reipurth2002).However, thenear-infraredemissionis par-
ticularly importantfor the youngestprotostarssinceeven the
protrudingout¯owsmaystill beobscuredin theopticalregime
(Eislo� el et al. 2000). In fact, near-infrared observationsre-
veal remarkablemolecularhydrogen¯ows which hold valu-
able information concerningthe environmentthroughwhich
they propagateaswell asthe mechanismwhich launchesthe
driving jets(Davis 2002).

HH 211 is a bipolar molecularout¯ow which wasdiscov-
eredby McCaughreanetal. (1994).It liesneartheyoungstellar
clusterIC 348IR in thePerseusdarkcloudcomplex at anesti-
mateddistanceof 315pc (Herbig1998).Theout¯ow is bilat-
erally symmetricandhighly collimatedwith anaspectratio of
� 15:1.Thetotal extentof theout¯ow is 10600which is 0.16pc
at the adopteddistance.A H2 (1,0) S(1) wide-®eldsurvey of
the IC 348 clusterwas carriedout by EislÈo� el et al. (2003)
covering a 60.8 � 60.8 region; no HH 211 out¯ow remnants
weredetectedbeyondtheouterknots.This makesit oneof the
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smallerout¯ows,whichsuggeststhatit mayalsobeoneof the
youngestsincethe averagelengthwithin an unbiasedsample
of ClassO/I jetswasfoundto be0.6–0.8pc (Stanke2003).

The conclusionthatHH 211 is a jet drivenout¯ow with a
timescaleof order1000yearswasderivedfrom interferometric
CO observations(Gueth& Guilloteau1999),which con®rms
it asone of the youngestinfraredout¯ows to be discovered.
Althoughtheout¯ow lobesarevisible in bothblue-shiftedand
red-shiftedCOemission,a small inclinationangleto theplane
of thesky is suggestedby (i) thelack of strongdi� erentialex-
tinction in the H2 brightnessdistribution, (ii) the high degree
of separationof the blue andred CO lobesand(iii) the rela-
tively small radial componentsof theSiO andH2 ¯ow speeds
(Chandler& Richer2001;Salaset al. 2003).

The centralenginedriving the out¯ow is HH 211-mm,a
low-massprotostarwith abolometricluminosityof 3.6L� and
bolometrictemperatureof 33K. It is surroundedby a� 0.8M�
dustcondensation(Froebrich2005)1. Since4.6percentof the
bolometricluminosity is attributedto the submillimeterlumi-
nosity, Lsmm, HH 211-mmis classi®edasaClassO typeproto-
star.

A compactandcollimatedSiO jet extendsin both¯ow di-
rectionsout to a projecteddistanceof 2000 from the central
source(Chandler& Richer1997,2001).This is alsoanother
indication of the ClassO natureof the source(Gibb et al.
2004).The clumpy natureof the observedSiO emissionsug-
gestsa shockorigin resultingfrom a time dependentjet veloc-
ity. Nisini et al. (2002)observedHH 211in SiO linesoriginat-
ing from high rotationalenergy levels anddeduceda high jet
densityof nH2 � 2–5� 106 cm� 3 andgastemperature� 250K.
However, no SiO emissionis detectedbeyond 2000wherethe
H2 (1,0)S(1)emissionis foundsuggestingthattheconditions,
suchas shockvelocity and pre-shockdensity, vary consider-
ablyalongthe¯ow direction.

Imagingof [FeII ] emissionin the H-bandat 1.644� m has
recentlyplayeda major role in our understandingof shocked
out¯ows (seeReipurthet al. (2000) for a summary).Where
[FeII ] emissionis observed it tracesthe fast (> 50 km s� 1)
and dissociative shocks.Combinedwith K-band imaging of
H2 rotational-vibrationallines,which tracelessextremeshock
conditions, important information about out¯ow excitation
maybegathered(Khanzadyanet al. 2004).

Previous studiesemploying bow-shock modelshave fo-
cusedon larger, moreevolved systems(EislÈo� el et al. 2000;
Smithet al. 2003;O'Connellet al. 2004).HH 211providesus
with theuniqueopportunityof studyingwhathasbeendeemed
asanexceptionallyyoungout¯ow coveringasmallspacialex-
tent. We presentherenew high resolutionimagesof H2 and
[FeII ] linesandK-bandspectroscopy of theout¯ow (x 3). We
analysetheimpactregionsvisible in thenear-infrared.Wethen
presentin x 4C-typebow-shockmodelsin orderto interpretthe
remarkablesetof bows propagatingthrougha changingenvi-
ronmentalongthewesternout¯ow. In x 5 wediscusstheissues
whichhavearisenfrom thissetof databeforepoolingour®nd-
ingstogetherin conjunctionwith previousstudiesto suggesta
globalout¯ow mechanismfor HH 211in x 6.

1 http://www.dias.ie/protostars/

2. Obser vations and data reduction

2.1. KSPEC observations

Our near-infrared(NIR) spectracover the 1-2.5� m region in
mediumresolution.They were obtainedin the period 26-29
August1996with theKSPECspectrographon theUniversity
of Hawaii 2.2 meter telescope.This crossdispersedEchelle
spectrographis equippedwith aHAWAII 1024� 1024detector
arrayandoptimisedfor 2.2� m. Observationswereperformed
at two bright H2 emissionlocations.The0.0096 width slits ran
in an east-westdirectionpassingthroughknotsf andd in the
west and throughknots i and j in the east(positionsare in-
dicatedin Fig. 1). Datareduction(¯at®elding,sky-subtraction,
extractionof thespectra)wasperformedusingourownMIDAS
routines.An absolutecalibrationof the¯uxeswasnotpossible
due to non-photometricweatherconditions.Wavelengthcali-
brationwasperformedusingOH-night-sky emissionlinesand
tablesof Rousselotet al. (2000).The resultsarepresentedin
Table1. Notethatfainteremissionlinesaredetectedin knotsi
andj dueto thestrongeremissionherecomparedto knotd (see
Table2.)

Table 1. KSPECrelative �ux es.For bothslit positions,themeasured
�ux es lie above the continuumandare presentedrelative to the H2

(1,0) S(1) line �ux. Threeobservationswerecarriedout at eachslit
location.Therelative �ux eshavebeenaveragedandthespreadin val-
uesis quotedin bracketsasanerrorestimate.

Line � (� m) east west

(1,0)S(9) 1.687 0.02(0.01) ±
(1,0)S(7) 1.748 0.12(0.01) ±
(1,0)S(6) 1.788 0.07(0.01) ±
(1,0)S(5) 1.835 0.62(0.04) ±
(1,0)S(4) 1.891 0.20(0.01) ±
(1,0)S(2) 2.033 0.36(0.01) 0.30(0.05)
(3,2)S(5) 2.065 0.03(0.01) ±
(2,1)S(3) 2.073 0.10(0.01) 0.18(0.07)
(1,0)S(1) 2.121 1.00(0.05) 1.00(0.05)
(3,2)S(4) 2.127 0.02(0.01) ±
(2,1)S(2) 2.154 0.05(0.01) ±
(3,2)S(3) 2.201 0.03(0.01) ±
(1,0)S(0) 2.223 0.25(0.01) 0.31(0.02)
(2,1)S(1) 2.247 0.13(0.01) 0.17(0.06)
(2,1)S(0) 2.355 0.03(0.01) ±
(3,2)S(1) 2.386 0.03(0.01) ±
(1,0)Q(1) 2.406 0.96(0.05) 1.25(0.17)
(1,0)Q(2) 2.413 0.38(0.05) 0.54(0.11)
(1,0)Q(3) 2.423 0.95(0.05) 1.13(0.05)
(1,0)Q(4) 2.437 0.33(0.04) 0.41(0.15)
(1,0)Q(6) 2.475 0.19(0.06) ±
(1,0)Q(7) 2.499 0.43(0.03) ±

2.2. MAGIC observations

TheNIR imagesweretakenin November1995at the3.5me-
ter telescopeon CalarAlto usingtheMAGIC infraredcamera
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Fig.1. Broad-bandK imageof HH 211which coverswavelengthsbetween2.03� m and2.37� m. Featuresarelabeledaccordingto thenomen-
clatureof McCaughreanet al. (1994).Theexciting sourceHH 211-mmat positionR.A.(2000)= 03h 43m 56.7s, Dec(2000)= +32� 000 50.300

(Avila et al. 2001) is indicatedby the cross.KSPECspectroscopicslit positionsare indicatedby the dottedlines. Note that the star in the
south-westof this image(andfollowing images)hasbeenmaskedfor displaypurposes.

(Herbstet al. 1993) in its high resolutionmode(0.3200 per
pixel). Imageswere obtainedusing narrow band®lters cen-
tered on the H2 (1,0) S(1) emission line at 2.122� m, the
(2,1) S(1) line at 2.248� m, the (3,2) S(3) line at 2.201� m
and on the nearbycontinuumat 2.140� m. The per pixel in-
tegrationtime was1740s.Seeingthroughouttheobservations
was� 0.900exceptfor the2.14� m imagewhereit is � 100.8.The
narrow-bandimagecontainingthe(1,0)S(1)line hasbeenpre-
viouslypublishedin EislÈo� el et al. (2003).

The data could not be accurately¯ux calibrateddue to
non-photometricconditions.The total H2 (1,0) S(1) ¯ux from
the entireout¯ow waspreviously measuredto be 1.0� 10 � 15

W m� 2 by McCaughreanet al. (1994)which agreeswith our
¯ux calibration.We havededuceda calibrationfor all our nar-
row bandimagesaccordingto thismeasurementassumingthat
theaverageintegrated̄ ux from severalbrightunsaturated®eld
of view starsshouldbe similar for each®lter. This shouldbe
thecasebecauseeach®lter FWHM is equalto 0.02� m andthe
spectralenergy distribution (SED)is likely to berelatively ¯at
on averagebetween2.122� m and 2.248� m. We assumethe
accuracy of this methodto be� 15%.

2.3. UFTI observations

Further NIR observations of HH 211 were carried out on
December12, 2000 (UT) at the U.K. Infrared Telescope
(UKIRT) using the near-infrared Fast Track Imager UFTI

(Rocheet al. 2003).Thecamerais equippedwith a Rockwell
Hawaii 1024� 1024HgCdTe arraywhich hasa platescaleof
000.091perpixel andprovidesa total ®eld of view of 9200.9 �
9200.9.

Imagesin the[FeII ] 4D7=2 – 4F9=2 transitionwereobtained
using a narrow-band ®lter centeredon � = 1.644� m with
� � (FWHM) = 0.016� m). The out¯ow was also imagedus-
ing the broad-bandK[98] ®lter centeredon � = 2.20� m with
� � (FWHM) = 0.34� m. Seeingthroughoutthe observations
was� 000.8. Nine-point`jittered' mosaicswereobtainedin each
®lter.

Standardreductiontechniqueswere employed (using the
Starlink packagesCCDPACK and KAPPA) including bad-
pixel masking,sky subtractionand¯at-®eldcreation(from the
jitteredsourceframesthemselves).Theimageswereregistered
usingcommonstarsin overlappingregionsandmosaicked.The
observationswereconductedunderphotometricconditions,so
the faint standardFS11(spectraltype A3; H = 11.267mag)
(Hawardenetal. 2001)wasalsoobservedandusedto ¯ux cali-
bratethe[FeII ] image.The®nal imagesweresmoothedusinga
circularGaussian®lter of FWHM = 000.25. in orderto increase
thesignalto noisewithoutcompromisingtheresolution.

3. Results

Fig. 1 displaysthe HH 211 out¯ow in the K-band between
2.03� m and2.37� m which containsall theK-bandline emis-
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Fig.2. HH 211at2.248� m. Thegrey-scaleis thecontinuumsubtractedimageshowing only the(2,1)S(1)line emission.Overlaidarecontours
representingthenoncontinuumsubtractedimage.Thusthecontoursnearerthesourcetracepredominantlyscatteredlight while thecontours
furtheroutmostlytracecompact,line-emissionfeatures.Thecontourlevels,whicharescaledlogarithmically, areat0.22,0.44,0.87,1.74,3.47
� 10� 18 W m� 2 arcsec� 2.

Fig.3.HH 211at1.644� m.Thegreyscaleandcontoursbothtracethe[FeII] linepluscontinuumemission.Consequently, mostof thedistributed
�ux canbeattributedto continuumemission,althoughsomeconcentratedcondensationsof [FeII] line emissionareobserved.Thesearelabelled
1 ±3. Thelogarithmiccontoursmeasurethe�ux at 0.63,1.0,1.58,2.51,3.98,6.31� 10� 19 W m� 2 arcsec� 2.
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Table 2. Photometricresultsfor HH 211. The �ux in units of 10� 18 W m� 2 is measuredover the indicatedcircular apertures.Note that the
measurementsweremadefrom imageswhich arenot continuumsubtractedbecauseof the low S/N of the continuumimage.To infer the
line emission�ux es the continuumvalues� needto be subtracted.The (2,1) S(1)/(1,0) S(1) (labeled2/1) ratioshave beendeterminedafter
subtractingthe2.14� m continuumemission.In thecaseof knot g the(2,1)S(1)�ux is equalto thecontinuum�ux sonoratio wasderived.

Knot aperture (1,0)S(1)y (2,1)S(1)y (3,2)S(3)y 2.14� m Cont.y� Broad-bandKz [FeII] 1.644� my 2/1 ratio

HH 211-west 5700 413 61 34 42 1285 28 0.05(0.04)
HH 211-east 4200 575 98 63 55 2197 41 0.08(0.03)

bow-a 5.300 7.2 0.6 nodet. nodet. 9 nodet. 0.08(0.04)
bow-bc 7.700 32.0 2.3 nodet. nodet. 65 nodet. 0.07(0.02)
bow-de 10.100 155.5 18.1 7.3 3.1 335 11.8 0.09(0.02)

b 4.900 19.3 1.5 nodet. nodet. 41 nodet. 0.08(0.02)
c 4.900 11.2 0.9 nodet. nodet. 21 nodet. 0.08(0.03)
d 6.000 89.6 10.2 4.0 1.9 192 6.1 0.09(0.03)
e 6.000 57.5 7.9 3.3 1.3 131 4.8 0.12(0.03)
f 10.100 157.2 19.3 9.1 8.9 395 9.0 0.07(0.04)
g 10.100 41.9 20.6 20.6 19.6 380 14.3 ±
h 10.100 60.3 9.8 5.1 4.7 190 4.6 0.09(0.08)
ij 17.900 458.3 54.3 27.9 24.6 1364 25.0 0.07(0.03)

y The background1� noiseestimatesover an 800apertureare:2.8 for H2 (1,0) S(1); 0.2 for H2 (2,1) S(1); 0.7 for H2 (3,2) S(3); 1.1 for the
2.14� m continuum;and3.4for the[FeII] at 1.644� m, alsoin unitsof 10� 18 W m� 2.
z As a standardstarwasnot observed in theK[98] �lter thebroad-band�ux esareroughestimates.The�ux calibrationfactorwhich we used
wasderivedfrom the(1,0)S(1)calibrationanda comparisonof thebroad-bandandnarrow-band�lters.

sionaswell asa largeproportionof continuumemission.The
principle knots have beenlabeledas in McCaughreanet al.
(1994).

TheH2 (2,1)S(1)imageis displayedin Fig. 2. Thecontin-
uum at 2.14� m hasbeensubtractedin orderto indicateloca-
tions of pure(2,1) S(1) emission(greyscale).Contoursof the
non continuumsubtractedimageare also displayedin order
to indicatethe extent of the continuumemissionat 2.248� m.
Theline emissionis producedfrom anexcitationlevel whichis
12,553K above thegroundstatewhereasthe (1,0) S(1) arises
from 6,953K. Therefore,we expect it to highlight the hotter
partsof molecularshocks.

The westernout¯ow shows particularly interestingstruc-
tureswhich canbedescribedasa seriesof bow shockspropa-
gatingalongtheout¯ow awayfrom thesource.Bowsdeandbc
displaya commonasymmetricstructure:the lower bow wing
is approximately1.5 timesbrighter than the upperwing. We
will interpretthisasymmetryin x 4 asdueto amisalignmentof
themagnetic®eld with the¯ow throughwhich thebow shock
con®gurationswith C-type¯anksarepropagating.

Emissiondetectedat 1.644� m is displayedin Fig. 3. Most
of theemissiondetectedhereis attributedto thehigh level of
continuum¯ux, asis seenin theK-band(Fig. 1). Steeplyris-
ing above this continuumlevel areseveralconcentrated[FeII ]
emissioncondensations,labeled1 – 3, oneof which formspart
of awell de®nedbow-shock,bow-de.

We con®rmtheexistenceof a bandof continuumemission
which extendsalong the westernout¯ow. It becomesvisible
500 from thedriving sourceandmaintainsa relatively constant
¯ux out to 17 00 from the source.EislÈo� el et al. (2003) sug-
gestthat this continuumis scatteredradiationfrom HH 211-
mmwhich opensthepossibilityof indirectlyobtaininga spec-

trum of the out¯ow source.The bandof continuumis promi-
nentin theK-bandaswell asat1.644� m.

Thephotometricresultsfor knotsa – j arelistedin Table2.
Knotsd,eandb,careinterpretedasbow-shockcomponentsand
arelabeledasbow-deandbow-bc. We will brie¯y discussthe
implicationsof thesē uxes.Theeasternout¯ow is � 1.5 times
brighter than the westernout¯ow. However, the causeof this
di� erenceis notnecessarilydueto anunequaljet poweroutput
asGianniniet al. (2001)detectedsimilar levelsof OI 63� m in
both lobes(1.02L� in east;0.94L� in west).This line is rel-
atively una� ectedby extinction andrepresentsthemaincool-
ing channelin thepost-shockedgas.Thenonphotometriccon-
ditions during the observationsare re¯ectedin the relatively
large1� noiselevelswhichhavebeenestimatedfrom theback-
ground¯ux variationusingan 8 00aperture.Most of the emis-
sionin the(3,2)S(3)imageis actuallycontinuumemissionex-
ceptpossiblyfor bow-de. Interestingly, the ¯uxesat 1.644� m
arealsocomparableto thecontinuum¯uxes.This impliesthat
the dereddenedcontinuum¯uxesare 2 – 5 times brighter at
1.644� m thanat 2.14� m taking into considerationthe higher
extinction (AH = 1.6 AK), the rangeof extinctions explored
(seebelow andx 5), andthat the1.644� m ®lter width is 25%
narrower than the 2.14� m ®lter. The (2,1) S(1)/(1,0) S(1) ra-
tios are calculatedwith the continuumsubtracted.The error
propagationresultsin very large errorsat locationswherethe
continuumformsa largefractionof theH2 emission.

FromtheKSPECdata,we canextractseveralpiecesof in-
formation.Wecalculatethedi� erentialextinctionbetweentwo
transitionlines(in magnitudes)using

� = 2:512 log
 
F1� 1g2A2

F2� 2g1A1

!
(1)

where� 1 and� 2 arethe transitionwavelengths,F1 andF2 are
therelative ¯uxes,g 1 andg2 aretheupperlevel degeneracies,
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andA1 andA2 arethespontaneouselectricquadrupoletransi-
tion probabilitiestakenfrom Wolniewicz et al. (1998).

Whenbothlinesoriginatefrom thesameupperlevel anda
K-bandspectralindex of 1.7is adopted,theabsoluteextinction
is givenby

AK =
�

� �
2:2� m

� 2

�1:7
�

�
2:2� m

� 1

�1:7
� : (2)

Threepairsof H2 v=(1,0)linesfrom theKSPECdatawereused
in orderto determineAK : Q(2)/S(0),Q(3)/S(1)andQ(4)/S(2).
Theresultsarepresentedin Table3.

Table3. AK values(in magnitudes)whichhavebeendeterminedfrom
theKSPECrelative �ux esin Table1. The�ux errorshave beenprop-
agatedandyield a realisticAK errorestimate.

Q(2)/S(0) Q(3)/S(1) Q(4)/S(2)

AK east 2.7 � 1.5 1.5� 0.5 1.8� 0.5

AK west 3.9 � 2.3 2.4� 0.5 3.2� 2.0

Immediatelyevident is that the extinction is higherin the
westernknotsalthoughtheextinctiondeterminationin thewest
is rathertentativedueto theobservingconditions.A higherex-
tinction thanin the eastis plausiblesincethe westernlobe is
redshiftedand the embeddedcloud (observed in H13CO+ by
Gueth& Guilloteau(1999))extendspredominantlyin this di-
rection.In orderto determinetheaveragevalueof AK eachline
pair wasassignedwith therelative line strengthasa statistical
weight. The statisticallyweightedaverageAK valuesfor the
easternand westerncomponentsare 1.8 and 2.9 magnitudes
respectively. Thesevaluesfall within the error limits andare
usedto dereddenluminositiesin x 4.

In order to interpret the data, we employ the Column
DensityRatio(CDR)method.Wedeterminethecolumnof gas,
N j , in theupperenergy level, kT j, necessaryto produceeach
line.Wethendividethesevaluesby thecolumnspredictedfrom
a gasat 2,000K in local thermodynamicequilibrium with an
orthoto pararatio of 3. Normalisingto the(1,0) S(1) line, we
thenplot this astheCDR, asdisplayedin Fig. 4. We immedi-
atelyseethattheCDR is not constantbut a functionof excita-
tion temperature,andthusis notconsistentwith emissionfrom
a uniform temperatureregion or from a single planarshock.
Furthermore,no signi®cantdeviationsfrom a singlecurve are
identi®ed(apartfrom thatderivedfrom the(1,0)S(5)which is
not con®rmedby the(1,0)Q(7) from thesameTj). Hence,the
orthoto pararatio is consistentwith thevalueof three,usually
associatedwith H2 shocks.

The extinction determinedin the eastlocation also con-
strainstheH-bandlines.A signi®cantlylowerextinctionwould
raisetheCDRsfor these(1,0)H2 abovethatof the(2,1)K-band
lines which would have implied non-LTE low densitycondi-
tions.As it stands,thefactthata singlecurve is predictedsug-
gestsa densitysu� ciently high to ensureLTE. Given a high
fractionof hydrogenatoms,thelower vibrationallevelsof hy-
drogenmoleculesreachLTE at densitiesabove� 104 cm� 3.

Fig.4.Columndensityratiodiagramsfor HH 211,producedfrom ver-
tical slits runningthroughlocationsof peakemission.Theextinction
hasbeenadjustedto minimise the di� erencesin 1±0 S-branchand
Q-branchlinesoriginatingfrom thesameupperenergy level. H2 (1,0)
transitionsarerepresentedby squares,(2,1)transitionsby crosses,and
(3,2), (3,1)and(3,0) transitionsby triangles.Thefaint squaresrepre-
sent(1,0)Q branchmeasurements.

4. Anal ysis

4.1. Modeling the bow shocks

Thestructureof thewesternout¯ow, shown in detail in Fig. 5,
raisesan ideal interpretationscenario.The excited H2 can
be found in several distinct knots along an out¯ow axis.
McCaughreanet al. (1994)suggestedthat this well organised
appearancemight prove particularlyamenableto modeling.A
seriesof bow-shocksis propagatingalong the out¯ow. They
gradually exhaust their momentumand slow down as they
ploughthrougheitherambientgasor thematerialin thewakes
of upstreambow shocks.They encounterlessdensegasto-
wardsthe edgeof the cloud. The submillimeterobservations
of Chandler& Richer (2000)show that the HH 211-mmen-
velopedensitydecreaseswith distancefrom the source.The
azimuthallyaverageddensitystructureis well ®tted by a sin-
gle power-law, � / r � 1:5, out to 0.1pc (theprojecteddistance
of the outerknotsof the out¯ow from the source).However,
the densitypro®le is extendedin a directionperpendicularto
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Fig.5. The HH 211 westernout�ow is shown herein H2 (1,0) S(1),
H2 (2,1) S(1) and [FeII] emissionlines. The imagesarenot contin-
uumsubtractedasthebow shocksarerelatively pure.Greyscalebars
represent�ux levelsperarcsec� 2 in unitsof 10� 18 W m� 2.

theout¯ow andtheouterwesternknotsarelocatedoutsidethis
densecoreregion.

The bow-shockmodelsdescribedby Smith et al. (2003)
have beensuccessfullyemployed to interpretthe sequenceof
bow shapedfeaturesalong the HH 240 out¯ow (O'Connell
et al. 2004).Herewe apply the samemodelwhich servesas
a usefulinterpretivedevice.We wish to determineif a system-
atic changeof oneor moreparametersresultsin a closematch
with theobservedbow structuresandthusto analysethe out-
¯ow's changingenvironment.We have appliedthebow-shock
modelto thethreeleadingstructures:de, bcanda.

Jump-type(J-type)bow shockscan explain many of the
features associatedwith high excitation emission regions.
They causerapid heating and dissociateH2 moleculesfor
shockspeedsgreaterthan24 km s� 1 (Kwan 1977).However,
Continuous-type(C-type)bow shockshave proved extremely
successfulat interpretingmostof theobservedstructures.The
measuredlow fraction of ions in molecular clouds is con-
sistentwith their application.The magnetic®eld cushioning
meansthat lessenergy goesinto moleculedissociation;they

Table 4. Model parametersderivedto �t thebow imageswith C-type
shocks.

Parameter bow-de bow-bc bow-a

Size,Lbow (cm) 1.0� 1016 1.0� 1016 1.0� 1016

H Density, n (cm� 3) 8.0 � 103 4.0� 103 3.0� 103

MolecularFraction 0.2 0.2 0.2
Alfv énSpeed,vA (kms� 1) 4 4 4
MagneticField (� G) 193 137 118
Ion Fraction,� 1.0 � 10� 5 3.0� 10� 5 5.5� 10� 5

Bow Velocity, vbow (kms� 1) 55 40 29
Angle to l.o.s. 100� 100� 100�

s Parameter 2.10 1.90 1.75
Fieldangle,� 60� 60� 60�

canexplain thehigh infrared¯uxeswhichareobservedin bow
shocks.However, theirobservedvelocitiesoftenexceedtheH2

dissociationspeedof � 40–50km s� 1 (Smithet al. 1991)giv-
ing riseto a double-zonebow shockcomposedof (1) a curved
J-typedissociative cap(responsiblefor atomicemission)and
(2) C-typewings(whereH2 emissionis radiated).

Our C-type bow shockmodel consistsof a threedimen-
sionalcurvedsurfacedescribedby

Z=Lbow = (1=s)(R=Lbow)s; (3)

whereZ andR arecylindrical coordinates,Lbow characterises
thebow sizeands de®nestheshapeor sharpnessof thebow.
Thecurvedshocksurfaceis thendividedinto averylargenum-
berof steady-stateplanarshocksfor whichthedetailedphysics
andchemistryarecomputed(Draine1980;Smithet al. 1991).
Eachmini-shockpropagatesat a di� erentvelocity depending
on theanglebetweentheshocksurfacenormalandthedirec-
tion of motionof thebow. Thetemperaturereached,andhence
theexcitationconditions,dependson theshockvelocity, den-
sity, magnetic®eld strength,etc.,aswell asthemagnetic®eld
direction(seeTable4).

The systematicmethodof explorationof parameterspace
is given in O'Connell et al. (2004).In summary, the bow lu-
minositiesprovide constraintson the densityandbow speed.
The location of the emissionin the ¯anksor apex also con-
strainsthe bow speed.In addition,the ion fraction constrains
the transversebow thicknessas well as the bow speed.The
magnetic®eld strengthstrongly in¯uencesthe extent of the
wing emissionand the atomic fraction a� ectsthe line ratios.
As demonstratedby previousmodelling,thebow speedis lim-
ited to within � 15%,theorientationto within 10� andtheden-
sity, magnetic®eld, atomicfractionandion fraction to within
a factorof two.

The observed H2 (1,0) S(1) luminosity for eachbow pro-
videsuswith thestrongestdensityandvelocityconstraint.For
a given bow size,Lbow, the line emissionis directly propor-
tional to themassdensity(= 2.32� 10� 24nc) and(vbow)3. The
observed bow luminositieshave beendereddenedusinga K-
bandextinction of AK = 2.9 mag(seex 3). Table5 lists the
observeddereddenedluminositiesfor eachknotalongwith the
predictedmodelluminosities.
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Table 5. Observed and predicted bow shock luminosities and
(2,1)S(1)/ (1,0)S(1)�ux ratios.Luminositiesareexpressedin unitsof
L� andadistanceof 315pcis adopted.Luminositieshavebeendered-
denedusingK-bandandH-bandextinctionsof 2.9and4.5magnitudes
(usingAH = 1.56� AK from Rieke & Lebofsky (1985))althoughthe
errors in thesevaluesare relatively large, seetable 3. respectively.
Note that the [FeII] luminositieshave beenpredictedusinga J-type
shockmodel.

Line Observed� Dereddened C-type
Model

bow-de

H2 (1,0)S(1) 4.6 � 10� 4 6.5� 10� 3 6.8� 10� 3

H2 (2,1)S(1) 4.3 � 10� 5 6.1� 10� 4 7.3� 10� 4

H2 (3,2)S(3) 9.8 � 10� 6 1.4� 10� 4 1.6� 10� 4

[FeI I ] 4D7=2 ± 4F9=2 3.6� 10� 5 2.2� 10� 3 2.3� 10� 3

2=1 ratio 0:09 (0:02) 0:09 (0:02) 0:11

bow-bc

H2 (1,0)S(1) 9.7 � 10� 5 1.4� 10� 3 1.4� 10� 3

H2 (2,1)S(1) 6.85� 10� 6 9.7� 10� 5 1.5� 10� 4

H2 (3,2)S(3) nodet.� ± 2.7� 10� 5

[FeI I ] 4D7=2 ± 4F9=2 nodet.� ± 1.2� 10� 4

2=1 ratio 0:07 (0:02) 0:07 (0:02) 0:12

bow-a

H2 (1,0)S(1) 2.2 � 10� 5 3.1� 10� 4 3.2� 10� 4

H2 (2,1)S(1) 1.7 � 10� 6 2.4� 10� 5 2.5� 10� 5

H2 (3,2)S(3) nodet.� ± 2.6� 10� 6

[FeI I ] 4D7=2 ± 4F9=2 nodet.� ± 1.2� 10� 6

2=1 ratio 0:08 (0:04) 0:08 (0:02) 0:08

� The 3� detectionlimits for the observed knots over an 800circular
apertureare:2.6� 10� 5 for (1,0)S(1);1.8 � 10� 6 for (2,1)S(1);6.4�
10� 6 for (3,2)S(3);and3.1� 10� 5 for the[FeII] image.

The parametersselectedin order to model eachbow are
givenin Table4. A constantAlfv Âenspeedis maintainedsothat
themagnetic®eldvarieswith density(B=vA(4�� )0:5). Fromthe
H2 radialvelocitystructuredescribedin Salasetal. (2003)and
that the out¯ow H 2 knotshave an averagevelocity projected
ontotheplaneof thesky of � 50km s� 1 (suchavelocityis con-
sistentwith our modellingresults)we have estimatedanincli-
nationangleto theplaneof thesky of between5� and10� . The
bows have beenmodelledpropagatingat this angle,i.e. 100�

to theline of sightasthewesternout¯ow is redshifted.At this
anglethemodelimagescloselyresembletheobservationssug-
gestingthatthebow speedis similar to theshockspeed,i.e the
bowsarepropagationgin amediumwhich is relatively at rest.

The ®eld angle,� , is theanglebetweenthe bow direction
of motionandthemagnetic®eld (seeO'Connell et al. (2004)
for a detaileddescriptionof thegeometry).A misalignmentof
thesedirectionsresultsin asymmetricbow wings suchasare
observed for HH 211. In our casethe bestresultswerefound
for � � 60� � 10� .

Fig. 6 displaysthe simulatedbow image to compareto
bow-de in (1,0) S(1) and (2,1) S(1) ro-vibrational transition
lines of H2, aswell asthe [FeII ] 4D7=2 – 4F9=2 transitionline.

Fig.6. A C-typebow shockmodelfor bow-deshown in H2 (1,0)S(1)
and(2,1) S(1)excitation lines.Adoptinga sourcedistanceof 315pc
givesa pixel scalealongthex andy axesof 1 pixel = 000.18.Thebow
directionof motion is inclined to theplaneof thesky by anangleof
10� , awayfrom theobserver, i.e.100� to theangleof sight.Thebow is
moving at55km s� 1 relativeto theambientmediumof H density,n,=
8 � 103 cm� 3. All �ux levelsareindicatednormalisedto themaximum
H2 (1,0)S(1)line �ux. Hot dissociativeshocksarenecessaryto induce
emissionfrom [FeII]. Herewehave employeda J-shockmodel(same
parameters)to simulatethe�ux distributionat 1.644� m.
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Fig.7. C-typebow shockmodelfor bow-bc which reproducestheob-
servedH2 (1,0)S(1)and(2,1)S(1)�ux distribution.Adoptingasource
distanceof 315pcgivesapixel scaleof 1 pixel = 000.18.Herewetake
a lower bow speedof 40km s� 1 anda pre-shockH densityof 4 � 103

cm� 3 to matchtheobservedluminosity. Otherparametersaregivenin
table4.Thegrey scale�ux indicationsarenormalisedto themaximum
(1,0)S(1)level for bow-dein Fig. 6.

The shockspeedis 55 km s� 1 andthe pre-shockdensityis 8
� 103 cm� 3. The bow size,Lbow, hasbeenchosenin orderto
matchthedistancebetweentheupperandlower wings,in this
case� 500.

The [FeII ] emission is generatedby a J-type dissocia-
tive bow and is restrictedto a compactbut elongatedzone
towards the bow apex where the highest temperaturesare
reached.However, theobserved[FeII ] emissionis restrictedto
a singlecompactcondensation,unlike the modeldistribution.
Accordingto this modelthetotal coolingin the(1,0)S(1) line
is 6.8� 10� 3 L� , 1.4� 10� 1 L� in all H2 rotationalandvibra-
tional linesand2.4� 10� 1 L� in all atomicandmolecularlines.

Bow-bc is observed in both the (1,0) S(1) and (2,1) S(1)
lines.Fig.7 displaysthemodelgeneratedimageswhichclosely
resembletheobservations.Thedistancebetweentheupperand
lower wingsis � 300. This knot is modeledwith a reducedbow
speedof 40 km s� 1 which is propagatinginto a lower density
medium(n = 4.0 � 103 cm� 3. No [FeII ] emissionis observed,

Fig.8. Faint (1,0) S(1) emissionis detectedat bow-a. A bow propa-
gatingat 29 km s� 1 generatesthe correct(1,0) S(1) luminosity with
luminositiesfrom theotherlinesbelow the level of detectability, see
table5. Adopting a sourcedistanceof 315 pc givesa pixel scaleof
1 pixel = 000.18.Thegrey scale�ux indicationsarenormalisedto the
maximum(1,0)S(1)level for bow-dein Fig. 6.

consistentwith thefactthatits predictedluminosityliesbelow
thedetectionthreshold.Accordingto thismodelthetotalcool-
ing in the(1,0)S(1)line is 1.4� 10� 3 L� , 3.6� 10� 2 L� in all H2

rotationalandvibrationallinesand5.4� 10� 2 L� in all atomic
andmolecularlines.

Bow-a appearsin the (1,0) S(1) line asa compactknot of
emissionwith a (2,1) S(1) / (1,0) S(1) ratio of 0.08� 0.02.A
bow speedof 29 km s� 1 resultsin emissionrestrictedto the
bow apex. The calculatedline cooling is 3.2� 10� 4 L� in the
(1,0)S(1)line, 8.8� 10� 3 L� in all H2 linesand1.3� 10� 2 L�
total line cooling.

We concludethat the observed structuresarerecreatedin
the model by solely altering the density, bow speedand ion
fractionwhile all otherparametersremain®xed.Theextentof
thebow is in¯uencedprincipally by thebow speedasit deter-
minesthe locationof the H2 emission.A slower bow is char-
acterisedby emissionconcentratedcloserto thebow front. For
thisreasonwehavemaintainedaconstantLbow for all themod-
els. The bow speedsystematicallydecreasesasan otherwise
similar bow ploughsinto a materialof decreasingdensity. An
increasein the ion fraction is expectedin lessdenseregions
wherecosmicraysandUV photonscanmoreeasilypenetrate
thegas.

Thedriving power of a bow is convertedinto heatat a the-
oreticalrateP = � � v3

bowL2
bow�= 2 or

P = 0:13�
� n
8:0 � 103 cm� 3

�� vbow

55km s� 1

�3� Lbow

1:0 � 1016 cm

� 2
L� ;

(4)
where� is a non-dimensionalfactorrelatedto theaerodynam-
ical dragandis of orderunity. � is the massdensityequalto
2:32� 10� 24n (n is thehydrogennucleondensity).Thederived
numbersarethusconsistentwith expectations.
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Fig.9. A mapshowing the ratio of our 2.122� m and2.248� m images.Thetwo imageshave not beencontinuum-subtracted(dueto thevery
low S/N of thecontinuumimage),so themaponly revealstheH2 (2,1)S(1) / (1,0)S(1) line ratio towardstheendsof theout�ow, wherethe
continuumis weak;thedarker regionsnearthecenterof the imagearewheretheemissionis dominatedby thecontinuum.Logarithmically
increasingcontourlevelsareat0.08,0.11,0.16,0.22,0.32,0.45(black)and0.63,0.89(white).

4.2. The out�o w continuum emission and excitation

Wehavealsodividedthe¯uxesin thenarrow-bandimagescon-
tainingthe(1,0)S(1)¯ux andthe(2,1)S(1)¯ux to producethe
ratio imagedisplayedin Fig. 9. In order to producethis map
both imageswere ®rst smoothedwith a GaussianFWHM =
000.6 andvalueslying below thenoiselevel wereexcludedbe-
fore dividing. Note that the imageswerenot continuumsub-
tracted,due to the poor quality of the continuumimage at
2.14� m,soFig.9 revealstwo distinctout¯ow regions:(1) areas
wherethecontinuumemissionis relatively strongpossessa ra-
tio above0.3andapproach1.0whereonly continuumemission
ispresentand(2)partsof theout¯ow note� ectedby continuum
emissionwheretheH2 excitation(� 0.1)canbestudied.

Theout¯ow regionsdominatedby continuumemissionare
locatedalongtheedgesof the SiO jet imagedby Chandler&
Richer(2001).Thissupportstheideathatthecontinuumarises
throughscatteredlight from the protostar. The light escapes
alonga jet excavatedcavity but not alongthehigh densityjet
itself. It is cuto� at 1700(8.0� 1016 cm)alongthewesternout-
¯ow whereit possiblyencountersahighdensity1 M � ®lament
(Gueth& Guilloteau1999).It is alsopossiblethatthe®lament
liesin front of the¯ow. Thisprojectione� ectwouldexplainthe
higherextinction measuredin thewesternout¯ow, contraryto

the submillimeterdustemissionmapsof (Chandler& Richer
2000)which do not reveala strongasymmetricaldensitydis-
tributionbetweentheeasternandwesternout¯ows.Continuum
light encounterslesshindrancealongtheeasternout¯ow where
it terminatesalongsideshockexcitedH2 emissionatknotsi and
j, 4500(2.1 � 1017 cm) from its protostellarorigin. Herecontin-
uumemissionis seenat 2.14� m (EislÈo� el et al. 2003)but not
in our ratio imageastheH2 emissionis relatively stronghere.
Theorigin andimplicationsof thecontinuumemissionwill be
discussedin x 5.

Theexcitationratioalongthewesternout¯ow,� 0.1,is typ-
ical of out¯ows seenin collisionally excited emission(Black
& Dalgarno1976; Shull & Beckwith 1982).Thereis an in-
creasein theexcitationratio towardstheleadingedgeof bow-
dewherehighershockvelocitiesandtemperaturesarereached
andthe H2 line emissionreachesits maximumvalue.Similar
conditionswerefoundfor theHH 240bow shocks(O'Connell
etal. 2004)andthey arewell explainedthroughthebow shock
interpretation.However, a strongdeviation from this pictureis
foundin the[Fe II ] image:Thelocalised[FeII ] emissionis co-
incidentwith a region of higherratio, (labelled[FeII ]–3) and,
puzzlingly, notat theexpectedH2 dissociatedbow apex asseen
in themodelgeneratedimage,Fig. 6.
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5. Discussion

Whichmechanismsgive riseto theseriesof near-infraredbow
shocks?Ouranalysissuggestsacombinationof two processes:

(1) Thebow shocksaregeneratedby aseriesof similarout-
¯ow accretion/ejectionevents.Using the modelvelocitiesthe
time lapsesbetweenthebows (andthereforebetweenout¯ow
events)are� 425and� 290years.Thesenumbersareconsis-
tentwith thedetectionof threebows giventhedynamicalage
of � 1000years.Fluctuationsin jet activity probablymanifest
themselvesasbow shocksat thejet cloudimpactregionwhich
is Knot-f wherethehighspeedCOjet terminatesandH2 shock
heatingis initialised.At Knot-f two H2 (1,0)S(1)velocitycom-
ponentshave beenobserved by Salaset al. (2003). This re-
verse/transmittedshockpair seemsto indicatethecritical zone
of jet impactwhereH2 bow shocksareborn.After formation,
thebowspropagateaway from theprotostartowardsthecloud
edgeandthrougha changingenvironment;they becomeless
luminousasthedensitydecreasesandthey loosetheirmomen-
tum.Bow-a representsthe®nal stagesin thedetectablelife of
oneof thesebow shocks.In supportof thisprocess,wenotethat
themolecularjet demonstratesanapparentaccelerationalong
its lengthof value� 5 � 10� 3 km s� 1 AU� 1 (Chandler& Richer
2001).Given ballistic motions,this implies that the entire jet
now observed wasejectedwithin a relatively shortperiod of
time just 100–150yearsago.

(2) The bow shocksbecomeilluminated within regions
wheretheout¯ow impactson denserclumpsof gas.This idea
is supportedby theimplied highK-bandextinctionsof 2.9and
1.8 magnitudesfor knotsde andi. Thesevaluesdo not repre-
sentthe entireout¯ow andcannotbe usedto infer the dered-
denedluminosity for the whole out¯ow. Additionally, strong
continuumemissionis detectedin theeasternout¯ow at knots
i andj wheretheextinction is high (AK � 1.8).If this is indeed
scatteredlight from theprotostarthenit haschanneledthrough
to wherethe enhanceddensityhasresultedin scattering.The
passageof a C-shockwill increasethepost-shockdensitywith
a compressionratio of

p
2 times the magneticMach num-

ber(shockspeeddividedby theAlfv Âenspeed)(Spitzer1978).
Therefore,thecontinuumemissionis likely to be seenalong-
sidetheshockexcitedH2 emissionasis thecasefor HH 211.

McCaughreanetal. (1994)suggestedanaverageAK of 1.2
magnitudeswhich is lower thanthe valuesthat we derived in
x 3 but is consistentto within ourerrorlimits. Adoptingthis as
theaverageextinction over theentireout¯ow we ®nd that the
totalH2 (1,0)S(1)luminosityof theentireout¯ow is 0.009L � .
Accordingto thepredictionsof ourbow shockmodels,� 4%of
the total H2 line emission(2.7%of total line cooling) is emit-
tedin the(1,0)S(1)which givesanintrinsic H2 luminosityfor
HH 211 of � 0.23 L� and a total luminosity, Lrad, resulting
from all line emissionof � 0.34L� . If all themechanicalen-
ergy is convertedinto radiationthenLmech is equivalentto Lrad

andLmech/ Lbol � 10%.
Providedthatthevelocityof thesweptupgas,whichcoin-

cideswith the CO out¯ow, roughly equalsthe shockvelocity
(i.e. a radiative shock),Davis & Eisloe� el (1996)have shown
thatLrad shouldberoughlyequalto thekinetic luminosityLkin

of the out¯owing materialasmeasuredthroughtheCO lumi-

nosity. Thesecriteria are indeedmet for HH 211 as Lkin �
0.24 L� and the CO and H2 are coincidentsuggestingthat
the shockis essentiallyradiative (Gueth& Guilloteau1999;
Giannini et al. 2001).Note that the averageextinction is re-
strictedto about1 magnitudein the K-bandin order to meet
thesecriteria.

Thedriving sourceHH 211–mmhasabolometrictempera-
tureof 33K whichimpliesayouthfulout¯ow system.However,
the HH 211 out¯ow itself doesnot reveal any characteristic
signsof its assumedyouthfulnessbesidesthesmallspacialex-
tentwhich impliesa dynamicaltimescaleof order1000years.
This out¯ow ageis limited by thedensitystructureof theen-
vironment,asolderbow shocksmaysimply have disappeared
into sparsematerial.For this reasonthe out¯ow extent itself
cannotbeusedto infer thefull durationof out¯ow activity.

Thehigh densityjet (2–5� 106 cm� 3) observablein SiO J
= 5! 4 emissionimpliesa pre-shockdensityof about2 � 105

cm� 3 (Gibb et al. 2004) and thus a maximumjet-to-ambient
densityratio of � 20. The CO J = 2! 1 maximumradial ve-
locity is � 40 km s� 1 (Gueth& Guilloteau1999) implying a
jet velocity of 230–460 km s� 1 given an inclination angleto
theplaneof thesky of between5� and10� . Hydrodynamicnu-
mericalsimulations®nd thata low densityenvelopegenerally
developsaroundjetsof density� 105cm� 3 andajet-to-ambient
density ratio of 10 (Suttneret al. 1997; V Èolker et al. 1999;
Rosen& Smith 2004).Could (pulsed)C-type jets which are
heavier, denserandmoreballistic than thosesimulatedexca-
vatelow densitycocoonsthroughwhich continuumemission
mightescapealongtheout¯ow?To date,suchhighdensityand
highvelocityjetsinvolving C-typephysicshavenotbeensimu-
lated.Thenew challengefor theoristsis to simulatesuchMHD
jets.

HH 211is of particularinterestdueto its unusuallystrong
continuumemission.Theoriginal radiationmayhave escaped
from thesourcealongacavity of low opticaldepthwhichmust
have beenexcavatedby powerful jet events.This radiationis
thenscatteredwhenit encountersdensewallsor clumpswhere
theNIR opticaldepthalongthedirectionfacingthesourceis of
orderunity. Someof thescatteredradiationthenexits alongthe
line of sightthrougha foregroundof moderateNIR extinction.
This interpretationthusrequiresthe original radiationto pen-
etratea distanceof order1017 cm with a meandensityof less
than105 cm� 3 beforeencounteringwalls of thicknessof order
1016 cmanddensity106 cm� 3. A moderatefractionof thescat-
teredradiationthenescapeswithoutencounteringfurtherdense
featuresalongthe line of sight.The high densityandclumpi-
nessof thejet asrevealedthroughSiO observations(Chandler
& Richer2001;Nisini etal. 2002)areimportantfactorsto con-
siderin this interpretation.

The [FeII ] emissionat 1.644� m originatesfrom an upper
energy levelof 11,300K (compareto 6,953K for H2 (1,0)S(1))
thereforeweexpectit to highlightthehotter, highexcitationre-
gionsof anout¯ow. As shown in x 4, the[FeII ] emissionfrom
a typical bow shockshouldbelocatedtowardsthefront of the
bow, whereH2 is dissociated.Clearly, this is not the casefor
HH 211(bow–de). Themostlikely explanationis thatthefront
of the bow shockis traversinga low densityregion. Material
hasbeensweptoutby out¯ow activity andthebow shocksbe-
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comeluminousonly wherethey interactwith the wall of this
hollowedout cavity. In this way it is possiblesee[FeII ] emis-
sion coincidentwith bright H2 emissionin the `shoulders'of
the bow shock.Suchan explanationis alsosupportedby the
distinctpossibilitythatcontinuumemissionfrom thesourceis
escapingalonganout¯ow excavatedcavity.

6. Conc lusions

We have studiedthe HH 211 protostellarout¯ow in the near-
infrared regime through high resolution imaging and spec-
troscopy. Imagesin the(1,0)S(1)and(2,1)S(1)ro-vibrational
transitionsof H2 have beenanalysedin order to study the
excitation throughoutthe out¯ow. A narrow-band image at
1.644� m waspresentedwheretheout¯ow is clearlyseenand
several con®nedcondensationsof emissionare identi®ed. In
addition,we have presentedK-band spectroscopic̄uxes for
two separateprominentlocationsfrom which the extinction
andexcitationconditionshavebeeninvestigated.We havesuc-
cessfullymodeledtheseriesof bow-shocksin thewesternout-
¯ow as curved 3–dimensionalshockfronts with steadystate
C–typephysics.

Our®ndingshave leadto severalconclusionsaboutthena-
tureof theout¯ow:

– C-type bow shocks propagatealong the western ¯ow.
Model ®tting hasconstrainedseveralparametersincluding
thedensity, bow velocity, ion fraction,intrinsic bow shape
andmagnetic®eld strengthanddirection.

– The bow shocksarepassingthroughdenseclumpswhere
their luminosity is accentuated.High valuesof extinction
aremeasuredin theseregions.

– Bows de, bc anda areplausiblymodeledasa seriesof ini-
tially identicalbow shockspropagatingthrougha medium
of decreasingdensity. Thebows slow down anddisappear
asthey approachthecloudedge.

– A misalignmentof the magnetic®eld and out¯ow direc-
tionscanaccountfor theobservedbow shockasymmetries.

– The mostlikely sourceof the protractedcontinuumemis-
sion is light from the protostarwhich evadesdensecore
obscurationby escapingthrougha low densitycavity exca-
vatedby the jet, asdiscussedin x 5. The continuumlight
is scatteredwhenit encountersthedensermaterialaligning
thejet tunnelandthedenseclumpsalongtheout¯ow.

– The excitation along the out¯ow is typical of out¯ows in
general.Theorthoto pararatioof 3 for molecularhydrogen
impliesshockheatingasthesourceof thenear-infraredline
emission.

– The [FeII ] emissionis predictedand detectedin isolated
condensations.Thesecondensationsare coincident with
strong H2 emission.However, the location of the [FeII ]
emissionis puzzling; it is not found in the expectedbow
apex region aspredicted.This mayalsobedueto the low
densitytunnelthroughwhich thebow apex is propagating.

These®ndingstogetherwith thelargevolumeof previously
publishedmaterialis suggestingaglobalout¯ow model,asfol-
lows.Episodic¯uctuationsin accretion/ejection(of orderafew

hundredyears)giveriseto avariablejet velocity. Theresulting
shocksmanifestthemselvesasC-typebow shocksattheprinci-
ple jet/ambientmediumimpactregion wherethey aredetected
outsidethedensecorewheretheextinction is lower. Thebows
propagatetowardsthecloudedgethrougha changingenviron-
ment.Themodelsuggeststhatthemeandensitydecreaseswith
distancefrom thecorebut that thebow shocksbrightenwhere
they encounterdenseclumps.It is feasiblethat theseclumps
consistof gassweptupby passageof previousbowsdrivenby
thealternatingout¯ow power.

It is clearthatin-depthstudiesof awiderangeof protostel-
lar out¯ows will yield valuableinsight into how theclouden-
vironmentsculptstheout¯ow andhow muchtheenvironment
itself hasbeenin¯uencedby thestarformingprocess.
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