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Abstract. Theprotostellarout ow HH 211is of considerablénterestsinceit is extremelyyoungandhighly collimated.Here,

we explore the out ow throughimaging and spectroscop in the nearinfraredto determineif thereare further diagnostic
signaturef youth.We con rm the detectionof a nearinfrared continuumof unknavn origin. We proposethatit is emitted
by the driving millimeter source gscapeshe corethroughtunnels,andilluminatesfeaturesaligningthe out ow. Narrov-band
ux measurementsf thesefeaturescontainan unusuallylarge amountof continuumemission.[Fell] emissionat 1.644 m

hasbeendetectedndis restrictedo isolatedcondensationddowever, the characteristicsf vibrationalexcitationof molecular
hydrogenresemblethoseof older molecularout ows. We attemptto modelthe orderedstructureof the westernout ow asa

seriesof shocks,nding thatbow shockswith J-typedissociatve apicesandC-type anks areconsistentMoreover, essentially
the sameconditionsare predictedfor all threebows exceptfor a systematigeductionin speedanddensitywith distancerom
thedriving source We nd increase-bandextinctionsin the bright regionsashigh as2.9 magnitudesandsuggesthatthe

bow shockshecomevrisible wheretheout ow impactson denseclumpsof cloudmaterial We proposehattheout ow is caned

out by episodesf pulsatingjets. The jets, driven by centralexplosive events,areresponsibleor excavating a centraltunnel
throughwhich radiationtemporarilypenetrates.

Key words. ISM: jetsandout ows, stars:circumstellamattey infrared:ISM, ISM: Herbig-Haroobjects

1. Intr oduction the out ow give rise to shockswhich propagateaway from
the protostarinto the ambientmoleculargas(Froebrichet al.
2003a).Thesebow shocksexcite atomsandmoleculesjnduc-
ing line emissiorwhich is oftenvisible at opticalwavelengths
as Herbig-Haro(HH) objects(Reipurth& Bally 2001; Bally
& Reipurth2002).However, the nearinfraredemissionis par
ticularly importantfor the youngestprotostarssince eventhe
protrudingout onvs maystill be obscuredn theopticalregime
(Eislo el et al. 2000). In fact, nearinfrared obsenationsre-
veal remarkablemolecularhydrogen ows which hold valu-
able information concerningthe environmentthrough which
they propagateaswell asthe mechanismwhich launcheghe
driving jets (Davis 2002).

Theprocessesontrollingthebirth of individual starsevadedi-
rectanalysisin the optical becausehey operatewithin highly
obscuringcoreswithin densemolecularclouds.Nevertheless,
theendof the periodof gestatioris heraldedy often spectac-
ular ejectionsof material (Bachiller 1996). We may thus de-
duceinformationconcerninghe accretionprocessy indirect
meansBipolarjetsfrom protostar@appeato beubiquitousand
theircharacteristicsuggesacloserelationshigo theaccretion
procesdrom adiscinto aforming star(Froebrichetal. 2003b).
In addition,they have drasticdynamicaland chemicale ects
on their ervironment.They excavate cavities by sweepingup
the molecularmaterialwhich thenforms an out ow visible in
emissionfrom CO moleculesAs well asa leadingbow wave
which ploughsthroughthe ambientmedium,irregularitiesin

HH 211is a bipolar molecularout ow which wasdiscov-
eredby McCaughreaetal. (1994).1t liesneartheyoungstellar
clusterlC 348IR in the Perseuslark cloud complex at an esti-
mateddistanceof 315 pc (Herbig 1998).The out aw is bilat-
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erally symmetricandhighly collimatedwith anaspectatio of
15:1. Thetotal extentof the out aw is 106 “Whichis 0.16pc
at the adopteddistance A H, (1,0) S(1) wide-®eld surwey of
the IC 348 clusterwas carriedout by EislE el et al. (2003)
coveringa 6°8  6°8 region; no HH 211 out ow remnants
weredetecteeyondtheouterknots.This makesit oneof the
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smallerout ows, which suggestshatit mayalsobe oneof the
youngestsincethe averagelengthwithin an unbiasedsample
of ClassO/I jetswasfoundto be 0.6—-0.8c (Stanle 2003).

The conclusionthatHH 211is a jet drivenout ow with a
timescaleof order1000yearswasderivedfrom interferometric
CO obsenations(Gueth& Guilloteau1999),which con®rms
it asone of the youngestinfrared out ows to be discovered.
Althoughthe out ow lobesarevisible in bothblue-shiftedand
red-shiftedCO emissiona smallinclinationangleto the plane
of the sky is suggestedby (i) thelack of strongdi erentialex-
tinction in the H, brightnesdistribution, (i) the high degree
of separatiorof the blue andred CO lobesand iii) therela-
tively smallradial component®f the SiO andH, ow speeds
(Chandler& Richer2001;Salasetal. 2003).

The centralenginedriving the out ow is HH 211-mm,a
low-massprotostamwith abolometricluminosityof 3.6L  and
bolometrictemperaturef 33K. It issurroundedya 0.8M
dustcondensatioifFroebrich2005). Since4.6 percentof the
bolometricluminosity is attributedto the submillimeterlumi-
nosity, L smm HH 211-mmis classi®edasa ClassO type proto-
star

A compactandcollimatedSiO jet extendsin both ow di-
rectionsout to a projecteddistanceof 20°° 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 obsened SiO emissionsug-
gestsa shockorigin resultingfrom atime dependenget veloc-
ity. Nisini etal. (2002)obsenedHH 211in SiO linesoriginat-
ing from high rotationalenegy levels and deduceda high jet
densityof ny, 2-5 10° cm 3 andgastemperature 250K.
However, no SiO emissionis detectedoeyond 20°%Wherethe
H> (1,0) S(1) emissionis found suggestinghatthe conditions,
suchas shockvelocity and pre-shockdensity vary consider
ably alongthe ow direction.

Imagingof [Fell] emissionin the H-bandat 1.644 m has
recentlyplayeda major role in our understandingf shocled
out ows (seeReipurthet al. (2000) for a summary).Where
[Fell] emissionis obsered it tracesthe fast (> 50 km s 1)
and dissociatve shocks.Combinedwith K-band imaging of
H, rotational-vibrationalines, which tracelessextremeshock
conditions, important information about out ow excitation
may be gatheredKhanzadyaretal. 2004).

Previous studiesemploying bow-shock models have fo-
cusedon larger, more evolved systemg(Eisli6 el et al. 2000;
Smithetal. 2003;0'Connelletal. 2004).HH 211 providesus
with the uniqueopportunityof studyingwhathasbeendeemed
asanexceptionallyyoungout on coveringa smallspacialex-
tent. We presentherenew high resolutionimagesof H, and
[Fell] lines andK-bandspectroscop of the out ow (x 3). We
analysegheimpactregionsvisible in thenearinfrared.We then
presentn x 4 C-typebow-shockmodelsn orderto interpretthe
remarkablesetof bows propagatinghrougha changingervi-
ronmentalongthewesterrout ow. In x 5 we discusgheissues
which have arisenfrom this setof databeforepoolingour ®nd-
ingstogetherin conjunctionwith previousstudiesto suggest
globalout ov mechanisnfor HH 211in x 6.

1 http/Awww.dias.iéprotostars

2. Obser vations and data reduction
2.1. KSPEC observations

Our nearinfrared (NIR) spectracover the 1-2.5 m regionin

mediumresolution.They were obtainedin the period 26-29
August1996with the KSPECspectrograplon the University
of Hawaii 2.2 metertelescopeThis crossdispersedechelle
spectrograpls equippedvith aHAWAII 1024 1024detector
arrayandoptimisedfor 2.2 m. Obsenationswereperformed
at two bright H, emissionlocations.The 0.°96 width slits ran
in an east-westlirectionpassingthroughknotsf andd in the
westand throughknotsi andj in the east(positionsare in-

dicatedin Fig. 1). Datareduction( at®elding,sky-subtraction,
extractionof thespectrayvasperformedusingourown MIDAS

routines.An absolutecalibrationof the uxeswasnot possible
dueto non-photometriaveatherconditions.Wavelengthcali-

brationwasperformedusingOH-night-sk/ emissionlinesand
tablesof Rousselott al. (2000). The resultsare presentedn

Tablel. Notethatfainteremissionlinesaredetectedn knotsi

andj dueto thestrongeremissiorherecomparedo knotd (see
Table2.)

Table 1. KSPECrelative ux es.For bothslit positions the measured
ux eslie abore the continuumand are presentedelative to the H,
(1,0) S(1) line ux. Threeobserationswere carriedout at eachslit
location.Therelative ux eshave beenaveragedandthespreadn val-
uesis quotedin bracletsasanerrorestimate.

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(2) 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)
(1,00Q(3) 2.423 0.95(0.05) 1.13(0.05)
(1,00Q(4) 2.437 0.33(0.04) 0.41(0.15)
(1,0)Q(6) 2.475 0.19(0.06) +
(1,00Q(7) 2.499 0.43(0.03) *

2.2. MAGIC observations

TheNIR imagesweretakenin Novemberl995at the 3.5 me-
ter telescopen CalarAlto usingthe MAGIC infraredcamera
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Fig. 1. Broad-banK imageof HH 211 which caoverswavelengthsbetweer2.03 m and2.37 m. Featuresrelabeledaccordingto the nomen-
clatureof McCaughrearet al. (1994).The exciting sourceHH 211-mmat positionR.A.(2000)= 03" 43" 56.7, Dec(2000)= +32 00°50.3°
(Avila et al. 2001)is indicatedby the cross.KSPECspectroscopislit positionsareindicatedby the dottedlines. Note that the starin the
south-wesbf thisimage(andfollowing imageshasbeenmasledfor displaypurposes.

(Herbstet al. 1993)in its high resolutionmode (0.32X°° per
pixel). Imageswere obtainedusing narrav band ®lters cen-
tered on the Hy (1,0) S(1) emissionline at 2.122 m, the
(2,1) S(2) 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 was 1740s.Seeingthroughoutthe obsenations
was 0.9°®xceptfor the2.14 mimagewhereit is 1°98. The
narronv-bandimagecontainingthe (1,0) S(1)line hasbeenpre-

viously publishedn EislE el etal. (2003).

The data could not be accurately ux calibrateddue to
non-photometriconditions.The total H, (1,0) S(1) ux from
the entire out ov was previously measuredo be 1.0 10 1°
W m 2 by McCaughrearet al. (1994)which agreeswith our
“ux calibration.We have deduceda calibrationfor all our nar
row bandimagesaccordingo this measuremerdassuminghat
theaveragantegrated ux from severalbrightunsaturate®eld
of view starsshouldbe similar for each®Iter. This shouldbe
thecasebecauseach®lter FWHM is equalto 0.02 m andthe
spectrakenepy distribution (SED)is likely to berelatively "at
on averagebetween2.122 m and 2.248 m. We assumehe
accurag of thismethodto be 15%.

2.3. UFTI observations

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

(Rocheet al. 2003). The camerais equippedwith a Rockwell
Hawaii 1024 1024HgCdTe arraywhich hasa plate scaleof
0°%091 per pixel andprovidesa total ®eld of view of 9299
92%%9.

Imagesin the[Fell] “D7= — *Fg= transitionwereobtained
using a narrov-band ®lter centeredon = 1.644 m with

(FWHM) = 0.016 m). The out o~ was alsoimagedus-
ing the broad-band[98] ®lter centerecdon = 2.20 m with

(FWHM) = 0.34 m. Seeingthroughoutthe obsenations
was 0°28. Nine-pointjittered' mosaicsvereobtainedn each
®lter.

Standardreductiontechniqueswere employed (using the
Starlink packagesCCDFRACK and KAPPA) including bad-
pixel masking sky subtractiorand at-®eld creation(from the
jitteredsourceframesthemseles). Theimageswereregistered
usingcommonstarsin overlappingregionsandmosaicled.The
obsenationswereconductedunderphotometricconditions,so
the faint standard=S11(spectraltype A3; H = 11.267mag)
(Hawardenetal. 2001)wasalsoobsenedandusedto ux cali-
bratethe[Fell] image.The®nalimageswveresmoothedisinga
circularGaussiam®Iter of FWHM = #925. in orderto increase
the signalto noisewithout compromisingheresolution.

3. Results

Fig. 1 displaysthe HH 211 out ow in the K-band between
2.03 m and2.37 m which containsall the K-bandline emis-
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Fig.2.HH211at2.248 m. Thegrey-scaleis thecontinuumsubtractedmageshaving only the(2,1) S(1)line emission Overlaidarecontours

representinghe non continuumsubtractedmage.Thusthe contoursnearerthe sourcetracepredominantlyscatteredight while the contours

furtheroutmostlytracecompactjine-emissiorfeaturesThe contourlevels,which arescaledogarithmically areat0.22,0.44,0.87,1.74,3.47
10 W m 2 arcsec?.
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Fig.3.HH211at1.644 m.Thegreyscaleandcontoursbothtracethe[Fell] line pluscontinuumemissionConsequentlymostof thedistributed
ux canbeattributedto continuumemissionalthoughsomeconcentratedondensationsf [Fell] line emissiorareobsered. Thesearelabelled
1 +3. Thelogarithmiccontoursmeasuréhe ux at0.63,1.0,1.58,2.51,3.98,6.31 10 °W m 2 arcsec?.
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Table 2. Photometricresultsfor HH211. The ux in units of 10 *Wm 2 is measuredver the indicatedcircular aperturesNote that the
measurementwere madefrom imageswhich are not continuumsubtractedbecauseof the low S/N of the continuumimage.To infer the
line emission ux esthe continuumvalues needto be subtractedThe (2,1) S(1)(1,0) S(1) (labeled2/1) ratios have beendeterminedafter

subtractinghe2.14 m continuumemissionln the caseof knotg the(2,1) S(1) ux is equalto thecontinuum ux sonoratiowasderived.

Knot aperture (1,00S(1yY (2,2)S(1Y (3,2)S(3Y 2.14 mContY Broad-banK?  [Fell] 1.644 m¥ 2/1 ratio
HH 211-west 570 413 61 34 42 1285 28 0.05(0.04)
HH 211-east 420 575 98 63 55 2197 41 0.08(0.03)

bow-a 5.30 7.2 0.6 nodet. nodet. 9 nodet. 0.08(0.04)

bow-bc 7.7 32.0 2.3 nodet. nodet. 65 nodet. 0.07(0.02)

bow-de 10.1%° 155.5 18.1 7.3 3.1 335 11.8 0.09(0.02)
b 4.9° 19.3 1.5 nodet. nodet. 41 nodet. 0.08(0.02)
c 4.9° 11.2 0.9 nodet. nodet. 21 nodet. 0.08(0.03)
d 6.0°° 89.6 10.2 4.0 1.9 192 6.1 0.09(0.03)
e 6.0°° 575 7.9 3.3 1.3 131 4.8 0.12(0.03)
f 10.1° 157.2 19.3 9.1 8.9 395 9.0 0.07(0.04)
g 10.1%° 41.9 20.6 20.6 19.6 380 14.3 +
h 10.1° 60.3 9.8 51 4.7 190 4.6 0.09(0.08)
ij 17.9° 458.3 54.3 27.9 24.6 1364 25.0 0.07(0.03)

Y The backgroundl noiseestimatesover an 8%pertureare: 2.8 for H, (1,0) S(1); 0.2 for H, (2,1) S(1); 0.7 for H, (3,2) S(3); 1.1 for the
2.14 m continuum;and3.4for the[Fell] at1.644 m, alsoin unitsof 10 ¥*Wm 2,

Z As a standardstarwasnot obseredin the K[98] Iter thebroad-bandux esareroughestimatesThe ux calibrationfactorwhich we used
wasderived from the (1,0) S(1) calibrationanda comparisorof the broad-bandindnarrav-band Iters.

sionaswell asalarge proportionof continuumemission.The
principle knots have beenlabeledasin McCaughrearet al.
(1994).

TheH; (2,1) S(1)imageis displayedn Fig. 2. Thecontin-
uumat 2.14 m hasbeensubtractedn orderto indicateloca-
tions of pure(2,1) S(1) emission(greyscale).Contoursof the
non continuumsubtractedmage are also displayedin order
to indicatethe extent of the continuumemissionat 2.248 m.
Theline emissionis producedrom anexcitationlevel whichis
12,553 above the groundstatewhereaghe (1,0) S(1) arises
from 6,953K. Therefore,we expectit to highlight the hotter
partsof molecularshocks.

The westernout ow shaws particularly interestingstruc-
tureswhich canbe describedhsa seriesof bow shockspropa-
gatingalongtheout ow away from thesource Bows deandbc
displaya commonasymmetricstructure:the lower bow wing
is approximatelyl.5 times brighter than the upperwing. We
will interpretthisasymmetryin x 4 asdueto amisalignmenof
the magnetic®eld with the “ow throughwhich the bow shock
con®gurationgvith C-type anksarepropagating.

Emissiondetectedat 1.644 m is displayedn Fig. 3. Most
of the emissiondetectechereis attributedto the high level of
continuum ux, asis seenin the K-band(Fig. 1). Steeplyris-
ing above this continuumlevel areseveral concentratedrell ]
emissioncondensationdabeledl — 3, oneof which formspart
of awell de®nedbow-shock,bow-de

We con®rmthe existenceof a bandof continuumemission
which extendsalong the westernout ow. It becomesvisible
5% from thedriving sourceandmaintainsa relatively constant
“ux out to 17°° from the source.Eisli6 el et al. (2003) sug-
gestthat this continuumis scatteredradiationfrom HH 211-
mm which opensthe possibility of indirectly obtaininga spec-

trum of the out owv source.The bandof continuumis promi-
nentin theK-bandaswell asat1.644 m.
Thephotometriaesultsfor knotsa—j arelistedin Table2.
Knotsd,eandb,careinterpretecasbow-shockcomponentsnd
arelabeledasbow-de andbow-bc. We will brie'y discusshe
implicationsof these uxes.The easterrout ow is  1.5times
brighterthan the westernout on. However, the causeof this
di erencds notnecessarilylueto anunequaiet power output
asGianninietal. (2001)detectedsimilar levelsof Ol 63 min
bothlobes(1.02L in east;0.94L in west).Thisline is rel-
atively una ectedby extinction andrepresentshe main cool-
ing channein the post-shockdgas.Thenonphotometriacon-
ditions during the obsenationsare re ectedin the relatively
largel noiselevelswhichhavebeenestimatedrom theback-
ground ux variation usingan 8 “&perture Most of the emis-
sionin the(3,2) S(3)imageis actuallycontinuumemissionex-
ceptpossiblyfor bow-de. Interestingly the uxesat 1.644 m
arealsocomparabldo the continuum uxes.Thisimpliesthat
the dereddenedontinuum uxesare 2 — 5 times brighter at
1.644 m thanat 2.14 m takinginto consideratiorthe higher
extinction (Ay = 1.6 Ag), the rangeof extinctions explored
(seebelow andx 5), andthatthe 1.644 m ®lter width is 25%
narrover thanthe 2.14 m ®lter. The (2,1) S(1)(1,0) S(1) ra-
tios are calculatedwith the continuumsubtractedThe error
propagatiorresultsin very large errorsat locationswherethe
continuumformsalargefractionof theH, emission.
Fromthe KSPECdata,we canextractseveral piecesof in-
formation.We calculatethedi erentialextinction betweertwo
transitionlines (in magnitudesysing
w (1)
2 201A1
where ; and ; arethetransitionwavelengthsf; andF, are
therelative "uxes,g; andg, arethe upperlevel degeneracies,

= 2:512log
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andA; andA; arethe spontaneouslectricquadrupoldransi-
tion probabilitiestakenfrom Wolniewicz etal. (1998).

Whenbothlines originatefrom the sameupperlevel anda
K-bandspectraindex of 1.7is adoptedtheabsolutesxtinction
is givenby

AK=

)

22m 17 220m 177
2 1

Threepairsof H, v=(1,0)linesfrom theKSPECdatawereused
in orderto determineAx: Q(2)YS(0),Q(3YS(1)andQ(4YS(2).
Theresultsarepresentedn Table3.

Table 3. Ak values(in magnitudesyvhich have beendeterminedrom
theKSPECrelative ux esin Tablel. The ux errorshave beenprop-
agatechndyield arealisticAg errorestimate.

Q(2ys(0) Q(3ys(1) Q4ys(2)
Ageast 27 15 1.5 0.5 1.8 0.5
Axwest 3.9 23 24 05 32 20

Immediatelyevidentis that the extinction is higherin the
westerrknotsalthoughthe extinction determinatiorin thewest
is rathertentatve dueto the observingconditions A higherex-
tinction thanin the eastis plausiblesincethe westernlobe is
redshiftedand the embeddectloud (obsered in H3CO* by
Gueth& Guilloteau(1999))extendspredominantlyin this di-
rection.In orderto determingheaveragevalueof Ax eachline
pair wasassignedvith the relative line strengthasa statistical
weight. The statisticallyweightedaverageAg valuesfor the
easternand westerncomponentsare 1.8 and 2.9 magnitudes
respectiely. Thesevaluesfall within the error limits and are
usedto deredderuminositiesin x 4.

In order to interpret the data, we employ the Column
DensityRatio(CDR) method We determinghecolumnof gas,
N;, in the upperenegy level, KT}, necessaryo produceeach
line. Wethendividethesevaluesby thecolumnspredictedrom
a gasat 2,000K in local thermodynamicequilibrium with an
orthoto pararatio of 3. Normalisingto the (1,0) S(1)line, we
thenplot this asthe CDR, asdisplayedin Fig. 4. We immedi-
ately seethatthe CDR is not constantbut a function of excita-
tion temperatureandthusis not consistentvith emissiorfrom
a uniform temperatureregion or from a single planarshock.
Furthermoreno signi®cantdeviationsfrom a singlecurve are
identi®ed(apartfrom thatderivedfrom the (1,0) S(5) whichis
not con®rmedby the (1,0) Q(7) from the sameT;). Hence the
orthoto pararatio is consistentvith thevalueof three,usually
associateavith H, shocks.

The extinction determinedin the eastlocation also con-
straingheH-bandlines.A signi®cantlylower extinctionwould
raisethe CDRsfor thesg1,0)H, abovethatof the(2,1)K-band
lines which would have implied non-LTE low densitycondi-
tions.As it standsthefactthata singlecurveis predictedsug-
gestsa densitysu ciently high to ensureL TE. Given a high
fractionof hydrogenatoms thelower vibrationallevels of hy-
drogenmoleculeseachLTE atdensitiesabove  10* cm 3.
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Fig. 4. Columndensityratio diagramdor HH 211,producedrom ver-
tical slits runningthroughlocationsof peakemission.The extinction
hasbeenadjustedto minimise the di erencesn 1+0 S-branchand
Q-brancHinesoriginatingfrom the sameupperenepy level. H, (1,0)
transitionsarerepresentetly squares(2,1)transitionsy crossesand
(3,2),(3,1)and(3,0) transitionsby triangles.Thefaint squaresepre-
sent(1,0) Q branchmeasurements.

4. Analysis
4.1. Modeling the bow shocks

Thestructureof thewesternout aw, shavn in detailin Fig. 5,
raisesan ideal interpretationscenario.The excited H, can
be found in several distinct knots along an out ov axis.
McCaughrearet al. (1994) suggestedhat this well organised
appearancenight prove particularlyamenabléo modeling.A
seriesof bow-shocksis propagatingalong the out ow. They
gradually exhausttheir momentumand slow down as they
ploughthrougheitherambientgasor the materialin the wakes
of upstreambow shocks.They encounteress densegasto-
wardsthe edgeof the cloud. The submillimeterobsenations
of Chandler& Richer(2000)shawv thatthe HH 211-mmen-
velope density decreasesvith distancefrom the source.The
azimuthallyaverageddensitystructureis well ®tted by a sin-
glepowerlaw, / r 5 outto 0.1pc (theprojecteddistance
of the outerknots of the out ow from the source).However,
the densitypro®le is extendedin a direction perpendiculato
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Fig.5. The HH 211 westernout ow is shavn herein H, (1,0) S(1),
H, (2,1) S(1) and[Fell] emissionlines. The imagesare not contin-
uum subtractedasthe bow shocksarerelatively pure.Greyscalebars
representux levelsperarcsec? in unitsof 10 ¥ W m 2,

theout ov andthe outerwesterrknotsarelocatedoutsidethis
densecoreregion.

The bow-shockmodelsdescribedoy Smith et al. (2003)
have beensuccessfullyemployedto interpretthe sequencef
bow shapedfeaturesalong the HH 240 out ov (O'Connell
et al. 2004).Here we apply the samemodelwhich senesas
ausefulinterpretive device. We wish to determinedf a system-
atic changeof oneor moreparametersesultsin a closematch
with the obsened bow structuresandthusto analysethe out-
“ow's changingervironment.We have appliedthe bow-shock
modelto thethreeleadingstructuresde, bc anda.

Jump-type(J-type) bow shockscan explain mary of the
features associatedwith high excitation emission regions.
They causerapid heating and dissociateH, moleculesfor
shockspeedgyreaterthan24 km s * (Kwan 1977).However,
Continuous-typdC-type) bow shockshave proved extremely
successfuat interpretingmostof the obsened structuresThe
measuredow fraction of ions in molecular cloudsis con-
sistentwith their application.The magnetic®eld cushioning
meansthat lessenegy goesinto moleculedissociation;they

Table 4. Model parameterslerivedto t thebow imageswith C-type
shocks.

Parameter bow-de bow-bc bow-a
Size,Lpow (cm) 1.0 10 10 10 1.0 10
H Density n (cm %) 80 1¢° 4.0 10° 3.0 10°
MolecularFraction 0.2 0.2 0.2
AlfvénSpeedys (kms ) 4 4 4
MagneticField ( G) 193 137 118

lon Fraction, 1.0 10° 3.0 10° 55 10°
Bow Velocity, Vpow (kms 1) 55 40 29
Angletol.o.s. 100 100 100

s Parameter 2.10 1.90 1.75
Fieldangle, 60 60 60

canexplainthehighinfrared uxeswhich areobsenredin bow

shocksHowever, their obsenedvelocitiesoftenexceedthe H,
dissociationspeedof 40-50km s ! (Smithetal. 1991)giv-
ing riseto a double-zondow shockcomposedf (1) acurved
J-typedissociatve cap (responsibldor atomicemission)and
(2) C-typewings (whereH, emissionis radiated).

Our C-type bow shockmodel consistsof a threedimen-

sionalcurvedsurfacedescribedy

Z= pow = (1=8)(RLbow)®; 3)
whereZ andR arecylindrical coordinates] po Characterises
the bow sizeand s de®nesthe shapeor sharpnessf the bow.
Thecurvedshocksurfaceis thendividedinto averylargenum-
berof steady-statplanarshockgor whichthedetailedphysics
andchemistryarecomputedDraine 1980; Smithetal. 1991).
Eachmini-shockpropagatest a di erentvelocity depending
on the anglebetweenthe shocksurfacenormalandthe direc-
tion of motionof thebow. Thetemperatureeachedandhence
the excitation conditions,dependon the shockvelocity, den-
sity, magnetiog®eld strength etc.,aswell asthe magnetic®eld
direction(seeTable4).

The systematianethodof explorationof parametesspace
is givenin 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 speedIn addition,the ion fraction constrains
the trans\ersebow thicknessas well asthe bow speed.The
magnetic®eld strengthstrongly in uencesthe extent of the
wing emissionand the atomicfraction a ectsthe line ratios.
As demonstratetly previousmodelling,the bow speeds lim-
itedto within  15%,theorientationto within 10 andtheden-
sity, magnetic®eld, atomicfraction andion fractionto within
afactorof two.

The obsened H, (1,0) S(1) luminosity for eachbow pro-
videsuswith the strongestiensityandvelocity constraintFor
a given bow size, Lpow, the line emissionis directly propor
tional to the massdensity(= 2.32 10 ?*n;) and (Vpow)®. The
obsened bow luminositieshave beendereddenedising a K-
bandextinction of Ax = 2.9 mag(seex 3). Table5 lists the
obsereddereddenetuminositiesfor eachknotalongwith the
predictedmodelluminosities.
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Table 5. Obsered and predicted bow shock luminosities and
(2,1)S(1)/(1,0)S(1) ux ratios.Luminositiesareexpressedn unitsof

L andadistanceof 315pcis adoptedLuminositieshave beendered-
denedusingK-bandandH-bandextinctionsof 2.9and4.5magnitudes
(usingAy = 1.56 Ay from Rieke & Lebofsky (1985))althoughthe
errorsin thesevaluesare relatively large, seetable 3. respectiely.

Note thatthe [Fell] luminositieshave beenpredictedusinga J-type
shockmodel.

Line Obsered Dereddened C-type
Model
bow-de
H, (1,0)S(1) 46 104 65 10° 6.8 10°
H, (2,1)S(1) 43 10° 6.1 104 7.3 104
H, (3,2)S(3) 98 105 14 104 16 104
[Fell] “Dso+%Fep 3.6 105 22 103 23 103
2=1 ratio 0:09 (0:02) 0:09(0:02) 0:11
bow-bc
H, (1,0)S(1) 9.7 105 14 103® 14 103
H, (2,1)S(1) 6.85 106 9.7 10°® 15 104
H, (3,2)S(3) nodet. + 2.7 10°
[Fel |] 4D7=2 * 4F9=2 nodet. * 1.2 10*
2=1 ratio 0:07 (0:02) 0:07 (0:02) 0:12
bow-a
H, (1,0)S(1) 22 105 31 104 32 104
H, (2,1)S(1) 1.7 106 24 10° 25 10°
H, (3,2)S(3) nodet. + 2.6 10°
[Fel |] 4D7=2 * 4F9=2 nodet. * 1.2 10°
2=1 ratio 0:08(0:04)  0:08(0:02) 0:08

The 3 detectionlimits for the obsered knots over an 8°Tircular
apertureare:2.6 10 5 for (1,0)S(1);1.8 10 ©for (2,1)S(1);6.4
10 8 for (3,2)S(3);and3.1 10 ° for the[Fell] image.

The parameterselectedn orderto model eachbow are
givenin Table4. A constan®lfv Zenspeeds maintainedsothat
themagnetic®eld varieswith density(B=w(4 )°°). Fromthe
H, radialvelocity structuredescribedn Salasetal. (2003)and
that the out ov H » knotshave an averagevelocity projected
ontotheplaneof thesky of 50kms * (suchavelocityis con-
sistentwith our modellingresults)we have estimatedanincli-
nationangleto the planeof thesky of betweerb and10 . The
bows have beenmodelledpropagatingat this angle,i.e. 100
to theline of sightasthewesternout aw is redshifted At this
anglethemodelimagescloselyresembleéhe obsenationssug-
gestingthatthe bow speeds similarto the shockspeedi.e the
bows arepropagationgn amediumwhichis relatively atrest.

The ®eld angle, , is the anglebetweerthe bow direction
of motionandthe magnetic®eld (seeO'Connell et al. (2004)
for a detaileddescriptionof the geometry) A misalignmenof
thesedirectionsresultsin asymmetricbhow wings suchasare
obseredfor HH 211.In our casethe bestresultswere found
for 60 10.

Fig. 6 displaysthe simulatedbow imageto compareto
bow-de in (1,0) S(1) and (2,1) S(1) ro-vibrational transition
lines of Hy, aswell asthe [Fell] “D7= — *Fo= transitionline.

L R L B R | T
| C—type bow H, 1-0 S(1)
80 - - 1.0
L on
[ 0.8
60 e
- 0.6
[ #
40+ / 4 04
L u = 60° 0.2
2019 = 100° ]
l s = 2.1 0.0
ol Veow =, 55km/'s . .
0 20 40 60 80
L B A B | T T
| C—type bow H, 2—1 S(1)
8ok ] 0.30
- 0.25
60 1 0.20
Yo & 0.15
40f .
- 0.10
[ M= 60° 0.05
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[ T T T T
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Fig.6. A C-typebow shockmodelfor bowv-de shavn in H, (1,0) S(1)
and(2,1) S(1) excitation lines. Adopting a sourcedistanceof 315pc
givesa pixel scalealongthex andy axesof 1 pixel = 0°218. Thebow

directionof motionis inclinedto the planeof the sky by anangleof

10, awayfromtheobserer, i.e.100 totheangleof sight. Thebow is
maving at55km s ! relative to the ambientmediumof H densityn, =

8 10°cm 3. All ux levelsareindicatednormalisedo themaximum
H, (1,0)S(1)line ux. Hotdissociatve shocksarenecessarjo induce
emissionfrom [Fell]. Herewe have emplo/eda J-shockmodel(same
parametersfo simulatethe ux distributionat1.644 m.
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Fig. 7. C-typebow shockmodelfor bow-bc which reproduceshe ob-

senedH, (1,0)S(1)and(2,1)S(1) ux distribution. Adoptingasource
distanceof 315 pc givesa pixel scaleof 1 pixel = 0°018.Herewe take

alowerbow speedf 40km s * andapre-shockH densityof 4  10°

cm 2 to matchthe obsered luminosity Otherparameteraregivenin

table4. Thegrey scaleux indicationsarenormalisedo themaximum
(1,0)S(1)level for bow-dein Fig. 6.

The shockspeedis 55 km s ! andthe pre-shockdensityis 8

10% cm 2. The bow size, Lo, hasbeenchosenin orderto
matchthe distancebetweerthe upperandlower wings, in this
case 5%

The [Fell] emissionis generatedby a J-type dissocia-
tive bow and is restrictedto a compactbut elongatedzone
towards the bow apex where the highesttemperaturesare
reachedHowever, the obsened|[Fell] emissionis restrictedo
a single compactcondensationunlike the modeldistribution.
Accordingto this modelthetotal coolingin the (1,0) S(1)line
is6.8 10%L ,1.4 101L in all H, rotationalandvibra-
tionallinesand2.4 10 1L in all atomicandmoleculardines.

Bow-bc is obsered in both the (1,0) S(1) and (2,1) S(1)
lines.Fig. 7 displaysthemodelgeneratedmageswhichclosely
resembleheobsenations.Thedistancebetweertheupperand
lowerwingsis 3% This knot is modeledwith a reducedoow
speedof 40 km s * which is propagatingnto a lower density
medium(n= 4.0 10% cm 3. No [Fell] emissionis obsened,

LA B R L L B A B
| C—type bow H, 1-0 S(1)
80k 1 025
i 0.20
60 @ .
- ‘ 0.15
y
40+ 1 0.10
rpo= 55° 0.05
20 @ = 100° ]
s =1.75 0.00
0 I \./b‘?"’ .=| 2.9l.<rr..'/|S R . L
0 20 40 60 80

Fig. 8. Faint (1,0) S(1) emissionis detectedat bow-a. A bow propa-
gatingat 29 km s ! generateshe correct(1,0) S(1) luminosity with
luminositiesfrom the otherlines below the level of detectability see
table 5. Adopting a sourcedistanceof 315 pc givesa pixel scaleof
1 pixel = 0°%18. Thegrey scale ux indicationsarenormalisedo the
maximum(1,0) S(1)level for bow-dein Fig. 6.

consistentvith thefactthatits predicteduminosity lies below
thedetectiorthreshold Accordingto this modelthetotal cool-
inginthe(1,0)S(1)lineis1.4 10 3L ,3.6 10 %L inallH,
rotationalandvibrationallinesand5.4 10 2L in all atomic
andmoleculardines.

Bow-a appearsn 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 ! resultsin emissionrestrictedto the
bow apex. The calculatedine coolingis 3.2 10 *L in the
(1,0)S(1)line,8.8 10 3L inall Hylinesand1.3 10 2L
totalline cooling.

We concludethat the obsened structuresare recreatedn
the model by solely altering the density bow speedandion
fractionwhile all otherparametersemain®xed. The extent of
thebow is in uencedprincipally by the bow speedasit deter
minesthe locationof the H, emission. A slower bow is char
acterisedy emissionconcentratedloserto the bow front. For
thisreasonwe have maintainedaconstant o, for all themod-
els. The bow speedsystematicallydecreasess an otherwise
similar bow ploughsinto a materialof decreasinglensity An
increasein the ion fraction is expectedin lessdenseregions
wherecosmicraysandUV photonscanmoreeasilypenetrate
thegas.

Thedriving power of abow is cornvertedinto heatat a the-

oreticalrateP = V3 L2 =2or
3 2
P=013 k Yoow Loow 7
80 10cm3 55kms?! 1.0 10%cm

(4)
where is anon-dimensionalactorrelatedto the aerodynam-
ical dragandis of orderunity. is the massdensityequalto
2:32 10 ?*n(nis thehydrogemucleondensity). Thederived
numbersarethusconsistentvith expectations.
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Fig. 9. A mapshaving the ratio of our 2.122 m and2.248 m images.The two imageshave not beencontinuum-subtracteftlueto the very
low S/N of the continuumimage),sothe maponly revealsthe H, (2,1) S(1) / (1,0) S(1) line ratio towardsthe endsof the out ow, wherethe
continuumis weak;the darler regions nearthe centerof the imagearewherethe emissionis dominatedby the continuum.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

We have alsodividedthe uxesin thenarronv-bandmagescon-
tainingthe(1,0)S(1) ux andthe(2,1)S(1) uxto producethe
ratio imagedisplayedin Fig. 9. In orderto producethis map
both imageswere ®rst smoothedwith a GaussiarFWHM =
096 andvalueslying below the noiselevel wereexcludedbe-
fore dividing. Note that the imageswere not continuumsub-
tracted,due to the poor quality of the continuumimage at
2.14 m,soFig. 9revealstwo distinctout aw regions:(1) areas
wherethe continuumemissionis relatively strongpossessa ra-
tio above 0.3andapproact.0whereonly continuumemission
is presentind(2) partsof theout ow note ectedby continuum
emissiorwherethe H, excitation( 0.1)canbestudied.

Theout ov regionsdominatedoy continuumemissiorare
locatedalongthe edgesof the SiO jet imagedby Chandler&
Richer(2001).This supportgheideathatthe continuumarises
through scatteredight from the protostar The light escapes
alonga jet excavatedcavity but not alongthe high densityjet
itself. It iscuto at17°{8.0 10 cm)alongthewesternout-
“ow whereit possiblyencounterahighdensityl M ®lament
(Gueth& Guilloteau1999).1t is alsopossiblethatthe ®lament
liesin front of the ow. Thisprojectione ectwouldexplainthe
higherextinction measuredn the westernout ow, contraryto

the submillimeterdustemissionmapsof (Chandler& Richer
2000)which do not reveal a strongasymmetricablensitydis-

tribution betweertheeasterrandwestermout avs.Continuum

light encountergesshindrancealongtheeasterrout ow where

it terminateslongsideshockexcitedH, emissioratknotsi and
j, 45°02.1 10 cm)from its protostellarorigin. Herecontin-
uumemissionis seenat 2.14 m (Eisli el etal. 2003)but not
in our ratioimageasthe H, emissionis relatively stronghere.
Theorigin andimplicationsof the continuumemissionwill be
discussedh x 5.

Theexcitationratio alongthewesternout av, 0.1,is typ-
ical of out ows seenin collisionally excited emission(Black
& Dalgarno1976; Shull & Beckwith 1982). Thereis anin-
creasen the excitationratio towardsthe leadingedgeof bow-
dewherehighershockvelocitiesandtemperaturearereached
andthe H; line emissionreachests maximumvalue.Similar
conditionswerefoundfor theHH 240bow shockg(O'Connell
etal. 2004)andthey arewell explainedthroughthe bow shock
interpretationHowever, a strongdeviation from this pictureis
foundin the[Fell] image:Thelocalised[Fell] emissionis co-
incidentwith a region of higherratio, (labelled[Fell]-3) and,
puzzlingly, notattheexpectedH, dissociatedbow apex asseen
in themodelgeneratedmage,Fig. 6.
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5. Discussion

Which mechanismgive riseto the seriesof nearinfraredbow

shocksur analysissuggests combinatiorof two processes:

(1) Thebow shocksaregeneratedby aseriesof similarout-
“ow accretioriejectionevents.Using the modelvelocitiesthe
time lapseshetweerthe bows (andthereforebetweenout ow
events)are 425and 290years.Thesenumbersareconsis-
tentwith the detectionof threebows giventhe dynamicalage
of 1000years.Fluctuationsn jet actvity probablymanifest
themselesasbow shocksatthejet cloudimpactregion which
is Knot-f wherethe high speedCO jet terminatesandH, shock
heatings initialised.At Knot-f two H (1,0) S(1)velocity com-
ponentshave beenobsened by Salaset al. (2003). This re-
versdtransmittedshockpair seemso indicatethe critical zone
of jetimpactwhereH; bow shocksareborn. After formation,
the bows propagateway from the protostartowardsthe cloud
edgeandthrougha changingervironment;they becomeless
luminousasthedensitydecreaseandthey loosetheir momen-
tum. Bow-a representshe ®nal stagesn the detectabldife of
oneof thesebow shocksIn supporbof this processwe notethat
the molecularjet demonstratean apparentcceleratioralong
itslengthof value 5 10 3kms ! AU ! (Chandle& Richer
2001).Given ballistic motions,this implies that the entire jet
now obsered was ejectedwithin a relatively short period of
time just 100—-150yearsago.

(2) The bow shocksbecomeilluminated within regions
wherethe out ow impactson denserclumpsof gas.Thisidea
is supportedy theimplied high K-bandextinctionsof 2.9 and
1.8 magnitudedor knotsde andi. Thesevaluesdo not repre-
sentthe entire out ov andcannotbe usedto infer the dered-
denedluminosity for the whole out ow. Additionally, strong
continuumemissionis detectedn the easterrout ow at knots
i andj wheretheextinctionis high(Ax  1.8).If thisisindeed
scatteredight from the protostarthenit haschanneledhrough
to wherethe enhancedlensityhasresultedin scattering.The
passagef a C-shockwill jncreasdhe post-shocldensitywith
a compressiorratio of = 2 times the magneticMach num-

ber (shockspeeddivided by the Alfv Z&en speed)Spitzer1978).

Therefore the continuumemissionis likely to be seenalong-
sidethe shockexcitedH, emissionasis the casefor HH 211.

McCaughrearetal. (1994)suggeste@dnaverageAg of 1.2
magnitudeswvhich is lower thanthe valuesthat we derivedin
x 3 but is consistento within our errorlimits. Adoptingthisas
the averageextinction over the entireout ov we ®nd thatthe
totalH; (1,0) S(1)luminosityof theentireout ow is 0.009L
Accordingto thepredictionsof ourbow shockmodels, 4% of
thetotal H, line emission(2.7% of total line cooling) is emit-
tedin the (1,0) S(1) which givesanintrinsic H, luminosity for
HH 211of 0.23L anda total luminosity, L,aq, resulting
from all line emissionof 0.34L . If all the mechanicakn-
ergy is corvertedinto radiationthenL yechis equivalentto L, g
andLmech/ Lo 10%.

Providedthatthevelocity of the sweptup gas,which coin-
cideswith the CO out ow, roughly equalsthe shockvelocity
(i.e. aradiatve shock),Davis & Eisloe el (1996)have shovn
thatL 59 shouldberoughly equalto the kinetic luminosity L kin
of the out awing materialas measuredhroughthe CO lumi-
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nosity Thesecriteria are indeedmet for HH 211 as Ly,
0.24L andthe CO and H; are coincidentsuggestingthat
the shockis essentiallyradiative (Gueth& Guilloteau1999;
Giannini et al. 2001). Note that the averageextinction is re-
strictedto about1 magnitudein the K-bandin orderto meet
thesecriteria.

Thedriving sourceHH 211-mmhasa bolometrictempera-
tureof 33K whichimpliesayouthful out ow systemHowever,
the HH 211 out ow itself doesnot reveal ary characteristic
signsof its assumegouthfulnesdhesideghe smallspacialex-
tentwhich implies a dynamicaltimescaleof order1000years.
This out aw ageis limited by the densitystructureof the en-
vironment,asolderbow shocksmay simply have disappeared
into sparsematerial.For this reasonthe out ow extent itself
cannotbe usedto infer thefull durationof out ow activity.

Thehigh densityjet (2-5 10° cm ®) obsenablein SiO J
= 5! 4 emissionimpliesa pre-shockdensityof about2 10°
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 ! (Gueth& Guilloteau1999)implying a
jet velocity of 230-460km s ! givenaninclination angleto
theplaneof the sky of betweerb and10 . Hydrodynamimu-
mericalsimulations®nd thata low densityervelopegenerally
developsaroundetsof density 10°cm 2 andajet-to-ambient
densityratio of 10 (Suttneret al. 1997; V Blker et al. 1999;
Rosen& Smith 2004). Could (pulsed)C-type jets which are
heavier, denserand more ballistic thanthosesimulatedexca-
vatelow densitycocoonsthroughwhich continuumemission
mightescapelongtheout on? To date,suchhigh densityand
high velocityjetsinvolving C-typephysicshave notbeensimu-
lated.Thenew challengeor theoristss to simulatesuchMHD
jets.

HH 211is of particularinterestdueto its unusuallystrong
continuumemission.The original radiationmay have escaped
from thesourcealongacavity of low opticaldepthwhichmust
have beenexcavatedby powerful jet events.This radiationis
thenscatteredvhenit encountersiensewalls or clumpswhere
theNIR opticaldepthalongthedirectionfacingthe sourcds of
orderunity. Someof thescatteredadiationthenexits alongthe
line of sightthrougha foregroundof moderateNIR extinction.
This interpretationthus requiresthe original radiationto pen-
etratea distanceof order 10" cm with a meandensityof less
than10° cm 2 beforeencounteringvalls of thicknessof order
10'8cm anddensity10° cm 3. A moderatdractionof thescat-
teredradiationthenescapesvithoutencounterindurtherdense
featuresalongthe line of sight. The high densityand clumpi-
nessof thejet asrevealedthroughSiO obsenations(Chandler
& Richer2001;Nisini etal. 2002)areimportantfactorsto con-
siderin thisinterpretation.

The[Fell] emissionat 1.644 m originatesfrom an upper
enegy levelof 11,300K (compareo 6,953K for H, (1,0)S(1))
thereforewe expectit to highlightthe hotter, high excitationre-
gionsof anout av. As shavn in x 4, the[Fell] emissionfrom
atypical bow shockshouldbe locatedtowardsthe front of the
bow, whereH, is dissociatedClearly, this is not the casefor
HH 211 (bow—de). Themostlikely explanationis thatthefront
of the bow shockis traversinga low densityregion. Material
hasbeensweptoutby out ow activity andthe bow shocksbe-
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comeluminousonly wherethey interactwith the wall of this
hollowedout cavity. In thisway it is possiblesee[Fell] emis-
sion coincidentwith bright H, emissionin the “shoulders'of
the bow shock.Suchan explanationis also supportedby the
distinctpossibility that continuumemissionfrom the sourceis
escapinglonganout ov excavatedcavity.

6. Conclusions

We have studiedthe HH 211 protostellarout av in the near
infrared regime through high resolutionimaging and spec-
troscopy. Imagesin the (1,0) S(1)and(2,1) S(1)ro-vibrational
transitionsof H, have beenanalysedin order to study the
excitation throughoutthe out av. A narronv-band image at
1.644 m waspresentedvherethe out aw is clearly seenand
several con®nedcondensationsf emissionare identi®ed. In
addition, we have presenteK-band spectroscopicuxes for
two separateprominentlocationsfrom which the extinction
andexcitationconditionshave beeninvestigatedWe have suc-
cessfullymodeledheseriesof bow-shocksn thewesternout-
“ow as curved 3—dimensionakhockfronts with steadystate
C—typephysics.

Our®ndingshave leadto severalconclusionsaboutthe na-
tureof theout ow:

— C-type bow shocks propagatealong the western ow.
Model ®tting hasconstrainedseveral parameterincluding
the density bow velocity, ion fraction, intrinsic bow shape
andmagnetio®eld strengthanddirection.

— The bow shocksare passingthroughdenseclumpswhere
their luminosity is accentuatedHigh valuesof extinction
aremeasuredh theseregions.

— Bowsde bcanda areplausiblymodeledasa seriesof ini-
tially identicalbow shockspropagatinghrougha medium
of decreasinglensity The bows slow down anddisappear
asthey approachhecloudedge.

— A misalignmentof the magnetic®eld and out ow direc-
tionscanaccounfor theobsenedbow shockasymmetries.

— The mostlikely sourceof the protractedcontinuumemis-
sionis light from the protostarwhich evadesdensecore
obscuratiorby escapinghroughalow densitycavity exca-
vatedby the jet, asdiscussedn x 5. The continuumlight
is scatteredvhenit encountershe densematerialaligning
thejet tunnelandthe denseclumpsalongthe out ow.

— The excitation alongthe out aw is typical of out ows in
generalTheorthoto pararatio of 3 for moleculathydrogen
impliesshockheatingasthesourceof thenearinfraredline
emission.

— The [Fell] emissionis predictedand detectedin isolated
condensationsThese condensationsre coincident with
strong H, emission.However, the location of the [Fell]
emissionis puzzling;it is not found in the expectedbow
ape region aspredicted.This may alsobe dueto the low
densitytunnelthroughwhich the bow ape is propagating.

These®ndingstogethemvith thelargevolumeof previously
publishedmaterialis suggesting globalout ow model,asfol-
lows. Episodic uctuationsn accretiorejection(of orderafew
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hundredyears)giveriseto avariablejet velocity. Theresulting
shockananifesthemselesasC-typebow shocksatthe princi-
ple jettambientmediumimpactregion wherethey aredetected
outsidethedensecorewheretheextinctionis lower. Thebows
propagateowardsthe cloud edgethrougha changingenviron-
ment.Themodelsuggestshatthemeandensitydecreasewith
distancefrom the corebut thatthe bow shocksbrightenwhere
they encounterdenseclumps.lt is feasiblethat theseclumps
consistof gassweptup by passagef previousbows drivenby
thealternatingout ow power.

It is clearthatin-depthstudiesof awide rangeof protostel-
lar out awvs will yield valuableinsightinto how the cloud en-
vironmentsculptsthe out ov andhow muchthe ervironment
itself hasbeenin uencedy the starforming process.
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