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RevMexAA (Serie de Conferen
ias), 13, 83{89 (2002)EXPLORING THE CENTRAL ENGINES OF YOUNG STARST. P. Ray1 and R. Mundt2RESUMENPara entender los or��genes de los jets de l��neas de emisi�on de estrellas j�ovenes, tenemos que investigar susambientes 
ir
unestelares inmediatos a es
alas de 10UA o menos. Aunque esto es dif��
il de ha
er en fuentesaltamente embebidas, fuentes de 
ujos �opti
amente visibles, tales 
omo las estrellas T Tauri 
l�asi
as y estrellasHerbig Ae/Be, a ve
es nos ofre
en una ventana ha
ia sus \m�aquinas 
entrales". Aqu��, en parti
ular las l��neasde emisi�on prohibidas son un diagn�osti
o extremadamente �util. Por ejemplo, en ellas se pueden ver diferen
iasmayores en las 
ondi
iones de ex
ita
i�on, velo
idad, �angulos de apertura, y as�� su
esivamente, entre los jetsopuestos 
er
a de su fuente. Adem�as, en la fuente no solo observamos emisi�on de alta velo
idad (del jet), sinotambi�en 
ujos de baja velo
idad que se mueven a velo
idades 
er
anas a la sist�emi
a de la estrella. El origen deesa emisi�on de baja velo
idad sigue siendo 
ontroversial. Aqu�� revisamos brevemente des
ubrimientos re
ientesen esta �area usando im�agenes de HST y espe
tros
op��a, 
omo tambi�en observa
iones espe
tro-astrom�etri
asterrestres. El 
ujo �opti
o de DGTau se usar�a 
omo un ejemplo y observa
iones re
ientes de HST se examinar�anen el margen de los modelos a
tuales. ABSTRACTIf we are to understand the origins of emission line jets from young stars we have to probe their immediate
ir
umstellar environments on s
ales of 10AU or less. Although this is diÆ
ult to do in the 
ase of highlyembedded stars, opti
ally visible out
ow sour
es, su
h as 
lassi
al T Tauri stars and Herbig Ae/Be stars,sometimes o�er us a window on their \
entral engines". Here in parti
ular forbidden emission lines are anextremely useful diagnosti
. Major di�eren
es, for example, 
an be seen in ex
itation 
onditions, velo
ity,opening angles, and so on between jets and 
ounterjets 
lose to their sour
e. Moreover, at the sour
e we observenot only high-velo
ity (jet) emission but also lower-velo
ity out
ows moving at speeds 
lose to the systemi
velo
ity of the star. The origin of this low-velo
ity emission remains 
ontroversial. Here we brie
y reviewre
ent �ndings in this area using HST imaging and spe
tros
opy as well as spe
tro-astrometri
al observationsfrom the ground. The opti
al out
ow from DGTau will be used as an example and re
ent HST observationsof this young star will be examined in the light of 
urrent models.Key Words: ISM: HERBIG-HARO OBJECTS| ISM: JETS AND OUTFLOWS| LINE: FORMATION| STARS: PRE-MAIN-SEQUENCE1. INTRODUCTIONIt is over two de
ades (e.g., Ray 1996) sin
ethe dis
overy of out
ows from young stellar obje
ts(YSOs). On the theoreti
al front we have made enor-mous progress in understanding the intera
tion ofYSO out
ows with their environments on s
ales ofseveral thousands of AU. In large part this has beenpossible be
ause of the in
reasing sophisti
ation ofnumeri
al simulations (see, for example, Frank, Gar-diner, & Lery 2002 and O'Sullivan & Lery 2002)aided by a wealth of observations at a variety ofwavelengths. At the same time little is known aboutthe \
entral engines" of YSOs in the sense that westill do not know pre
isely how out
ows are gener-ated. Here we are as mu
h in the dark as our AGN
olleagues! There is nevertheless a general 
onsen-1Dublin Inst. for Advan
ed Studies, Ireland.2Max Plan
k Inst. for Astronomy, Heidelberg, Germany.

sus that out
ows are somehow 
entrifugally laun
hedalong open magneti
 �eld lines whi
h might origi-nate in the disk (the so-
alled disk wind model, e.g.,K�onigl & Pudritz 2000) or from the YSO itself (theX-wind model, e.g., Shu et al. 2000). Observationaleviden
e for magneti
 �elds in out
ows however israre and it seems impossible, for example, to esti-mate magneti
 �eld strengths from line ratios (Har-tigan, Morse, & Raymond 1994). That said there issome dire
t (Ray et al. 1997) and indire
t eviden
e(Morse et al. 1992) that they may be dynami
allyimportant.As with their larger extragala
ti
 brethren, thebiggest problem in probing how YSO jets are a

el-erated and 
ollimated is the diÆ
ulty in resolvingthe relatively small s
ales over whi
h these pro
esseso

ur. For example, if one assumes, as a �rst approx-imation, that a YSO jet is a

elerated in a distan
e83
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84 RAY & MUNDTDa

 determined by the depth of the gravitationalpotential well from whi
h it forms:Da

 � GM?=Vjet2;then, for Herbig-Haro type jets (with Vjet � 200{300 km s�1), Djet should be around 0.01AU i.e.,
lose to the surfa
e of the star. At the distan
e of thenearest star forming regions, su
h as Taurus-Aurigaor Ophiu
hus, we would need milliar
se
ond or bet-ter resolution to see the jet being laun
hed. Clearlythis is something whi
h is beyond 
urrent instrumen-tation but hopefully a
hievable with the next gen-eration of opti
al/near-infrared interferometers likeAMBER/VLTI. Of 
ourse su
h small s
ales repre-sent an extreme view: for example, models whi
hinvoke 
entrifugal a

eleration a
hieve high poloidalvelo
ities through a lever-arm e�e
t (see, for ex-ample, K�onigl & Pudritz 2000). Thus velo
itiesat the base of the 
ow, where the jet is laun
hed,may only be a small fra
tion of their terminal val-ues. The a

eleration/
ollimation s
ales are 
orre-spondingly larger although still too diÆ
ult to re-solve using 
urrent ground-based instrumentation.Another problem one would have to fa
e, even ifopti
al/near-infrared interferometers were availablewith su
h resolution, is the very high extin
tion val-ues towards many YSOs. Fortunately, a numberof 
lassi
al T Tauri/Herbig Ae/Be stars are asso
i-ated with Herbig-Haro (HH) jets and in these 
asesthe sour
e is usually seen dire
tly at opti
al wave-lengths. The term `usually' is used here be
ause insome 
ases, e.g., HL Tau (Stapelfeldt et al. 1995), wemay not be observing the sour
e dire
tly but insteada re
e
tion nebula. Of 
ourse 
lassi
al T Tauri andHerbig Ae/Be stars are evolved YSOs, typi
ally withClass II IRAS spe
tra, and their out
ows tend to beless powerful than those from more highly embeddedYSOs of 
omparable mass. The jets from, for exam-ple, CW Tau and DG Tau (Dougados et al. 2002)look a lot less dramati
 than those from HH34 IRSor HH111 IRS. Su
h 
ows are (somewhat disparag-ingly!) referred to as \mi
ro-jets" (Solf 1997) asthey may appear to extend only a few ar
se
onds.Their study, however, is 
riti
al, be
ause of the win-dow they o�er us on the engine itself, if we are toobtain 
lues as to how jets are generated.Rather perversely, the fa
t that the sour
e is op-ti
ally visible is something of a \mixed blessing"!In parti
ular strong light from the YSO 
an 
ausea 
ontrast problem when trying to observe the rel-atively faint out
ow 
lose to the star. Althoughthe problem is somewhat eased when imaging withnarrow-band �lters, even they do not isolate out-


ow lines well enough to suÆ
iently suppress theba
kground 
ontinuum. As the emission line widthsof HH 
ows/jets are typi
ally around 100 km s�1,the solution, if we want to obtain optimum S/N forthe out
ow, is obviously long-slit spe
tros
opy at in-termediate dispersions or, alternatively, Fabry-Perottype imaging. The advantage of the former, in 
om-parison to the latter, is of 
ourse that many lines
an be observed simultaneously. Although the �eldof view is somewhat restri
ted when using long-slitspe
tros
opy, when 
ompared to an FP system, nev-ertheless this is 
ompensated for by the fa
t that, byand large, out
ows are 1-D!3The study of forbidden emission line (FEL) re-gions in 
lassi
al T Tauri stars has a long and ven-erable history (for example see Hartigan, Edwards,& Gandhour 1995 and referen
es therein). Early ob-servations often showed the presen
e, in individuallines, of two or more velo
ity 
omponents. Usuallyonly blueshifted 
omponents were seen and, in thesimplest 
ases, one 
ould identify emission 
lose tothe systemi
 velo
ity of the star (the so-
alled lowvelo
ity 
omponent or LVC), as well as a high ve-lo
ity 
omponent (or HVC). As the HVC had typi-
al velo
ities similar to those of the more extendedjets, i.e., up to several hundred km s�1, this 
ompo-nent was immediately re
ognised as the unresolvedjet 
lose to the star. The apparent velo
ity asymme-try in the lines, i.e., la
k of redshifted emission, wasthen as
ribed to obs
uration of the 
ounter
ow bya disk (on sub-ar
se
ond s
ales). The origin of theLVC was less 
lear. This 
omponent was typi
allybroad (ÆV � 100km s�1) and early e�orts at mod-elling it attempted to understand both 
omponentsin terms of a poorly 
ollimated wind viewed at arbi-trary angles to the out
ow dire
tion (e.g., Edwardset al. 1987; Sa�er 1993). The �ts to the observationshowever were very poor and su
h geometri
 modelswere qui
kly abandoned. An alternative s
enario,put forward by Kwan & Tademaru (1988) sought toexplain the LVC as a poorly 
ollimated disk windwith a separate origin for the jet (HVC). Here thebroadness of the LVC was attributed to rotation ofthe disk. As the LVC was seen to peak near thesystemi
 velo
ity of the star, more emission had to
ome, a

ording to this model, from the peripheryof the disk (where the rotation velo
ities are lowest)rather than the 
entre (Kwan & Tademaru 1995).A

ording to this s
enario, the wind is generated bymagneti
 torque in the disk.3As we will show this advantage is less obvious at HSTtype resolutions where one starts to resolve the 
ow, even
lose to the sour
e, in the transverse dire
tion.
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CENTRAL ENGINE OF YOUNG STARS 85Support for the idea that the LVC and HVCare two physi
ally separate regions near YSOs 
amefrom a number of sour
es. For example observationsusing various emission line diagnosti
s suggested thedensity and ex
itation 
onditions of the LVC andHVC were di�erent (e.g., Hamann 1994; Hartiganet al. 1995). The LVC was seen to typi
ally be ofhigher density and lower ex
itation than the HVC.Studies of both 
omponents 
lose to young starswere greatly aided by the development of spe
tro-astrometri
 imaging by pioneers su
h as Karl-HeinzB�ohm and Josef Solf (B�ohm & Solf 1994). This te
h-nique involved the use of long-slit spe
tros
opy and,after 
areful subtra
tion of the stellar 
ontinuum,one was left with a \pure" emission line spe
trumthat served as a two-dimensional position-velo
itymap. At the same time the relative positions of thestar and 
entroids of emission 
ould be determined toan a

ura
y whi
h was in prin
iple a fun
tion of theS/N ratio in the absen
e of any systemati
 errors.Using this te
hnique Hirth, Mundt, & Solf (1997),through studies of the nearest star forming regions,have shown not only that the HVC is extended, ons
ales of a few tenths of ar
se
onds, in the out
owdire
tion but that the LVC is very 
ompa
t and,at best, marginally resolved (see also Takami et al.2001). Another interesting property of the LVC isthat it shows a 
lear inverse 
orrelation of velo
itywith forbidden line 
riti
al densities. This has beeninterpreted as eviden
e of a

eleration in the LVCwith distan
e from the star (Hirth et al. 1997).Although the HVC and LVC have distin
t phys-i
al properties, it is found that their strengths arenevertheless 
orrelated (see Fig. 7 in Calvet 1997).The relationship is not linear, however, in that theLVC be
omes dominant at low line luminosities.4 Of
ourse, just be
ause the intensity of the LVC andHVC are 
orrelated it does not mean that they havethe same origin. Both ultimately are powered by a
-
retion, whi
h is the primary arbiter of their strength(see, for example, Cor
oran & Ray 1998a).Let us now turn brie
y to the HVC on some-what larger s
ales: where it is �rst resolved from theground as a jet. In a number of stars of the typewe have des
ribed, for example, the T Tauri starRW Aur (Hirth et al. 1997; Dougados et al. 2000) orthe Herbig Ae/Be star LkH� 233 (Cor
oran & Ray1998b), bipolar jets are seen 
lose to the star. Nor-mally, of 
ourse, the blueshifted emission is brightest4In
identally, this suggests that in those (presumablyevolved) T Tauri stars where only an LVC has been observed,there are hidden jets (HVCs). Perhaps these 
an be spe
tro-s
opi
ally revealed using 8/10m 
lass teles
opes.

but what is striking is that there 
an be major di�er-en
es between the 
ow/
ounter
ow whi
h 
annot beas
ribed to extin
tion e�e
ts alone. These in
ludeasymmetries in absolute jet velo
ity, apparent open-ing angle of the 
ow, ele
tron density, ex
itation aswell as morphology. Although it is not 
lear howsu
h asymmetries arise, it is likely that di�eren
esin the immediate stellar environment probably playa major role in their produ
tion. The asymmetriesbetween the 
ow and the 
ounter
ow, as we havesaid, 
an be quite large, for example a fa
tor of twoin velo
ity is not un
ommon (Eisl�o�el et al. 2000).Sin
e the ground-based studies point to LVC re-gions having dimensions of a few tenths of an ar
-se
ond for nearby YSOs, and given that the HVC(as seen from ground-based observations) should beresolvable into a jet, opti
ally visible YSOs are ob-viously ideal targets for HST . With these ideas inmind, we have begun a study, using the Spa
e Tele-s
ope Imaging Spe
trograph (STIS) of a small num-ber of opti
ally visible YSOs (DG Tau, RW Aur andLkH� 233). Initial results for the 
ase of DG Tauhave already being reported in the literature (Ba
-
iotti et al. 2000) while a more detailed analysisis 
urrently in preparation (Ba

iotti et al. 2002).Observations of the other stars have been 
ompletedre
ently and are 
urrently being studied. Here we de-s
ribe some of our results in the immediate vi
inityof DG Tau, a sour
e whi
h has featured prominentlyin this meeting (see, for example, the 
ontributionby Dougados et al. 2002).Histori
ally, DG Tau was one of the �rst youngstars from whi
h a HH jet (HH 158) was dis
overed(Mundt & Fried 1983). Ground-based studies (e.g.,Lavalley et al. 1997), and even early (un
orre
ted)HST imaging observations of this star have beenmade (Kepner et al. 1993). The jet on large s
ales(around 1000) appears to terminate in a bow-sho
k(Eisl�o�el & Mundt 1998) and smaller bow sho
ks arealso seen 
loser to the star (see the HST Ar
hive im-ages in Figure 1). The a
tual te
hnique we employedto \image" the emission line region of DG Tau is de-s
ribed in detail elsewhere (Ba

iotti et al. 2000). ItsuÆ
es here to say that we stepped the STIS slit inthe transverse dire
tion to the out
ow with a smallenough o�set to sample the HST point spread fun
-tion (albeit not quite at the Nyquist limit). A to-tal of 7 spe
tra were taken whi
h were subsequentlymerged together (for individual lines) to produ
e a
ux density/radial velo
ity data-
ube. In this waywe built up \images" of the emission line region indi�erent velo
ity bins and for a range of diagnosti
lines. Note that all quoted velo
ities in subsequent
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86 RAY & MUNDT

Fig. 1. Two images from the HST Ar
hive of the DG Tauout
ow taken 2.6 years apart using a broadband red �l-ter. The region within 1:000 from the star is shown athigher 
ontrast. The out
ow 
an be seen to the lowerright. Note the proper motion in its knots, the alterationin their stru
ture and the emergen
e of a new, bowsho
k-like, feature (C) 
lose to the sour
e in the 1998 image.Ar
hive data is from programs 6223 and 6855 (PI: J.Trauger).�gures are systemi
 using V?;hel � +16:5 km s�1, asderived from the Li� 6707 photospheri
 absorptionline.The �rst thing that strikes one when looking at

Fig. 2. Syntheti
 images of the DG Tau out
ow in H�and [O I℄� 6363 derived from 7 overlapping long-slit po-sitions o�set in the transverse dire
tion to the 
ow. Fourbroad velo
ity bins are shown: low (LV), medium (MV),high (HV) and very high (VHV) 
overing the range +50to �450 km s�1 and ea
h bin having an approximatewidth of 125 km s�1. The out
ow appears to broadeni.e., be
ome less 
ollimated as the velo
ity de
reases. Thelowest velo
ity emission however does not extend far fromthe star (a few tenths of an ar
se
ond at most) 
onsistentwith the ground-based observation that the LVC appears
ompa
t. The 
urved bowsho
k beyond 100 is almost 
er-tainly the new eje
tion event identi�ed as C in Fig. 1the images (see Figure 2) is the remarkable way inwhi
h the out
ow 
hanges in appearan
e at di�erentvelo
ities and in di�erent lines. Looking at the region
losest to the star (i.e., within 0:005) we see that, at
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CENTRAL ENGINE OF YOUNG STARS 87the highest velo
ities, the jet is narrowly 
on�ned tothe 
entral axis of the out
ow and to be unresolvedin its transverse dire
tion. With de
reasing velo
-ity the out
ow appears to broaden and to be
omeless 
ollimated. This low velo
ity emission howeverdoes not extend far from the star (a few tenths ofan ar
se
ond at most) 
onsistent with the ground-based observation that the LVC appears 
ompa
t.Note, however, that these are the �rst observationsto resolve the LVC in the transverse dire
tion to the
ow.One very interesting �nding is that whereas we
an tra
e the high velo
ity jet right ba
k to the starin a permitted line like H�, the emission seems topeter out in the 
ase of, for example, [O I℄� 6363and to be virtually absent (at the highest velo
ites)in [S II℄�� 6716, 6731. The obvious reason for this(Ba

iotti 2002) is that the ele
tron densities are
lose to, or higher, than the 
riti
al values for theselines. On the other hand, at lower velo
ities we 
andete
t emission in these forbidden lines right ba
k tothe sour
e. This suggests that not only are we seeingeviden
e for an in
rease in density with proximity tothe star along the out
ow dire
tion but also of anin
rease in density with velo
ity, i.e., in the lateralas well as the longitudinal dire
tion to the 
ow.Perhaps, however, one of our most interesting�ndings is the tentative eviden
e (at low velo
ities)for rotation in the 
ow from DG Tau. These �ndingsare dis
ussed more fully in Ba

iotti et al. (2002) andhere we only sket
h our results. We �rst suspe
tedthat there might be eviden
e for rotation in the for-bidden lines when the lowest velo
ity emission wasmore �nely rebinned. To test this idea further, wedivided the jet along the 
ow dire
tion into four do-mains of in
reasing distan
e from DG Tau. We shallrefer to these domains as Regions I, II, III, and IV
orresponding to 0:00025{0:00125, 0:00125{0:00225, 0:00225{0:00325, and 0:00325{0:00475 from the sour
e, respe
-tively. Emission within these domains was binnedalong the slit for ea
h of the seven slit positions.Our results are presented in Figure 3 where we haveplotted the the di�eren
e in peak LVC velo
ity be-tween 
orresponding slit pairs, i.e., S1� S7, S2� S6,and S3� S5. Here slit S4 
orresponds to the 
entralslit position, S1 is to the southeast of the jet andS7 to the northwest. The o�set in the slit positionsis 0:0007, 
orresponding to about 10AU at the dis-tan
e of DG Tau. We see that in all regions fromthe star (I, II, III, and IV) the value of the velo
ityshift is almost always negative, for any line and forany \position pair". Put another way, the southeast-ern side of the jet moves towards the observer faster

Fig. 3. This �gure shows possible eviden
e for rotationin the low velo
ity out
ow 
omponent in DG Tau. Usinggaussian �ts to the peak line pro�les, the di�eren
e in ve-lo
ity between 
orresponding slit pairs (i.e., equidistantfrom the out
ow axis) is plotted for the various regionsde�ned in the text. Symbols are used to represent dif-ferent lines. Allowan
e has been made for uneven illumi-nation of the STIS slit. Note how virtually all velo
itiesare negative suggesting a net rotation.then the 
orresponding northwestern side. The av-erage value found for the shift is about 10 km s�1.If we interpret these �ndings in terms of rotation ofthe 
ow, they would imply that the jet is rotating
lo
kwise looking from the 
ow towards the sour
e.Taking into a

ount the in
lination of this systemwith respe
t to the line of sight, the apparent linearazimuthal speed at a few tens of AU from the axis,and between 30 to 50AU above the disk plane, isabout 10 km s�1.There are a number of possible sour
es of system-ati
 errors whi
h might mimi
 the e�e
ts of rotationin
luding uneven illumination of the STIS slit. How-ever, as far as we 
an tell these have either being re-moved or are not important (see Ba

iotti et al. 2002for a 
omprehensive dis
ussion of this topi
). A fur-ther point is that Gaussian �tting to the peak LVC
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88 RAY & MUNDT

Fig. 4. As in Fig. 3 but using a line 
ross-
orrelationte
hnique as oppossed to gaussian �tting. The resultsare broadly 
onsistent with those in Fig. 3velo
ities may not be appropriate giving the 
omplexnature of the observed line pro�les. To test whetherthis might be the 
ase we (Ba

iotti et al. 2002) also
arried out a 
ross-
orrelation �t to the lines. Asseen in Figure 4, the results were almost identi
al tothose from the Gaussian �tting pro
edure. Although
on�dent that we have found tentative eviden
e forrotation, it would 
onsolidate this �nding if similarresults were seen in our remaining HST targets. Fi-nally we should mention that there has been another
laim that rotation may have been observed in theout
ow from a star, although on mu
h larger s
alesthan those dis
ussed here: Davis et al. (2000) in akinemati
al study of the H2 knots in HH212 haveobserved what may be a net rotational motion inaddition to the large forward motion dete
ted in thesystem (see also Chrysostomou 2002).Assuming then we 
an interpret the lateral asym-metry in out
ow velo
ity in terms of rotation, arethe observations 
onsistent with what might be ex-pe
ted on the basis of 
urrent MHD models (see, forexample, K�onigl & Pudritz 2000; Camenzind 1997;Shu et al. 2000; Ferreira & Pelletier 1995; Shibata &

Kudoh 1999), all of whi
h invoke 
entrifugal for
esto laun
h the jet? If the magneto-
entrifugal s
e-nario is 
orre
t, the 
ow should 
onserve its angu-lar momentum, on
e it has rea
hed terminal values.Naively one might expe
t, given the typi
al lever armsizes predi
ted by these models, azimuthal velo
itiesof roughly the magnitude observed at distan
es of10{20 AU from DG Tau. Unfortunately, in the lit-erature, many of these models have 
on
entrated onderiving poloidal velo
ities as a fun
tion of distan
eand on understanding the highest velo
ity 
ompo-nent. It would seem, however, there is a urgent needto better model the peripheral regions of the out
owas these are the ones we are beginning to resolve!We are very grateful to the organisers of the 
on-feren
e: their 
hoi
es of venue and topi
s were ex-
ellent! We would also like to thank A. Mar
oni forassistan
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