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Abstract

In this thesis a study of the accretion and ejection propedf low mass embedded proto-
star (the so-called Clas#@ources) through ISAAC NIR high angular observationsés pr
sented. The physics, kinematics and dynamics of five Clagst® (HH1, HH111,HH212

/ HH34, HH46-47) have been analysed in order to give somehissgpout the jet gener-
ation and the dependence of the jet properties on the evnhrly stage of the source. In
addition, the accretion properties of a sample of ten Classitces have been measured
in order to revise their evolutionary status.

All the studied jets have been observed through atomic andaular emission, traced
by [Feu] and H, transitions. Applying near-IR diagnostic techniques im@ot physical
parameters have been inferred. In particular, one milestdthis thesis was to derive the
physical properties of embedded protostellar jets as aifumof the jet radial velocity.
For instance, at large distances from the source, the efedansity (g) has been found to
decrease with lower velocities. Average values over thghibeist knots of 2600-6200 crh
have been found. The amount of mass transported along the fiasvbeen also inferred.
The results show that Clasd {ets transport more mass than the more evolved jets from
CTTS, while the accretion to ejection ratio remains rougldgstant independently of the
evolutionary stage of the source.

The inner region of Class | jets has been studied in detaifrderoto constrain the
jet launching mechanism. Similarly to what found in CTTSjeflass | jets present two
velocity components at high and low velocity (the HVC and DM@ both the atomic
and molecular gas. The LVC in Class | jets reaches, howeasgel distances (up to
~ 1000 AU from the source) with respect to jets from CTTS. Alamace with what found
at large distances from the source, in the inner jet regipmeareases with decreasing
velocity, while the mass flux along the jet is always highethe HVC. When comparing
these results with the predictions of MHD jet launching medée kinematical char-
acteristics of the line emission are found to be, at leaslitqtigely, reproduced by the
studied models. None of them can explain, however, the egtehe LVC and the veloc-
ity dependence of electron density that is observed.

On the other hand, the study of the set of Class | sourceslsenvealear correlation
between accretion and ejection features. In addition, ite sif what is expected by
embedded protostars, only four of the ten sources showtamtminated luminosities.
This result suggests that most of the objects consideredass Csources are, instead,
more evolved sources that have already acquired most ofitfaeis. Despite this fact, the
inferred mass accretion rates are larger that those fou6d & of the same mass.



Sommario

In questa tesi viene presentata una analisi detagliata pedpieta di accrescimento ed
eiezione da stelle giovanni estinte di basa massa attrawesgrvazioni ad alta risoluzione
angolare nel vicino infrarossdfettuate con la camera infrarossa ISAAC. In questo modo,
sono state analizzate la fisica, cinematica e dinamica ditdy€lasse @ (HH1, HH111,
HH212/ HH34, HH46-47) al fine di ricavare informazioni circa |'onge dei getti e la
dipendenza delle loro propieta fisiche rispetto allo stamliolutivo della sorgente. In-
oltre, le propieta di accrescimento di un campione di dsecgenti di Classe | sono state
misurate con lo scopo di acertare loro stadio evolutivo.

Tutti i getti studiati sono stati osservati per mezzo di eome atomica e molecolare,
traciate da righe di [Fe] e H,. Applicando tecniche di daignostica nel vicino infraragsso
sono stati ricavati importanti parametri fisici. In partem@, un punto fondamentale di
guesta tesi e stato derivare come varianno le propiethésili questi oggetti in fun-
zione della velocita radiale dello getto. Ad essempio,is@ta che la densita elettronica
decresce al diminuire della velocita a grande distanZa dargente, con valori medi in-
torno 2600-6200 cn. Inoltre, & stata ricavata la masa trasportata da i gettirisulta
maggiore di quella trovata in oggetti piu evoluti di tipo dUFi, mentre il rapporto tra
eiezione e accrescimento rimane approssimativamentanteshdipendentemente dallo
stato evolutivo dalla sorgente.

E stata altresi studiata in detaglio la regione internayddi di Classe | con il preciso
fine di determinarne il mechanismo di lancio. Come per i gkitistelle di tipo TTauri,
la cinematica delle regioni interne & caratterizzata da camponenti ad alta e bassa
velocita (HVC and LVC) in entrambe le emissioni atomicheaenolare. La componente
a bassa velocita nei getti di Class | ragiunge distanze modgtalla sorgente (fino a 1000
AU) che nei getti di tipo TTauri. Inoltre, contrariamente agagto trovato lontano dalla
sorgente, nelle vicinanze della stella la densita eleiteo aumenta al diminuire della
velocita, mentre la componente ad alta velocita tragpsetmpre la maggiore quantita di
masa. | risultati qui mostrati sono stati inoltre confrant®n le predizione trovate dai
modelli di lancio di getti. Mentre le propieta cinematic@no, al meno qualitativamente,
riprodotte da questi modelli, nessuno di loro riesce adgspee 'andamento osservato
dalla densita elettronica in funzione della velocita.

D’altraparte, non & possibile stabilire alcuna correlaei tra la presenza di indica-
tori di acrescimento ed egezione entro il campione di sdrgirClasse I. Inoltre, di-
versamente da cid che previsto per le stelle giovanniastitquatro delle dieci sorgenti
hanno una luminosita dominata da accrescimento. Questibaio sembra suggerire che



la maggioranza di stelle giovanni clasificate come Classmb $n realta sorgenti molto
piu evolute che hanno gia acquisito la maggior parte det@massa. Nonostante cio, i
valori di tasa di accrescimento ottenuti sono in media giicdaquelli trovati in stelle di
tipo TTauri della stessa masa.
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Introduction

The star formation process is a fundamental issue in stgfigsics. It represents, how-
ever, the less known process in the whole stellar evolutibhnis is mostly due to the
difficulty of observing the protostars and the region nearbyeéddin the first stages of
evolution, when most of the final stellar mass is accumulaisatostars are embedded in
dense molecular clouds of gas and dust from which they aiginAs a consequence, the
younger protostars (the so-called Class 0 and | sourcegjdaten to optical wavelengths
and become only visible after they have dissipated mosteif ttense envelopes. This
happens when they have overpassed their main accretior phdsare observed as pre-
main sequence stars evolving towards the main sequencss(ICiand Il sources). Only
during the last twenty years, thanks to the developmentfadii@d instrumentation, it has
been possible to perform extensive studies on star forneggns.

Embedded protostars are very complex systems composeddmga dore surrounded
by a circumstellar disc and a dense envelope, which repiet®nstore of infalling ma-
terial. As matter flows from the disc to the protostar surfaae of the material is ejected
away from the star in the form of collimated bipolar jets. $&gets have a fundamental
role in the star formation process, since they remove angatamentum from the star-
disc system, allowing the accretion of matter onto the @tatoto proceed. In addition,
they influence the final mass of the star as they disrupt inalhaterial dissipating the
surrounding envelope. Accretion and ejection of mattetlaus intimately associated and
represent the fundamental mechanism regulating the favmat a solar mass star.

In spite of their crucial role, the details of these procesae still largely unknown.
Several models have been so far proposed for the mechanggriatiag the accretion
process and the consequent formation of the collimatedetst of these models have
been developed to explain the properties derived from abtbservations of Class Il
TTauri stars, sources that have already accumulated mdkewffinal mass. Little is
known, however, about the application of the same mechawoisine younger and actively
accreting Class/0sources.

The main observational fiiculty is to investigate the inner regions of the embedded
Class @l sources at a spatial resolution high enough to resolvedilesant spatial scales.
The accretion disc and the jet launching regions are, inde®atacterised by a size of
the order of 0.1-1 AU, which corresponds to angular sizegss than a few milliarcsec-
onds even in the nearest star-forming clouds. Such angedégsscan be directly probed
only through IR interferometric techniques that at presaststill under development.
Alternatively, observational constraints to these phesmoatan be provided only through



indirect tracers. In this respect, the study of the colliedgets provide a fundamental tool
to get quantitative information on the active processesiooy in young stars. The jets
extend up to large distances from their driving source,hig@rregions at low obscuration
where they can be studied in detail. As a consequence, tbg sfuthe jet often repre-
sents the only mean to indirectly infer some propertiesoflitving source. Protostellar
jets interact with the ambient medium producing strong kheaves which compress and
heat the gas: this, in turn, cools down by emitting atomic@tecular lines over a large
spread of wavelengths. The near IR spectral region is péatly suited to study the jets
from embedded objects because several bright transitiaited in shocks can be found
in this wavelength domain, able to diagnose important maysiarameters of the jet. IR
sensitive spectroscopic observations can, moreovertiaaelose to the jet base, thus
providing information on the physics occurring as near assjibe to the jet origin.

In addition to the study of jets, important information okthccretion process can
be also inferred through the observations of spatially asblved line emission features
characterising the IR spectra of Class | objects. Permitktines, in particular, are
believed to originate from the region of accretion that @wis the circumstellar disc
to the protostar. Their luminosity and profiles provide #iere an important tool to
investigate whether the protostar is still actively adagebr has already accumulated its
final mass.

High dispersion IR spectroscopy performed on 8-m classdelges provides an ex-
cellent tool to perform the kind of investigations descdlabove, since it couples the
needed sensitivity and adequate spatial resolution wifieatgal resolution high enough
to study the dynamics of the matter in infall or being ejedtedh the source.

The work presented in this thesis aims at studying the dooren ejection process
in low mass embedded protostars (Clag$ through high resolution IR spectroscopy
obtained with the ISAAC instrument at VLT. The work is divélen main parts whose
goals are summarised below:

e The main part of this thesis deals with the detailed studyefghysical and kine-
matical properties of five classical Clas8 je@ts. Long-slit ISAAC spectra have
been obtained with the slit aligned along the jets in ordeddove important pa-
rameters as a function of the distance from the driving saufbe IR investigation
makes it possible to trace the jet very close to the centraiceo Thus, the excita-
tion and dynamics of these jets have been probed as closg&05AU from their
origin in less embedded Class | sources, where their piiegdrave not been yet
modified by the interaction with the surrounding medium atiltretain important
information about the jet acceleration mechanism. Diagadschniques employ-
ing ratios and luminosity of lines, e.g., [kkand H, transitions, have been used
to derive important physical parameters such as electrositygn.) and mass flux
rates M ier) in the diferent jet velocity components. These parameters, together
with the kinematical information, have been compared vhhgredictions of the-
oretical models to constrain the jet launching mechanishe ghysical properties
derived in our Class 0 and | sample will be also compared \itsé of the jets from
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more evolved CTTSs to understand if the excitation conasgtiand the dynamical
properties change as a function of the source evolutionatg.s

e The second part of the thesis address the accretion prep@iftia sample of ten
Class | sources selected in in®ph molecular cloud. The accretion properties and
mass accretion rates of the sources have been measurech&domtinosity of the
permitted HI lines in order to investigate whether they aally sources in their
main accretion phase or not. Indeed, it is usually assunsdtta bolometric lumi-
nosity of Class | objects is dominated by the accretion lwsity due to the release
of energy in the impact of the infalling matter onto the stafface. Should be this
the case, we would expect that all the sources of our sampkiedarge Le/Luo
ratio. Mass accretion rates derived from the selected sswrdl be compared with
the values measured in samples of TTauri stars to study i tisereally an evo-
lutionary sequence among Class | and Class Il objects. Talysis will make it
possible to discern whether the Class | are really younger TTauri stars or they
also are evolved objects but seen with edge-on circumstiias, thus appearing
more embedded.

This thesis is structured as follows: In Chapter 1 a reviethefstar formation theory
is presented, while in Chapter 2 a description of the prelsemtviedge of the accretion
an ejection properties of young stars is done, togetheravithef description of the pro-
posed models for these phenomena. In Chapter 3 the mainaditigycapabilities of IR
emission lines are briefly described. The basic notions a&fg&tra acquisition and anal-
ysis techniques are presented in Chapter 4 together witcaisiion on the advantages
and limitations of IR observations and a description of murse sample and instrument
set-up. In Chapter5 the results on the ejection properfi€dass QI jets are presented,
while in Chapter 6 the findings on the accretion propertiethefstudied Class | sources
are shown. Finally, conclusions are presented, summagtisamain results of this work
and describing future projects.






Chapter 1

The birth of stars

1.1 From molecular clouds to protostars

Most of the protostars are born inside Giant Molecular C®(@MCs). These are the
largest molecular structures in the galaxy with sizes ragdpetween 10 and 100 parsec
(pc), masses from *@o 1¢° M, and average kinetic energies of onlg0 K. Their prin-
cipal chemical components are hydrogen (90%) and helium),(@#tile the abundance
of other elements depends mainly on the history of the clajdoa example, the pres-
ence of some supernova explosion nearby. GMCs are far toitmmrwith the dust and
gas distributed along very complex and filamentary strestwvith areas of high density
corresponding to star formation regions. Most of the infation we have about GMCs
is derived through the analysis of emission lines comingfrovibrational transitions of
CO, CS or NH molecules. Although the main constituent ig Isholecular clouds cannot
be mapped through this molecule due to the high temperatusd® K) required to excite
detectable emission. The best tracer of the molecular dtwdture is the CO molecule
since is quite abundant ([C®],~10%) and can be easily populated under collisions at
low temperatures (¥ 5K with n(H, >100cn73)). In addition, the CO dissociation en-
ergy is very high (11.09 eV) meaning that is a very stable mdée The CO emission in
our galaxy is located mainly in the spiral arms suggestirag @MCs have lifetimes of
the order of 10years. The larger is the molecular cloud the shorter isfatinhe. This is
due to the photoevaporation produced by O and B stars thatiftgide large molecular
clouds. These stars produce high energy photons that iantséestroy their molecular
surroundings.

The complicated density structure of GMCs (Fig. 1.1) candagyhly classified in
terms of clouds, clumps and pre-stellar cores (Williamsl.e2@00). Clumps are gravi-
tationally bound structures inside which stellar clustesformed. Pre-stellar cores are
the smallest fragments out of which individual stars or iptldtsystems are born. These
initially gravitationally bound condensations form froimetfragmentation of molecular
clumps. A large number of pre-stellar cores have now beearebd, both in molecular
line tracers of dense gas such asdNBS, NH* and HCO (Andre et al. 2000) and in
sub-millimetre dust continuum (Kirk et al. 2002).
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Figure 1.1:Thep Ophiuchus molecular cloud complex mapped at 1.3 mm. Figkertfrom Motte et al.
(1998)

There is yet not a complete understanding of how stars ame foom dense cores.
A core begins to collapse when the thermal pressure of thevghas the core is no
longer stificient to contrast self-gravity. This means, in the cladstoeory proposed by
Jeans (Jeans 1902), that collapse occurs when the grandhé&nergy of the cloud core
is greater than its thermal energy,

|Eql > Etn (1.1)
which, for a homogeneous spherical core with mass M, radiasdRtemperature T, is
given by:

—— > -——KT (1.2)
whereG is the gravitational constank,the Boltzmann constang the mean molecular

weight andmy the mass of the hydrogen atom. This inequality is, usualyressed in
terms of the Jeans maBk: gravitational collapse begins when the core nmiss greater

thanMj,
’ 3 \Y2/ BT \¥2 T3\/2
M>M; = ~ 6M, | — 1.3

7 (4700) (ZGumH) G( n) (1.3)

wherep is the density of the gas amd= p/umy is the numerical density.
In absence of pressure support, the collapse due to giawitatcurs in a free-fall
time:

1/2
tf = (32&) ~ 1.4% 1@(%) [yr] (1.4)
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If T=10K andn >50 cnt3, which are typical values for GMCs, we havg ~100 M,and
trr ~1CPyr. These values are smaller than the observed values of (t@s$0° M) and
lifetime (>107yr) of the clouds. Thus, on the basis of the classical themglecular
clouds should be small short-lived structures with a stamédion rate of about 250-
300 M, yr-%, while observations indicate rates of only 3 1.

The Jeans criterion is thus unable to describe observatttata, providing only a
necessary and notficient condition to have an unavoidable collapse. Other a@sims
capable of hampering and delaying gravitational contoacthust be, therefore, present
within the clouds.

Nowadays, three physical mechanisms are believed to cavituthe thermal pres-
sure in supporting the core against self-gravity: magnkid, core rotation and gas
turbulence. Thus, the most general condition to be satisfied

|Egl > Eth + Emag + Eturb + Erat, (1.5)

whereE;, is the thermal energy due to gas pressiiigg is the magnetic energy due to
magnetic pressure aiiti,, andE; are the terms due to turbulence and rotational velocity
of the clumps, respectively. We will now briefly describesb¢erms:

¢ Rotation: From measurements of the rotational velocity by means o$tihey of
Doppler shifts in lines from molecular species, we know thatcores rotate very
slowly (@ ~ 1013 — 107 rads, Goodman et al. 1993). Therefolg,; can be
neglected if we compare it with the pressure gradients aaddtf-gravity. This
rotation play a fundamental role, however in the formatidpmtostellar disc as
we will see in Sect. 1.2.

e Magnetic field: The presence of a magnetic field B (usually smaller than@G0
in molecular clouds and up to o in the cores) provides support against gravita-
tional collapse because the ions present in the cloud gdsdeouple with the mag-
netic field lines. Moreover, neutral constituents affected by this phenomenon,
since collisions couple ions with neutrals, resulting iroaerall magnetic pressure
which halts and slows down gravitational contraction. Asslg that the magnetic
energy is the only term capable to compensate the gravitdtenergy of the cloud
in eq. 1.5, the criterion for core collapse can be expressésrims of critical mag-
netic massv,:

o o )

M > M, ~ 0.3G /?BR? 200M@(3me] Tipd (1.6)
If the cloud massvl exceeddM,, the cloud globally implodes forming stars: this
is the case of high mass stars in magnetically supercriticald cores 1 > M),
where the collapse takes place in a free-fall time-staleOtherwise, the forma-
tion of low mass stars occurs in magnetically subcriticald cores i1 < M),
that are quasi-static equilibrium structures resultirggrrthe balance of gravita-
tional, magnetic and pressure forces. The core collapskeiset systems occurs



because of a process called “ambipoldfudiion”: since ions and neutrals are not
strongly coupled, the neutrals can drift across the fielddiresulting in a gravi-
tational condensation of the cloud matter without compnesthe magnetic field
lines. Truly neutral drift motion deforms the magnetic fikfgbs, producing Alfvén
waves that dissipate the magnetic field. As a result, amaiphffusion produces
the dfect of decreasing the critical magnetic mass, so that the can collapse
whenM > M, in a time-scale (ambipolar flilusion timetap) that depends on the
efficiency of the coupling between ions and neutrals. For typ@laes of molecu-
lar corestap ~5x10° yr, one order longer than the free-fa}.

Magnetic difusion was believed to be the dominant physical process abongy
star formation and it was widely accepted in the 80s. Durirgglast decade, with
the improvementin instrumentation and computer modetiegniques, this theory
has seemed, however, to fail on some aspects, although bagedes still open.
Indeed, observations seem to suggest that protostellas @e supercritical (i.e.
the magnetic fields are too week to retard the gravitatioobdgse of cores) and
infall motions detected in the cores contradict the longhgphase that is expected
in the standard theory. Finally, a high fraction of coresahhtontain embedded
protostellar objects is observed: if cores evolved on aplbiiffusion time-scales,
we would expect to find a significantly larger number of s&&sleores.

Supersonic turbulence:During the last decade, substantial observational evielenc
suggests that supersonic turbulence is the main proces®ltioig star formation.

The random supersonic motion in molecular clouds is desdrity the Mach num-
berM = Viyp/Cs, Wherevy,p, = \/@ is the average speed of the random motions
andc; is the sound speed. The observational evidence of this motmes from
velocity dispersion measurements of molecular line width4-6 km s, that can-
not be accounted for unless considering non-thermal mgtion

Turbulent supersonic motion is a dissipative phenomenéntalyeallocate energy
inside the cloud, providing a global support against gedianal collapse. The
dissipation time for turbulent kinetic energy is indeed:

_Le Lq Vb \
b= gon = 3Myr (50[pc])(6[kms—1]) (.7)

whereLg is the driving scale of the turbulence. Numerical methods @mputer
simulations demonstrate that supersonic turbulence miénge clouds would dis-
sipate in a time-scale which is comparable to the free-falétscale. A recurring
injection of energy is, then, needed to maintain turbulersi®ng as is necessary to
obtain the observed core contraction times. Several méanarhave been consid-
ered, such as galactic rotation, MHD wave propagationostetlar outflows and,
in particular, supernova explosions.
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1.2 The evolution of Young Stellar Objects (YSOs)

As described above, low-mass star formation is thought ¢aoewhen a molecular cloud
core becomes unstable and begins to collapse. During thedars, several studies have
been done trying to measure the infalling motions gas withécloud core. However, the
detection of these motions are verytaiult. The velocities of collapse are too small if we
compare them with the random motions inside the molecutarctl This fact becomes
extreme if we try to distinguish the infall motion againsttfanolecular gas put in motion
by bipolar outflows (see Sect. 2.1). On top of all this, théhkbg} velocities are expected
to be present in the central regions of the cloud, where, fieryéhe amount of mass is
really low and the extinction is very high.

Despite the lack of measurements of infalling velocitiesne theoretical models have
been developed in order to give some light about the verygdhiases of the stellar evo-
lution. One of the simplest models assumes that the molecol& about to collapse
presents a density profije « R™2 (singular isothermal sphere in quasi-equilibrium be-
tween thermal pressure and gravity). When the structurerbes gravitationally unsta-
ble, the collapse starts, following the free-fall timedscaBeingrs; « p~Y/2, the central
zones collapse more rapidly than the outer part. As a resuihe centre of the structure
a core in hydrostatic equilibrium is formed, which accratestter from the surrounding
infalling envelope. In this simple infall model, with an i@l cloud spherically symmet-
ric that exhibits asymmetric rotation, the infall solutibas complete symmetry above
and below the equatorial plane. With this assumption, thenergum fluxes of infalling
material on either side of the equatorial disc plane pergeitat to the disc are equal in
magnitude and opposite in direction. The result is thatnfedling gas must pass through
a shock at the equator, which cancels the kinetic energy oo perpendicular to it.
This process will lead to an accumulation of matter in a throcture in the equatorial
plane, i.e., a rotating disc. Ultimately, disc materiallvoié redistributed by the process
of angular momentum transport and energy loss driving disoetion. The accretion rate
depends on the sound speed in the medicye: (KT /umy)Y?):

3
(;—I_\l_/l = Mae = p4nRecs = 2% (1.8)
For typical values, accretion rates e10°-10°M,yr! are derived. In this way, the
time expected for the formation of a solar mass star is ardifdgears. In this phase,
there are no nuclear reactions in the star and the luminositye YSO comes from the
energy realised during the accretion in the so called “d@icereshocks”. Assuming a
spherical geometry for the accretion, the luminosity esdiis given by the conversion of
gravitational energy:
GM. Mage

Lace = ———— 1.9
R (1.9)

whereM. andR. are the mass and radius of the central condensation. Foicaktyplues
of low-mass protostarsM,.= 1M, R, = 4R, and My = 107°M,/yr) the accretion
luminosity is around 50 &, much higher than the luminosity of a main sequence star with



the same mass. It has been observed that the accretion precssially accompanied by
the ejection of material from the protostar. This is the iorigf the so-called protostellar
jets, the main topic of this thesis and described in detahéfollowing sections.

In the early stage of evolution, protostars have a low serfamperature (k 2000 K)
and thus emit most of their energy at IR wavelengths. In auldithe emitted radiation
is absorbed by the external envelope and re-emitted at tamgeelengths. This means,
that in the protostellar phase the YSO is not simply charesete by a single temperature
and thus cannot be positioned in the Hertzsprung-Russe)l di¢igram. When the gravi-
tational collapse finishes and the envelope has been disdjghe YSO becomes visible
at optical wavelengths and can be positioned in the HR dmagrahis is the so-called
pre-main sequence phase (see Fig. 1.2). At this stage ahlkast almost reached its final
mass and the accretion rate is very small, aroundMg/yr. In the pre-main sequence
phase the central temperature of the stellar core is stlldw to permit the hydrogen
fusion into helium. Deuterium fusion occurs at temperatlogver than hydrogen fusion,
but since deuterium abundance is relatively low, the deutefusion can last only for a
short period of time+4 1 x 10°®yr). Without fusion energy release, the protostar must
contract, generating gravitational potential energy aee the energy lost by the radi-
ation of the stellar photosphere. Thus, the luminosity isnlgahe energy irradiated by
the stellar photosphere:

L, = 4nRa T, (1.10)

whereo is the Stephen-Boltzmann constant ang Ts the temperature of the stellar pho-
tosphere. When protostars appear for the first time on the i am, they are located
along the so-called “birthline”, whose position in the HRgliam depends on the proto-
stellar accretion rate. While the protostar contractsi¢gigime-scale of 10yr), it moves

in the HR diagram along the pre-main sequence tracks. Thiaation will stop when
the star arrives in the main-sequence, at which point theggneleased by the hydrogen
fusion compensate the energy radiated by the stellar pblotos.

The low-mass (Mg 2 M) pre-main sequence stars, with stellar spectral types FeM a
called T Tauri stars (Joy 1945). These stars are fully canweeand follow the so-called
Hayashi tracks, along which the temperature is roughly teaniswhile the luminosity
decreases with the radius. Higher-mass<®410 M,) pre-main sequence stars are named
Herbig AgBe stars (Herbig 1960) to distinguish them from other typesiore evolved
A-B emission line stars. These stars have, at variance wituii, radiative nuclei and
follow evolutionary tracks nearly horizontal (see Fig.)1.2

1.3 The Spectral Energy Distribution classification of YSOs

The evolutionary status of a “normal”, low-mass star candtermined by its position on
the HR diagram (see previous section). This method workaraasf the star produces a
black-body like spectrum and thus can be accurately spigottassified. This is, how-
ever, very dificult for most of the YSOs. The circumstellar gas and dustrzddhese
objects absorb and reprocess most of the radiation emittaidbembedded star, thus
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Figure 1.2:Hertzsprung-Russel diagram for a sample of T Tauri and deileiBe pre-main sequence
stars (black points). The evolutionary tracks (Palla & &ah993) for stars with masses M6 Mg show
the path of the stars from the birthline corresponding to eretion rate of 16° My/yr (bottom dotted
line) to the Zero Age Main Sequence (ZAMS, solid line on thig)leThe top dotted line is the birthline
corresponding tdl.cc= 104 Mo/yr. The evolutionary tracks are almost vertical (Hayashiks) for stellar
masses smaller than 0.8Mwhile the tracks relative to stellar masses between 2 and(Bibtbig A¢Be
stars) are horizontal. The birthline intersects the ZAMSMo= 6 M,,, thus the stars with larger masses have
not a pre-main sequence phase. The thinner solid lines arisdbhrones for stellar ages of’1Gx10°,

108, 2x10°, 5x10° and 10 yr.



altering its spectral appearance. In fact, the youngesictdbpre not detected at optical
wavelengths due to the presence of a thick protostellar alisica dense envelope that
radiate most of their energy in the IR. In addition, in theistfievolutionary stages, the

circumstellar gas and envelopes have spatial extent ltngarthe protostar photosphere
itself and thus, the YSO will exhibit a wide range dfextive temperatures. As a result,
the detected spectral distribution is much wider than a Erbfack-body spectrum. For

all these reasons to place a YSO on a HR diagram is vdliguli.

Lada (1987) found that the infrared sources could be clagsi a function of their IR
energy distributions (i.e., logE,) vs. log@t)). The shape of the broad-band IR spectrum
of a YSO depends both on the nature and distribution of theosaoding material. We
would expect that more embedded objects show a spectrabdistn with a black-body
profile at the dense envelope temperature, while more ed@bgcts should have a spec-
tral distribution characterised by the black-body emisbthe central protostar (since
they should be accreted most of their surrounding materila)this way, the spectral
energy distribution (SED) of a YSO can give some clues alis@volutionary status.

Lada & Wilking (1984) classified the YSOs as a function of tH8D from Class |
to Class Il objects. With the pass of the years it was necgdsanclude a new type of
colder objects, the Class 0 objects (Andre et al. 1993). fifsisstage (see Fig. 1.3) corre-
sponds to a very embedded protostar, where the mass of ttralaare is small in com-
parison to the mass of the accreting envelope. The SED o# thigiects is characterised
by the blackbody emission of the envelope and peaks at sliibreter wavelengths. The
accretion rate of Class 0 objects is very high, of the ordevigf~ 10* My/yr. The next
stage is represented by the Class | objects. They are polveevembedded stars with
less mass in the envelope and more massive central coresaspifict to the Class 0 ob-
jects. Their SED peaks in the far-infrared and is charasserby a weak contribution of
the blackbody of the central star (detected at near-IR veangghs) and the emission of a
thick disc and dense envelope. The accretion rate is loveer ith Class 0 objects with a
typical value of the order oM.~ 10°Mg/yr. Class Il objects are the classical T Tauri
stars (CTTS) with a SED due to the emission of a thin disc aedcéntral star. They
have accumulated most of their final mass, dispersed quitpletely their circumstellar
envelope, but still accreting at a very low rate of the ordefg.~ 10 7-10°8 My /yr. Fi-
nally, Class Il objects have pure photospheric spectrairf3ED is peaked in the optical
and is well approximated by a blackbody emission with a faifrtared excess due to the
presence of a residual optically thin disc that may be thgiroof planetesimals.

This classification scheme can be made more quantitativeebyinlg the spectral
index:

_din(aF,
— din(x)

defining the slope of the spectrum between 2 angrh2 « varies from O to+3 for Class
| objects, -2< a@ <0 in Class Il objects and for Class Il objects it ranges fr@mo -2.
This variation in SED shape represents an evolutionaryesempicorresponding to the
gradual dissipation of gas and dust envelopes around ydang sAdams et al. (1987)
were able to theoretically model this empirical sequenoenfprotostar to young main

(1.11)
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Figure 1.3:Schematic description of the various phases that chaisetiye formation of an individual
star, from the earliest main accretion phase (Class 0), édithe when all the circumstellar matter is
dissipated (Class lll). The SED typical of objects in theimas phases is represented on the left, while
typical physical parameters of YSO according to their dfecsgion are listed on the right.
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sequence stars.

Today this classification must be applied with some cautidithough the general
scheme is probably correct, recent observations have ¢esdnie doubts about the ex-
istence of real physical flerences between many Class | and Il objects. Geometrical
effects due to the orientation of the structures with respetiteémbserving line of sight
may alter the shape of the SED causing a misclassificatidmeodbjects. This issue will
be addressed in the second part of this thesis (Chap. 6).



Chapter 2

Ejection and accretion of material in
low-mass YSOs

Accretion and ejection of matter are two phenomena intimagtated during the forma-
tion of a star. This thesis reports an observational studlyeéjection, through collimated
jets, and accretion of matter in young embedded Cldgg6tostars. To put the presented
work in a context, | will make here an overview of the presarawledge of the accretion
an ejection properties of young stars, presenting alsoed teeiscription of the proposed
models for these phenomena.

The Chapter is divided in two main sections dealing with {8&sct. 2.1) and accretion
properties of YSOs (Sect. 2.2).

The discussion about protostellar jets is subdivided irdaramary of the main ejec-
tion models (Sect.2.1.1), an overview of the large scaleeasional characteristics
(Sect. 2.1.2) and a description of the physical propertesid at the base of protostel
lar jets (Sect. 2.1.3).

Finally in Sects.2.2.1 and 2.2.2 the accretion charatiesi®f CTTS and Class |
sources are discussed separately.

2.1 Protostellar jets

The evolution from Class 0 to Class Il requires the dissgradf the circumstellar mate-
rial in the protostellar infalling envelope and in the dist principle, this could be done
by accreting all the surrounding material onto the star. Weawk however, that star form-
ing cores contain more mass than the stars themselves.uggssts that at some point in
the early evolution of a YSO the cloud material has beenagrtiemoved. In addition,
the mass accretion process needs to be followed by the digsipf angular momentum.
In fact, to conserve angular momentum the star would be dboteeotate at increasing
velocities leading to its break-up.

As noted in the previous chapter, the accretion processacaged with ejection of
material from the star in form of energetic bipolar outflowsce the first stages of proto-
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Figure 2.1:The interaction between the rotating magnetosphere ofghtral star and the circumstellar
disc (Camenzind 1990).

stellar evolution . These supersonic and collimated jepsiBcantly contribute at both the
angular momentum removal and envelope dissipation. Infaceént observations seem to
indicate that protostellar jets rotate (Bacciotti et al020Cdtey et al. 2004), suggesting
that they can ficiently contribute to the remove of angular momentum fromgiistem
(Ferreira & Casse 2004), helping to spin-down the protqgtarreira et al. 2006) and al-
lowing the accretion of material. In addition, as protdsigkets propagate supersonically
through the molecular cloud, they disrupt infalling maagéfrom the collapsing cloud
influencing the final mass of the protostar (Terebey et al4L9®rotostellar jets have
therefore a fundamental role in the star formation procafsough the exact mechanism
for their formation is still unclear.

In this section, the basics of theoretical models so far logesl for the jet launching
are presented, together with a general description of gigisical properties as derived
from observations.

2.1.1 The launching mechanism

Theoretical models for accretion and ejection of matter 806 have as a common ele-
ment the influence of the magnetic field. The magnetic fielacstire in the inner regions
of the star-disc system is believed to acquire a configurdiike the one in Fig. 2.1. A
magnetised star with a dipolar field configuration accretatenal from a disc through the
magnetic field lines. The magnetic field of the protostar igebed to be strong enough
to truncate the disc at a few stellar radii from the star (t@dation radius or magne-
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Figure 2.2:Possible locations for the launching of MHD winds in younarst disc-wind model (upper
panel, on the left), X-wind model (upper panel, on the rigim)l stellar wind (lower panel). In a disc-wind
model, an extended magnetic field threads the disc, whileXmmand model the magnetic field thread the
disc through a singe annulus at the interaction point batvee magnetosphere and the inner disc radio.
When the field lines are anchored onto a rotating star we hatadlar wind.

topause) and creates a magnetospheric cavity as shown kgh21. Very briefly, the
accretion process is supposed to occur as follows. The ialdtem the outer parts of the
disc spirals toward the inner disc region. At this pointhi imaterial is ionised enough it
will be forced to move longward the magnetic field lines totjadlly accrete onto the pro-
tostar and partially be ejected in a wind. When the matee@tines the protostar surface,
through the so-called accretion-columns, it producesgtacretion shocks that create
hot spots on the star surface. There are several obserabéioidences for the presence
of such hot spots on the surface of accreting protostars(ge®ouvier et al. 1995).

The accretion is only possible if the truncation radius isalen than the corotation
radius (Ro). The corotation radius is the radial distance at which gyadrian velocity
of the material of the disc equals the stellar angular vejoQ@utside the B, the angular
velocity of the star is larger than the keplerian velocithius, the material along the field
lines of the magnetosphere is thrown away due to the presd#nhaestrong centrifugal
force, thus generating a “wind”.

Following the general idea described above, various MagHgdro-Dynamic (MHD)
models have been proposed (Konigl & Pudritz 2000; Shu etQl0® It remains to be
established, however, where the wietl is launched from: the circumstellar accretion
disc, the rotating star, or its magnetosphere (or a combimat them). The most popular
MHD ejection models are the X-wind, the disc-wind and thdatevind (see Fig. 2.2). |
will briefly describe below the main properties of each ostghenodels.

Disc-wind and X-Wind model

In such models, a large scale magnetic field is assumed tadhhe disc from its
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Figure 2.3:Left: the HH34 jet imaged by the VLT with the optical cameraf&2. Only the blue-shifted
lobe of the jet is optically detected, while the red-shiftede remains invisible as propagates inside the
cloud. Both lobes terminate in a typical bow-shock struetuRight. The HH111 jet imaged at optical
and near-IR wavelengths by Hubble Space Telescope. Thisgseents a typical morphology with a chain
of knots and a bow-shock at the head of the flow. Figures tal@n ESO Press Release/29 (left) and
Reipurth et al. (1997;right).

inner radius to a certain external radius (smaller than titeralisc radius). In an extended
disc-wind model, the magnetic field is threading the disa @veextended range of disc
radii and thus the jet originates in a large disc region up feva AUs from the star
(Ferreira 1997). In a X-wind model (Shu et al. 1995) the maégrfeld is anchored to
a single disc annulus at the interaction region betweeniteigher edge and the stellar
magnetosphere.

The only diference between these two models is the amount of magnetithfiesd-
ing the disc. The ejection process is, in fact, identicae@mbination between the close
stellar magnetic field lines and open field lines carryingeten material. In both situa-
tions, jets carry away the exact amount of angular momenégmired to allow accretion.
However, the predicted terminal velocities and angular et fluxes are éfierent and
can be tested against observations (see Sect. 5.6.1).

MHD stellar winds

Self-collimated stellar winds are produced from open atethagnetic field lines.
However, the star has to rotate near the break-up in orderoxade enough rotational



Ejection and accretion of material in low-mass YSOs 15

24um
Hotspot

/C‘)utflow SW

/ y Bow shock
Cavity
.r/“

N 24um
\ Hotspot

HH47C =~

Figure 2.4: Spitzer image resulting from combining 3(blue), 4.5-5.8um(green) and 24m(red)

images of the HH46-47 protostellar jet. A wide-angle outflcavity is clearly seen together with a com-
pact jet propagating inside it. Two characteristic bowedhstructures are detected (HH47A and HH47C)
corresponding to the end of the blue- and red-lobe of theawtfinage taken from Velusamy et al. (2007).

energy to magnetically accelerate stellar winds. Low-nm@ssostars, such as TTauri
stars, have been found to be slow rotators (see e.g. Boud@at)2and thus stellar winds
can hardly provide the protostellar rotational energy ssagy to launch the jet. There-
fore, although the presence of stellar winds cannot be drduthey seem nofiecient
enough to be the main responsible for the launching of the sregetic jets.

2.1.2 An observational overview of protostellar jets

The first evidences of outflow activity linked to the formatiof a star have been discov-
ered in the 1950’s by Herbig (1950;1951) and Haro (1952;)9%80 detected diuse
line emitting nebulae spatially not associated with any. d&aom the beginning, it was
realised that these nebulae were linked to star formatimreshey were associated with
star forming regions. However, their origin was unknownlihe 1970's when Schwartz
(1975) proposed that these objects (called Herbig-Haro, éfjflects) could be shock
fronts moving away from the young star.

Enormous progresses have been done over the last 20 yedrs onderstanding of
jet physics through imaging and spectroscopy &edent wavelengths, providing infor-
mation about their morphology, kinematics and physicapproes.

Protostellar jets are ejected perpendicular to the diseepénd are usually bipolar
structures, although the red-shifted lobe is often hiddeoptical wavelengths since it
moves toward the cloud, through regions at high visual ektn (e.g., Fig. 2.3).

Class @I protostars usually drive outflows more energetic than nreeodved objects as
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Figure 2.5:Spectrum of the HH1 jet from 0.6 to 2.8n. Several atomic and molecular emission lines are
detected. Figure taken from Nisini et al. (2005b).

CTTS. Itis believed that the younger is the object the laig#ne accretion and thus, the
higher is the amount of material ejected from the proto3tiae supersonic jets, travelling
at velocities ranging from 100 to 500 kmtsimpact with the ambient cloud generating
emission knots and curved shock structures (bow shockgtandes from few thousands
of AU to several parsecs (McGroarty & Ray 2004). The leadiogHshock, expanding
through the cloud create large cavities inside which théroated jet propagates (see
Fig. 2.4). The shocked regions are observed over a large @ingavelengths (from UV
to radio) exhibiting a line spectrum usually with no continuemission. The very fast
shocks can even produce X-ray emission (Bonito et al. 2003)ally, the youngest pro-
tostellar jets, i.e., Class 0 jets, are detected througleoutdr emission such as, HCO
and SiO at IR and mm wavelengths, while older objects (e.ts ffem CTTSs) emit
mainly in the optical through forbidden emission lines fratoms or ions at low ionisa-
tion. Jets from Class | sources, which are the argument sthieisis, present both atomic
and molecular components emitting the bulk of their enengye IR (e.g. Fig. 2.5).

From the analysis of images and spectra taken fé¢rént epochs, it appears that
jets are not static objects, as the knots position and wgloary with time. Large proper
motions have been inferred for the knots of several jetséseeBally et al. 2002; Hartigan
etal. 1993), as well as jet wiggling, probably caused by tleegssion of the jet due to the
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Figure 2.6:Variation of physical parameters along the HH111 jet. Fromtb bottom panel are repre-
sented: intensity profiles of the optical lines, the elettdensity, @, in units of 1 cm™3, the ionisation
fraction, %, the electron temperature, i units of 1¢ K and the total density,in units of 1¢ cm3. The
open circles are the values derived from {ifénfrared lines, while filled circles represent values ded
from [Sn], [N u], [O1] optical lines.

misalignment of the jet axis with the rotational axis of thagsee e.g. Caratti o Garatti
et al. 2008). These properties suggest that knots are ligddg internal working surfaces
due to time ejection variability.

Detection of radial velocity asymmetries across the jet &ais been recently obtained
through HST observations at sub-arcsecond resolution.selrasymmetries have been
interpreted as rotation of the jet around its axisff€pet al. 2004; Bacciotti et al. 2002),
although other interpretations have been also proposedtelfpreted as rotation, these
observations will imply that jets are the principal respblesfor extracting excess angular
momentum from the inner disc. Detailed information on jemmphysical parameters
has been obtained in the last years thanks to diagnostinitpets employing ratio and
luminosity of optical and IR lines (e.g., Bacciotti & Eiglél 1999; Nisini et al. 2005b).
In optical jets from TTauri stars the combination offdrent lines as [8],[Ni o], [O1]
have been used to derive fundamental parameters such asrggop, electron density
and ionisation fraction. IR lines can be instead used taisdene physical parameters
of embedded jets, as will be described in detail in Chap. 8s€0 jets are characterised
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Figure 2.7:Position-velocity diagram of the DG Tau jet, the archetyp€BTS jets. In the x-axis the
velocity of the jet is represented while in the y-axis thet@hse from the exciting source is indicated. In
the diagram the intensity contours of theifJ@ 6300 line are plotted decreasing by a factor of 2 beginning
from a 83% of the peak. This jet exhibits typical kinematiattees at the base, with a HVC that reaches
far distances from the source and a LVC confined very closkddltiving source. DG Tau is situated at a
distance 0f~140 pc, thus 1 represents- 140 AU. Figure adapted from Lavalley et al. (1997).

by low temperatures ranging froeb00 K to~3000K (e.g. Giannini et al. 2004; Caratti
o Garatti et al. 2006) and total densities betweef 2@ cm=3. Jets from CTTSs have
on average larger temperatured (*-3 10*K) and lower total densities<(L0>-10% cm).
Class | jets have usually properties in between these ramigealues. Class/ll jets
are partially ionised with low ionisation fractions rangifrom 0.03 to 0.06, with higher
values near the source. The high degree of ionisation neassdtrce is supposed to be
due to some heating mechanism at the jet base, such as aarljfiaision or collimating
shocks, which are, however, observationally obscured.€eldwron densities @hhave a
large range of values ranging from 50 chto 10*cm3. The electron density decreases
with the distance from the source, as well as the electropé¢eature (T) with values
ranging from 2-3 16K close to the source to 1.0-1.44K on larger distances (Fig. 2.6).
The amount of mass carried away by protostellar jets candmecdiservationally derived,
combining emission from optically thin lines and kinematicformation and varies from
~108- 10" My/yr. In CTTS, the mass ejection fluxes result.05-0.1 times their mass
accretion rates as predicted by models (Ferreira et al.)2006

2.1.3 The inner jet region

In the last years, observations at sub-arcsecond resolpgdormed in the optical with
HST and through Adaptive Optics (AO) techniques have altbtixe jet properties close
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Figure 2.8:[Fen] 1.644um predicted position-velocity diagram from the cold discxvmodel. In the
x-axis the velocity of the jet is represented while in thexysahe distance from the exciting source is
indicated. The model reproduces well the presence of ameégteHVC and a LVC near the source. Figure
adapted from Pesenti et al. (2004).

to the exiting source to be studied in detail. This kind ofigtis very important to con-
strain MHD launching models (see Sect. 2.1.1 and Sect.)5a61d probe the excitation
conditions at the jet base, where their properties have etdbgen modified by the inter-
action with the surrounding material. Several studies leen done so far regarding the
properties near the source of jets from CTTS (see e.g. leyvall al. 1997; Dougados
et al. 2000; Woitas et al. 2002; Ray et al. 2007). The kinecsaif these jets is usually
characterised by the presence of two or more velocity compisrat the jet base (Harti-
gan et al. 1995). The more collimated and extended velooyponent at high-velocity
(the so-called high velocity component, HVC) can reach afandreds of km3s, while
the lower excited and collimated component (the so-catledvelocity component, LVC)
has velocities ranging typically from 10 to 50 knts At an average distance of around
50-80 AU from the source, the low-velocity material gradydisappears, while the axial
HVC survives at larger distances (see Fig. 2.7). These latieal properties have been
predicted by both X-wind and disc-wind models. An exampledynthetic position-
velocity diagram from the cold disc-wind model of Garcia et(2001b) is presented in
Fig. 2.8.

On the other hand, the base of jets from embedded Class lesigdess studied,
due to the high extinction preventing high angular resolubbservations in the optical.
Some observational studies of the region within few hunsicgddU from the source have
been, however, performed through observations at NIR wagths. The first studies
of Class | jets close to the source revealed that the forbidaheission lines at the jet
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Figure 2.9:Position-velocity diagram of the SVS13, IRAS 04239, L159H34 and HH72 jets near the
source through the #2.122um emission line. On the left panel the continuum of the dgveource has
been subtracted leaving only the emission associated Ww#hMHEL regions. The HVC and LVC have
been indicated. Figure taken from Davis et al. (2001b).

base (the so-called forbidden emission line (FEL) regiam®w a kinematic structure
very similar to the one found in CTTS jets (see e.g. Pyo et@022Davis et al. 2003).
This fact indicates that the spread in velocities from a HE@ LVC is already defined
from very early evolutionary stages. It has been found tHas<lI jets also present a
high-velocity H, emission close to the driving source (Davis et al. 2001b,2200n
analogy with FEL regions this molecular component has beemeal molecular hydrogen
emission-line regions (MHEL) (see Fig. 2.9). MHEL regiomow, also, a HVC and a
LVC with velocities ranging from 50 to 150 kmsand from 5 to 20km3s. FEL and
MHEL regions are usually spatially associated. This sutggggommon origin for both
regions. The [Fa] emission has, however, higher velocities than theehtission and the
ratio between the brightness of the HVC and LVC is also lafgethe [Fen] emission.
Recently, MHEL regions have been also detected in assogiatith CTTS jets (Beck
et al. 2008). The origin of MHEL is still unclear, some stuigl@opose that the +HVC
could be formed along the interaction layer of the jet with siirrounding medium, while
the H, LVC could be formed from the cool outer regions of a disc-wind

One of the main aims of this thesis is to probe the kinematidpaysical properties at
the jet base of Class | objects and compare them with thos@ 88@ets (see Sect. 5.6.1).
Predictions derived from MHD jet models (see Sect.5.6.1) vg also tested against
observations to see if models developed for more evolvertesican be applied also to
younger protostars.
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2.2 Accretion properties of YSOs

One fundamental parameter describing the accretion gct¥ia young star is the mass
accretion rateNl,c). This parameter is, however, venyfiiiult to be determined directly,
given that the accretion region is not spatially resolved.

In this section, | will briefly describe the principal mettsothat are usually adopted
to estimate the mass accretion rate and what is so far knowut afariations of this
parameter with the evolution and stellar mass. The accrgtioperties of CTTS and
Class | sources are discussed separately in the followingnghe diferent approaches
used for the derivation dfl.. in the two cases.

2.2.1 Mass accretionin CTTS

The accretion shocks at the protostellar surface releasma amount of energy that is
radiated away as a ultraviolet (UV) and optical continuumnctsa continuum is superim-
posed to the photospheric stellar emission. As a consequrecphotospheric absorption
features of the spectra of YSOs appear “veiled”, that is Hre less deep than those of a
standard star with the same spectral type. The measure wéitivey of CTT photospheric
lines may be used to infer the accretion luminosity{lresponsible for the phenomenon:
the observed flux of the line is fitted by the scaled and demeldiux of a standard star
with the same spectral type, plus a continuum flux (respémseitihe veiling). In this way,
we may simultaneously derive the spectrum of the continuxeess and the extinction
toward the star. Then, tHd... can be inferred, e.g., from eq. 1.9, where the stellar mass
and radius are estimated fitting a suitable evolutionaigktta the position of the TTauri
in the HR diagram. Several authors have used this methoditoage M, in TTauri stars

in the Taurus molecular cloud (e.g. Hartigan et al. 1995)ffipdalues ranging from 10

to 10° My yr .

Gullbring et al. (1998) found that the accretion luminogign be also derived from
the UV excess luminosity (k). In fact, they found a close correlation betweeg. land
Lyy as can be seen from Fig.2.10. TN determined using this method is similar
to the one found applying veiling measurements being of tderoof 10° M, yr~* for
TTauri stars in Taurus (e.g., Hartmann et al. (1998)).

The methods based on optitdV/ excess measurements are, however, very sensitive
to extinction corrections and cannot be used to estifivktein highly extincted regions
(as e.g. the Ophiuchus molecular cloud), or embedded abjdttizerolle et al. (1998)
showed that the luminosity of the Band Pg& lines from CTTSs correlate with accretion
luminosities determined from UV excess measurements. itfnwhy, they derived an
empirical relationship between the)Band P& luminosities and the accretion luminosity
(Fig. 2.11). The typicaM.c values obtained are again of the order of®I,, yr-1. They
also tested the method in a sample of extincted Class Il ssung Oph finding similar
results and confirming the validity of the method.

Measurements d¥l.. for a large number of CTTSs have been done so far (e.g., Muze-
rolle et al. 2003 and references therein) allowing to findn@sting correlations between
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Figure 2.10:Relation between the dereddened UV luminosity and the iooriiminosity for a sample
of TTauri stars in the Taurus molecular cloud. Figure takemfGullbring et al. (1998).

the mass accretion rate and other parameters as the stallarand the mass ejection rate
(M ier). INdeed, diferent studies have shown a tentative correlation betw,@g‘nand the
mass of the central object of the fonmhcc~M2 (Fig.2.12). On the other hanM,et/Macc
ratios ranging from 0.1 to 0.01 have been found for accreling (Hartigan et al. 1995).
The large spread in tHEl,et/MaCC ratio is mainly due to the uncertainty in determining the

M« Which can be as large as one order of magnitude. Magnetas@oeretion models
(see, Sect.2.1.1) in which the accretion and ejection pinena are intimately related
predict a relationship between accretion and ejectionairad a 10%.

2.2.2 Mass accretion in Class | sources

At variance with CTTS, the mass accretion rate in Class Icicannot be derived from
direct measurements of optical and UV excess due to the kigcgon towards these
objects. The first estimates M, in Class | sources came from spherical infall models
(e.g., Hartmann 1998) that derived an average accretierof&@x 105 M, yr~! assuming
that 2x 1@ yr is the time required for a Class | star to acquire the mgjaf its mass.
The same order of magnitude is found from the modelling ofdhgerved SEDs using
envelope collapse models and measurements of the envelaggem These results are
around 2 orders of magnitude larger than the values foundCfiorSs as it would be
expected for younger sources in their main phase of acaretio

White & Hillenbrand (2004) were able to observationallyimsite M, in a sample
of Class I sources from the analysis of high dispersion apipectra of light scattered in
their large cavities. They surprisingly found an aver®yg. of the order of 16° M, yr1,
very similar to the one found in CTTS. In addition, the in&gtraccretion luminosity
values were only a 25 % of the total bolometric luminositygnéas for Class | sources it
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Figure 2.11Relationships between the accretion luminosity and theriasity of the Biy and P& lines
for a sample of TTS in Taurus. Figure taken from Muzerollel ef1£98).

should be the main contribution.

Deep IR observations have been able to reveal photospHesar@ion features in
some Class | sources (Greene & Lada 2002; Nisini et al. 20@%&)ng possible to de-
termine the IR veiling. Using this method mass accretioag#hat in a few cases reach
10°M,, yr* have been found.

Finally, M.e: can be also derived from the luminosity of theyBmd P3 lines if one
assumes that the relationships derived by Muzerolle e1888) for CTTS are also valid
for Class | sources. This method turns out to be very usefuhiighly veiled sources
where also IR photospheric lines cannot be detected. Thetamtrate in a few Class |
sources has been measured using this method giving valaeswfd 10® M, yr-1, again
very similar to the ones found in CTTSs (Muzerolle et al. 1;988ck et al. 2007). As
in the case of White & Hillenbrand (2004) the accretion luasiies found from these
studies are very low in comparison with the total bolomeiminosity, with Lyee/L g
ratios of 0.2-0.3 or even lower.

The discrepancy between the theoretical accretion ratesthais accretion luminosi-
ties, and the values found from spectroscopic observatb@tass | sources was firstly
noted by Kenyon et al. (1990). They found that the inferk&g. were too low to form a
sun mass-like star in a few 19r, and thus, inconsistent with envelope collapse models.
Indeed, if the infalling envelope is accretinffieiently, then the luminosity from mass
accretion should dominate the photosphere luminositye@¢hypothesis have been pro-
posed to explain the so-called “luminosity problem”. Soméhars suggest that Class |
sources are not in their main accretion phase, but insteadté most of their mass have
been already accreted during the Class 0 stage (White &rithitleend 2004), while others
propose that Class | objects accrete through outburstsein tiiass accretion (Kenyon
et al. 1990; Calvet et al. 2000). Very few studies have beeredoowever, on the vari-
ability of Class | stars and its origin. Beck (2007) foulkti.. variations of some Class
| sources in her sample when comparing her results with tbb¥ehite & Hillenbrand
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Figure 2.12:Mass accretion rates derived from IR lines as a function eftellar mass (). Dots and
diamonds shovM, values derived from the Baand By line luminosities. Figure taken from Natta et al.
(20086).

(2004) for the same sources. She suggested, however, tthavadations are too large
to be due to outburst increases in the accretion and that tizeidlle relation derived for
CTTS may not be valid for Class | sources or YSOs observedifiirscattered light.

Antoniucci et al. (2008) proposed, on the other hand, thatraterestimation of the
extinction toward the source could be the responsible ofaiver accretion luminosities
found in Class | sources and, as a consequence, of the ishfewemass accretion rates.
In fact, the uncertainties in deriving the accretion lunsityp are dominated by the im-
precision of the extinction values toward the source. fi& underestimated by about
5 or 10 mag then the 4. value (found, e.g. from the reddened fluxes of the Br P#8
lines) is underestimated by a factor 1.9 or 3.7, respegtivil their work, Antoniucci
et al. (2008) studied the accretion properties of a few Qlassrces and foundAvalues
much larger than the previous measurements. They usedwh&nealues to dereddened
the Bry fluxes and employed the Muzerolle relation to compute thestion luminosity.
They found that L in these sources provides around a 50%-80% of the bolometric
minosity, while previously were estimated to be much low&tudies of larger samples
are needed, however, in order to extend these results.



Chapter 3

IR spectral analysis of protostellar jets

Spectral diagnostics is a powerful tool to study the propeuf regions excited by shocks
and UV photons. Indeed, this technique has been widely wsedier the physical condi-
tions of diferent astronomical environments, such as planetary nebelg., Stanghellini
et al. 2003), supernova remnants (e.g., Koo et al. 2007)yé&&alactic Nuclei (e.qg.,
Sturm et al. 2002) and protostellar jets ( e.g., Bacciottii&ldfel 1999). Line diagnostic
was initially applied to derive electron density)and electron temperaturedthrough
the ratio of bright optical lines (see e.g., Osterbrock & &wed 2006). With time, the use
of more sensitive instrumentation allowed the detectiofaofter lines. This favoured
the developing of new diagnostics capabilities that put nemstrains on the gas physics
(see, e.g., Bacciotti & Eistéel 1999; Nisini et al. 2002, 2005b; Podio et al. 2006 and
references therein).

The spectra of protostellar jets, in particular, are vech iin molecular and atomic
emission lines, making these objects ideal candidatesptly apectral diagnostic tech-
niques. The emitting regions in protostellar jets (as kaots bow-shocks) are formed by
the interaction of a shock front with the ambient medium. $heck front heats, com-
presses and ionises the gas, favouring its excitation ¢gffircallisions. This process leads
to radiative emission that helps to cool down the gas. Withdéncooling region the phys-
ical conditions vary very much giving rise toftérent ionic and molecular (mostly,H
lines.

In particular, the IR spectrum of protostellar jets extslttight [Fer] and H, transi-
tions allowing to derive important physical parameters athithe atomic and molecular
component of the jet (Fig. 3.1). In this chapter, the maimgdastic capabilities of the IR
emission lines are briefly described. Although an emphasiSI® diagnostics through
[Fen] (Sect. 3.2) and K(Sect. 3.3) transitions is done, the basic concepts disdussre
can be applied to other species and wavelength ranges.

3.1 Basic concepts and assumptions

Most of the optical and IR lines used for spectral analysghiocked regions are forbidden
emission lines that can be assumed optically thin and cmtigdly excited. The first of
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Figure 3.1:Example of a NIR spectrum of the protostellar jet HH240. SaMgen] lines involving the
first 13 levels of the Feand H emission lines are indicated. Figure taken from Nisini e{2002).

these assumptions is based on the fact that forbidden liaes $mall radiative rates,
while the second one is associated with the lack of UV photorike shocked regions
of protostellar jets. Following this, the intensity of adimat frequency, connecting two
levelsj,i (with E; >E;) can be written as,

l, = fsvds (3.1)

wherey is the frequency of the line,, is the volume emission céigcient of the transition
and the integration is taken along the line of sight. The n@wemission cdécient is
defined as the energy per unit of volume, per second, perdseran the emission line,

then,

hy
E, = E nj Aj,i (32)

whereA; is the Einstein A-cofficient of the transition and; is the number density of
atoms in the leve]. Introducing this expression into eq. 3.1, we have that,

hyv
l, = E Aj,i f fj nds (3.3)

Here, f; = n;/nis the fractional population of the levgl with n being the total particle
density of the emitting species.
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The level population can be retrieved from the statisticglilérium equations. The
principal processes involving level population in astrggibal jets are collisional excita-
tion and de-excitation, and radiative decay. Then, the topgmof statistical equilibrium

can be written as,
annqj"i +anAj,i = Zninqi’j +ZniAi’j (34)

j#i > j#i j<i

whereq;j is the collisional transition rate from levelto level j (in units of particles

cm3 s71), andnis the density of the colliding particles, that in ionisedieonments are

mostly n, while in molecular environments are; lparticles. Assuming a Maxwellian
distribution the collisional rate cdigcients can be written as,

(3.5)

g.i = gJ q__exp( hVi,j) 8.63 x 1O_GQLJ' ex ( hVi,j)
1, ] g| )l kTe g| Té/z kTe

whereg; andg; are the degeneracy of the levglandi, respectively and; ; represents
the collision strengths between the indicated levéls; over a Maxwellian distribution
(valid for most of the astrophysical scenarios) are inddpahon electron density and
almost independent on the electron temperature.

Most of the diagnostic analysis involves atoms and molecwiéh a large number of
levels. For each transition the radiative and collisiomab@abilities must be determined
in order to solve the set of equations given by eq. 3.4. Herget the general idea of the
diagnostic technique, let us assume idealised atoms wiyhtwno or three levels.

For the two-level atom, eq. 3.4 leads to one equation. Using.8 and denoting as 1
and 2 the upper and lower level, respectively, we obtain,

N2 1 o)) ex (_th,z) bgz exp( th,z)

(3.6)

Ny - 1+A2,1/neQ2,1E kKTe B 01 kT

When n is high enough that the product ey, is much larger tham, ;, collisional
deexcitation dominates over radiative deexcitation. Wrnldes condition the population
ratio is determined by collisions and approaches its ldeafrhodynamic equilibrium
(LTE) value withb = 1. When the productdt,; is much smaller thai,;, collisional
deexcitation can be ignored and the population ratio bathe¢h levels represents a bal-
ance between the collisional excitation and radiative diéatxon, with every collisional
excitation producing the emission of a photon. In this chsge small and proportional to
n.. These two “regimes” , determined by a low or high enoughealtin, leads to the
definition of a critical density that in a general case candpgessed as,

ne(i) = > A/ DG (3.7)
j<i j#i

In table 3.1, the critical densities for the upper levels e useful transitions are
indicated.
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Table 3.1: Critical densities for the upper levels of sonteifiden atomic lines.

Species Upper level Transition n.?

(um) (cm™)
Fell *Dg2 1.644,1.257 5.6 1¢
Fell D32 1.600 | 4.310
Fell D12 1.533 | 4.61¢
Fell P52 0.8617 |3.51¢
NII D, 0.5754 | 6.6 10
Sl “D3)2 0.6731 | 2510

an. values calculated forF10 000 K.

In the case of a three-level atom, the treatment is simplbiedeglecting the direct
transitions between the two upper levels, labelled as 2 aAd & consequence, the ratios
b,/b; and kz/b, are each one given by eq. 3.6. The ratio between the intesfdityese two
lines can be expressed as,

Is1  M3Agihvss  O3As1va:

o1 MAihvar  AZ1V21

(3.8)

1+ A2,1/neq2,l] Epa/kT
e .y
1+ Asz1/NeOs1

If the electron density is high, the expression in bracke&sgual to unity and, then,
the levels are populated according to thermodynamic djiuin following a Boltzmann
statistics. Therefore, the ratio of intensities equalsrdi® of the levels population in
LTE multiplied by Ag1v31/A21v21. On the contrary, if gis small, the values A are
cancelled out in the above equation, and by using eq. 3.5 svthaethe line ratio equals
01.3/d12- In this case, every excitation is followed by the emissiba photon.

3.2 Diagnostics with [Fer] ratios

Under the physical conditions of molecular clouds, iron &my located into dust grains.
Because of that, it has a very low gas-phase abundance. legwen grains arefé-
ciently destroyed by shocks and by photo-evaporationasaig iron in gas-phase. The
low ionisation potential of iron~7.9 eV) makes it easily ionised and, under the phys-
ical conditions of protostellar jets environments (e.gw lionisation and temperatures
~10000-20000K, see Chap. 2), we can assume that it is singigeid. The electronic
configuration of the Fegives rise to several NIR emission lines very useful to dosgn
the jet properties. The brightest lines come from transgtibetween théD-*F and*D-6D
terms. A diagram of the first Feenergy levels is sketched in Fig. 3.2, where some of
the main transitions have been indicated. In this sectionl] Hescribe how some useful
physical parameters can be derived from ratios and luntiynosisuitable [Fai] emis-
sion lines. Although | am focusing this study to the"Frrticular case, the same ideas
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Figure 3.2:Fe" energy level diagram of the 16 first levels together with 8a)?P terms. The brightest
transitions are indicated.

presented here can be easily applied to other forbiddersemifines (as, e.g., [§ and
[O1]).

Electron density (n,) and electron temperature (Te)

As a first example of line diagnostics, we consider the rdttwo lines coming from
levels with very similar excitation energies (and thus \&@ngilar excitation temperature).
An example of this kind of lines are the [kE1.533um and [Fai] 1.644um lines, where
both transitions share the same upper-multiplet (see Y. 3

To simplify, we can consider the transitions as coming fratimrae-level atom, where
the line [Fen] 1.533um represents the transition between levels 3 and 1, andrbke i
[Fen] 1.644um represents the transition between levels 2 and 1. Thendar8.8 and

eg. 3.5 at low gthe line ratio can be approximated as,

l1533 _ O¢Fo,—4Ds) Q(4|:9/2—>4D5/2) (3.9)
I 1644 q(4Fg/2—)4D7/2) Q(4Fg/2—>4D7/2)

Therefore the ratio of lines with very close energy levelgads the ratio of the collision
strengths of the transitions, since the teerf*3/kT can be cancelled out. The collision
strengths are independent qfand also highly independent of the electron temperature
(Te), thus this ratio is a fixed number for low.n
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Figure 3.3:Theoretical ratio of the [Fg] 1.533 and [Fa] 1.644um lines calculated for dierent electron
temperatures (3000,10000, 20 000 K). Electron temperatgreases from bottom to top. These transi-
tions come from energy levels with similar excitation enesghus their ratio is independent of electron
temperature and then, very sensitive of electron densigyur€ taken from Pesenti et al. (2003).

At variance with the low density case, at highthe ratio | 533/11 644 following eq. 3.8
and eq, 3.5 equals,

l1533  O(*Fe/2—~*Ds)2) o A 644 (3.10)
l1644  O@Fg,—4D72)  Au533

Then, the ratio of two lines from very close upper-statesigea from a minimum at
low ne (low density regime, LDR) to a maximum at high ({nigh density regime, HDR).
This means that, while we are in between the LDR and the HDIR,r#tio is a good
indicator of the electron density and almost independeiit ¢$ee Fig. 3.3). Examples of
other suitable line ratios to derive electron density ase[Hen] 1.60Q1.644um and the
[Fen] 1.6771.644um.

On the other hand, the electron temperature can be deriveglthe ratio of lines with
very different excitation temperatures. For example, one can catibies coming from
the*P terms with those coming from thB terms. In this case, the lines come from levels
with very different electron temperatures but quite similar criticalsitess, thus, their
ratio is very sensitive to I Examples of this kind of ratios are the [f&2.1331.644um
and the [Fer] 0.86171.644um (Fig. 3.4).

Again, let us assume theftBrent transitions as coming from a three-level atom where,
e.g., the [Far] 0.8617um line represents a hypothetical transition between |e¥ets 1
and the [Fer] 1.644um line represents a transition between levels 2 and 1. Tims, ti
the ratio between the lines is, however, more complex tharotie expressed by eq. 3.8
since transitions between levels 2 and 3 must be taken imwuat. To derive a simple
result, let us assume that in the LDR every upward collidieraitation is followed by
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Figure 3.4: Diagnostic diagram based on [felines. On the x-axis the [F€ 1.6440.862um line

ratio (sensitive to J) is represent, while in the y-axis the [kEL.6441.533um line ratio (sensitive ton
is plotted. Dashed and solid lines indicatgsand T, values of 16, 10* and 1¢cm2 and 4, 5, 6, 8, 10,
15x10° K. Figure taken from Nisini et al. (2005b).

a downward radiative transition and that;a,» <«<1. Therefore, we are ignoring the
population of level 2 produced by radiative transition freawvel 3. Then using eq. 3.8 and
eg. 3.5 we find that,

U4Foa—4Ps2) Q(Fg/,4Ps.2)

lo.gs2/ 11644 = exp ((E«p,, — Espy,)/KTe) (3.11)

q(4F9/2—>4D7/2) Q(4F9/2—>4D7/2)

where E represents the energy of the upper level of eachttcamand T indicates the
electron temperature.

In the HDR, the line ratio can be written following eq. 3.8 ayl 3.5 as,

Q(4Fo24Ps12) Aoge2 _ Q(4F9/2—>4P5/2) A 644

O(4Fg2-4D72) Ar6aa  C2(4Fg,4D,0) Po.se2

lo.gez/l1.644 = exp ((Esp,, — Eap,,)/KTe) (3.12)

Thus, the ratidggez/ 11,644 Change from a minimum at LDR to a maximum at HDR, while
in between both values the ratio varies as a function.ohdependently of thedwvalue.

Unfortunately, lines coming from tH# term usually lay in poor atmospheric transi-
tion regions or in the optical regime forcing an optjtialstudy of the jet (Nisini et al.
2005b; Podio et al. 2006). In addition, several of theseslimeve unknown Einstein co-
efficients (as the case of the [F2.133um line, usually detected at the jet base), thus,
making impossible their use.
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Table 3.2: Radiative transition probabilities for [i{dines taken from dierent authors.

Line id. A Aj,i
(Q-SST} (Q-HFR} (NSSP (SHYf
[Feu] a’D7-a'Fg,  1.644 5.98 5.73 4.65 4.26
[Fen] a*D;,-8D7, 1.321 1.31 1.44 1.33 1.35
[Fen] a*D;,-aDg,  1.257 4.74 5.18 4.83 4.83

Note: Air wavelengths in microns. Avalues expressed in 19s!
aQuinet et al. (1996)
PNussbaumer & Storey (1988)
€Smith & Hartigan (2006)

Visual extinction

Another useful parameter that can be derived from the aisabjg§Fen] lines is the
visual extinction (4). This can be inferred from the ratio of two lines coming frime
same upper level. In this case, following eq. 3.3 the line@dn be written as,

lo_Ave Ay
|1 B A1V1 B Al/lz

whereE(1, — 4,) is the color excess between the two line wavelengths. Torerethe
ratio of lines coming from the same upper level is indepehdarthe plasma conditions
and only depends on the frequency and transition probplafithe transitions. From
E(12 — 11), A, can be easily retrieved applying an extinction law. fFbas several IR
transitions that originate from the same upper level. Thghbest ratios that are widely
used are the [Rg 1.2571.644um and the [Fa] 1.322/1.644um line ratio. The determi-
nation of A, using these lines igiected, however, by uncertainties rising mostly from the
uncertain on the A-Einstein cfiients. In fact, dferent studies report fierent radiative
transition probabilities for the same line. In table 3.2 liahof A-coefficients derived
by different authors for the lines of interest is shown. The extnatlerived using the
transition probabilities of Nussbaumer & Storey (1988)usually, higher than the one
derived using the Quinet et al. (1996) one. In addition, & baen noted that even us-
ing the same cdgcients, diferent ratios report éierent extinction values. Indeed, the
[Fen] 1.2571.644um line ratio gives higher extinction values (around a facbtwo)
with respect to the one obtained from the [f&.327/1.644um line ratio using the same
transition probability (Nisini et al. 2005b; Giannini et 2008).

The ratio of lines with the same upper level can be in prircyded to experimen-
tally determine the radiative transition probabilitiesh& extinction is previously known.
Smith & Hartigan (2006) have applied this method to empilycderive the transition
probabilities of several [Fg lines from a spectrum of P Cygni (some of the derived val-
ues are reported in the last column of Table 3.2). The expmariat values are tferent to
the ones theoretically calculated, but very similar to thesderived from Nussbaumer

10-Ee-1)/25 (3.13)
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& Storey (1988).
Iron abundance

From the [Fei] lines it is also possible to probe the degree of grain destm in
jets. In fact, comparing the absolute gas-phase iron almoedm the region of study
with the solar iron abundance, one can infer the percentagerostill located in grains.
This is done by comparing the emission of [fevith the one of a non-refractory species
of known abundance. A very suitable ratio is the one betwher{Fen] 1.257um line
and the [R1] 1.188um line (Oliva et al. 2001). These two lines are very close ivava
length and thus, their ratio is poorlyfacted by extinction. In addition, both lines are
excited under similar conditions and can be assumed in thieidinised state at similar
percentage. Assuming a solar abundance for both elemkatstio between both lines
is [Fen] /[Pn]~1/2 [Fe/ P]~56. Then, any measured shift to this value indicates thaesom
of the iron is located in grains. There are several evideateen located in grains along
protostellar jets. This fact may suggest the presence aistatust grains that need fast
shocks to be destroyed (Nisini et al. 2005b; Podio et al. 2006

3.3 Diagnostics with K lines

H, is the most abundant molecule in molecular clouds. It is,dwer, very dificult to ex-
cite, as previously mentioned in Chap. 1.1. Neverthel¢sswell observed in photodis-
sociation regions (PDR, where it is radiatively excitedyl amocks (where it is mainly
collisionally excited) giving us information about the sigal properties of the medium.
In the case of protostellar jets, the maig &kcitation process is the collision with other
H, molecules or neutral H.

The molecular hydrogen can be found in twéfelient states, the ortho,Kwith paral-
lel proton spins) and the parasKivith antiparallel proton spins). An isolated Fholecule
cannot change from ortho to para state, since radiativeydee@veen the two nuclear
spins state is not allowed. However, the change of statead@ndlace by Kl collisions
with H°, H* and H;. H, is mainly formed on dust surfaces. The formation gfldy the
radiative association of two H atoms is not possible undsrgenditions due to the high
densities required for the process to ocaur (102 cm3).

Since H is a homonuclear molecule, only rovibrational quadruptiansitions are
allowed. The selection rules of the transitions Afe= +2, 0 andAv = 0, +n, with v and
J being the vibrational and rotational quantum numbers.icikinstein A-cofficients
for ro-vibrational transitions with the ground level are-205-10"s™, while typical
collision rate co#icients for collisions with other Hmolecules are 10 12-10 ' cm®s™.
Thus, the critical densities of +are in the range 0£10°-10° cm™3. This means that in
the dense environments typical of star forming regionsHhknes easily reach the LTE
conditions. The lowest energy quadrupolar transitionestd S(0) at 28.2um , thus, not

1Spectroscopic notation: the first two numbers indicatestiamge in v. The letter represents the branch
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Figure 3.5:Example of a Boltzmann diagram. When the gas is isotherneavatue ofin(N(v, J)/gv.5)
for each line falls in a straight line which slope indicates T_! value. Diferent symbols represent lines
coming from diferent vibrational levels. The 1-0S(1) and 1-0Q(3) linesehidne samé=(v, J) value, thus
they can be used to estimate the visual extinction (see. t€xgure adapted from Caratti o Garatti et al.
(2006).

observed from the ground. The-¢-4 vibrational levels have, however, several transitions
falling in the NIR range of the spectrum. Lines from thelvtrace temperatures around
2000K. One of the brightest lines is the 1-0S(1) at 2,422 This line is widely used

to trace the molecular component of protostellar jets {Hisl et al. 2000; Giannini et al.
2004; Caratti o Garatti et al. 2006). Temperatures highan #000 K can be traced using
lines coming from higher vibrational levels. In the NIR,dsmcoming from levels as high

a v=5 have been detected in several protostellar jets (Car&iiratti et al. 2006; Giannini

et al. 2008) tracing gas temperatures up 5000 K.

In the assumption of LTE emission, the khe fluxes can be used to derive some im-
portant physical parameters as the temperatwediimn density and visual extinction,
through the construction of the so-called Boltzmann exoitediagrams.

The column density of a given leveN(v, J)) with respect to the total fHcolumn
density (N(H>)) can be written, assuming a thermal distribution, as,

NV, J) _ Qs ~
N(H) ~ Q exp(—E(v, J)/KTe) (3.14)
Q=) get/K (3.15)

where Q andy, ; represent the partition function and the statistical weigFollowing

transition (Jp-Jow), that could be equal to S, Q and O correspondingte+2, AJ=0 andAJ=-2. Finally,
the number inside the parenthesis indicate the rotatiammaber of the lower factor.
2Boltzmann diagrams can be also named in literature as ratimal diagrams or excitation diagrams.
3The statistical weight is the product of the nuclear spitistteal weight and the rotational statistical

weight. In equilibrium, this product is equal to 3¢21) and (231) in the case of ortho-Hand para-H ,
respectively. Thus, from a statistical point of view, forxefi temperature, one would expect around three

times more ortho-klithan para-H.
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Figure 3.6:Example of a Boltzmann diagram for a thermalised gagebént symbols indicate lines com-
ing from different vibrational levels. In this case, the valuéngN(v, J)/g, ;) for each line follow a curve.
The dashed line represents the theoretical populatioritiibn of a gas at three filerent temperatures:
520, 2050 and 5200 K. Figure taken from Caratti o Garatti.g8i08).

eq. 3.3, the column densitidé$(v, J) can be derived from the observed line intensities
I (v, J) through the expression,

IV,J = m AV,J N(V, \]) (3-16)
A
From eqgs. 3.14 and 3.16, it is easy to derive,
N(v, J) (47r lv.s ) E(v, J) N(H)
In =In|———= = - +1In 3.17
Ov,J hy gv,JAv,J KTex Q ( )

This expression indicates that for a isothermal gas, the gflén(N(v, J)/g,.;) versus
E(v, J) is a straight line (Fig. 3.5). In addition, the slope of threelis equal to the inverse
of the gas temperaturdg!. From this kind of plot, it is also very easy to derive the
visual extinction. In fact, two lines with the same excibatienergy have the same value
of N(v, J)/g..; and thus should be placed at the same point in the diagram.slifa
between them is found, then, the flux of each line can be dedeapplying diferent
A, values till they match the same position in the diagram. Exdasof the most used
couples of lines are the 1-0S(1)-1-0Q(3) lines (indicateéig. 3.5) and the 1-0S(2)-1-
0Q(4) lines. However, the Q linesaf.3um fall in a poor atmospheric transmision region
(more details about the atmospheric transmision in the NiR lee found in Sect. 4.1
and Fig.4.2.), thus, their fluxes are usualfjeated by huge uncertainties. In addition,
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Figure 3.7: Sketch of a protostellar jet where the velocity)(and length ¢) of a section of the jet
perpendicular to the line of sight is represented.

the 1-0S(i) and 1-0Q(i) lines are placed quite near in wanggle and thus, they are not
sensible enough to extinction variations. The extinctienweéd from these lines should
be considered then only as an approximate value.

Finally, the total column densiti(H,), can be easily derived from the interception
to zero of the line fitted to the transitions.

We have to take in mind, however, that a straight line can b fitted if the gas
is thermalised to a single temperature. This is not the aage,in a not resolved post-
shocked region where the temperature decreases from a &ligl at the shock front to
roughly the ambient medium. In this case, the position oflthes in the diagram is
going to follow a curve where fferent vibrational levels are characterised byféedent
temperature (Fig. 3.6), indicating a temperature stratibc.

3.4 Mass loss rates

The mass loss rate (or mass flux rark'ej,a) is a very important parameter since regu-
lates the dynamics of protostellar jets. The comparisowéen M« and My helps to
constrain MHD models that predict ejectfancretion rate ratios 6¢§0.1-0.01 and can be
used to study the evolution of the accrefjaction phenomenon from early protostars to
CTTS (Hartigan et al. 1995; White & Hillenbrand 2004; Antocci et al. 2008).

For a full account of the diierent methods to derividl; from emission lines see e.g.
Dougados (2009). Here, only a description of how to deI{Mg from the luminosity of
forbidden emission lines and from the total column densitthe H, is done since these
are the methods used in this thesis.
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M| derived from the luminosity of forbidden emission lines

From the luminosity of the forbidden atomic emission lirie possible to derive the
mass loss rate for the atomic component of the jg{). These lines are optically thin
and thus their luminosities are proportional to the mash®gtmitting gas (Hartigan et al.
1994). A very intuitive way to define the mass loss rate is ftbenexpression,

Mja = M Vt / It (318)

wherev; andl; is the velocity and length of the selected area, for wh%ja IS going

to be calculated, projected perpendicular to the line dfitsigee, Fig.3.7) and M is the
total mass of the jet section. The velocitycan be derived from the study of the proper
motions of the jet or from the radial velocities if the in@dion angle of the jet with
respect to the plane of the sky is known. On the other handioté mass, M, can be
written as,M = umy n. In this last expressiomy represents the total number of atoms
within the selected aperture and can be writtemgs= nyV where V is the emitting
volume and g is the particle density. Then, the mass loss rate is,

M; = umy (nyV) dvi/dl; (3.19)

The productifyV) can be written as,

-1
X [X] ) (3.20)

_ . -1 _ . ] AN
NV =ny L(ling) g, ~ = L(Ilne)(th. fi X [F]
In this expression, L(line) is the line luminosit}/X is the ionisation fraction of the
species X, while X]/[H] represents the total abundance of the species X with respec

hydrogen.
I\'/Ijet derived from the H, emission line fluxes

The mass loss rate transported by the molecular compoﬁb.g} ¢an be also derived
from eq. 3.18. This time the total mass equdls= u my n, Wheren can be written
as,

Mot = N V = 2N(H2) A (3.21)

whereA is the cross-sectional area of the jet (see, Fig. 3.7) and)N¢Hhe H, column
density derived from the Boltzmann diagram (see sect. 31¥refore, the expression for
My, can be written as, _

My, = 2umy N(H2) Adv; /dl; (3.22)
The MH2 value found using this method is a good estimation only ifgag is isothermal.
When the transitions in the Boltzmann diagram cannot bedfltiea single straight line
(that is, when a temperature stratification is present),ttiee My, value is just a lower
limit.
The M,-et values derived from egs. 3.19 and 3.22 afieded by several uncertainties
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mainly concerning the errors on the extinction and distavicthe jet, that &ect the
line luminosities. In addition, the derived ¢ could be either an upper limit (if there is
entrainment material from the molecular cloud into the p=iin) or a lower limit (if, e.g.,
some of the material of the jet is too cool to emit.).

It is interesting to compare the mass flux rate estimatefitosame jet done by means
of different tracers. This has been done by, e.g., Podio et al. Y2@@6show that the mass
flux derived directly from [Fa] line luminosity, using the measured tangential velocity,
is always equal of larger than tiM; value derived from the luminosity of other optical
atomic tracers, such asfidand [O1], in spite of the possibility that part of the iron is still
locked on dust grains. This is probably due to the fact thati[fraces a larger fraction
of the total flowing mass than the optical lines, as discugsédisini et al. (2005b). At
the same time, it was found that in these jets the mass flurdrbg the H molecular
component is negligible with respect to the mass flux dued¢@atbmic component.



Chapter 4

Observations

In this thesis, NIR observations taken with ISAAC at VLT ofadifferent set of objects
are presented. The first sample includes several Clagg®located in the Orion molec-
ular cloud and in the Gum Nebula. This sample has been choswder to study the jets
of embedded sources and probe their physical propertideses o the central source as
possible. The second set of objects consists of ten Claggde®from thep Oph molec-
ular cloud. They have been observed in order to study theeoorproperties of poor
evolved objects and compare the results with those of makwey CTTS.

This Chapter begins with a brief introduction on the advgesaand limitations of
NIR observations (Sect. 4.1) with respect to optical onedisttof the objects and the
main selection criteria for the samples are reported in.8e&t NIR observations requires
specific acquisition techniques and a careful reductioncafidration. The basic of these
techniques and a description of the specific observatiodsvain instrument setup are
reported in Sect. 4.3.

4.1 Advantages and limitations of NIR observations

The first observations of protostellar jets through NIR wemngths date from the 80’s
decade. They mainly consisted in extensive surveys of igeflairo objects through the
H,2.12um line (e.g., Bally & Lane 1982; Reipurth & Wamsteker 1983 @&cker et al.
1989). The development of much more sensitive IR detectodstie increase in di-
mensions and resolution of the arrays have led to a huge gsegn IR observations.
A combination of ground and aircraft observations allowdsk#er interpretation of the
physics of protostellar jets and the development of mordistipated models to explain
these properties. These progresses are expected to berfnproved by the recent de-
velopments in higher angular resolution instrumentatioliRavavelengths, as adaptive
optics and interferometry techniques.

NIR observations present important advantages, but aleoadimitations that should
be considered. One of the most immediate advantage is titedirextinction present at
NIR wavelengths, with respect to the optical and UV rangedeéd, the extinction in the
K-band is ten times smaller than at optical wavelengthss Timkes NIR a very useful
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Figure 4.1: Image of the HH1 jet taken by HST at fourfitirent wavelengths: NIR images in
[Fen] 1.644um and H 2.122um lines, and optical images in [$0.67170.6731um and H, lines. HH1 is

a Class 0 protostellar jet, thus, a very embedded object.pbbition of the source, VLAL (only detected
at radio wavelengths), is indicated for all the panels. Bxhand y-axis the distance from the source is
represented in arcseconds. The NIR lines trace regionsrctoghe driven source (down te2’") with
respect to the optical ones that only trace gas down&t from the source. Figure taken from Reipurth
et al. (2000a).

tool to study the inner regions of protostellar jets, esglgcin embedded sources such as
the Class 0 (Fig.4.1).

Several atoms and molecules have a very rich NIR spectrums as [Fei] , [P 1]
and [Su] show several transitions falling in the NIR, allowing tate diferent physical
conditions of jets (see Chap. 3 for more details). Moreayas, with temperatures lower
than 5000 K and densities larger tharf &612 only cool down through NIR atomic and
molecular lines. Thus, NIR studies of protostellar jets iadispensable to understand
the properties of young jets propagating in a dense enviemtmin contrast, NIR ob-
servations also present several limitations. First ofta#,atmosphere emits also at NIR
masking part of the signal from the object. Thus, a very adeusubtractions of the back-
ground emission is needed. The OH lines are the main sky Emisslow 2.2:m. They
are very bright lines whose fluxes varies both spatially @ngporarily. Another problem
comes from the atmospheric transmission (Fig. 4.2). At NERelengths, only few atmo-
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Figure 4.2: Model of the atmospheric transmission spectra of the J, Hkab@nd for Paranal. The
response curve of the narrow band filters available at ISACasso plotted. In green is represented part
of the Z filter and in yellow the J filter. The SH and H filters amdicated in magenta and blue, respectively,
while, green and orange represent the SK and Ks filters.

spheric “windows” are accessible from ground, correspagth the wavelength bands J,
H and K between 1 and 2idn. At longer wavelengths the transmission decreases till
~50% at 2Qum while above this limit only satellite or balloon obsereais are possible.

In addition to the atmospheric limitations, the main lintiba on the spatial resolution
that can be reached in the IR come fronffrdiction. The difraction disc corresponds to

an angular diameter of,

g = }@
2Dn,
where 4, is the wavelength ium and D is the diameter of the telescope in meters.
Assuming a 8-m telescope at a wavelength @i the angular diameter of theffifaction
disc is roughly 0.12. On the other hand, theftliaction disc at 0.am equals~0.04".
Thus, the angular resolution that can be reached witinadtion limited instruments is
always smaller at IR wavelengths than at optical ones. Tlgalan resolution of IR

instruments can be, however, improved through Adaptivdc®¢AO) systems The

(4.1)

1Details on AO systems can be found on Esposito & Pinna (2008)



42

Table 4.1: The observed sample: HH objects

HH object Source @(2000.0) 6(2000.0) Class D
(G I ) (pc)
HH 34 HH34-IRS 053531.0 -062836 I 450
HH 46-47 HH46-IRS 082544.8 -510327 I 450

HH 111 IRAS0549%0247 055144.2 +0248 34 0 450
HH 212 HH212-MM 0543515 -010252 0 400
HH1 VLAl 0536 20.8 -064513 0 460

size of a seeing disc can be expressed/as being p « 1%° the Fried parameter that
represents the length over which the incoming wavefronbisperturbed by motions in
the atmosphere. The seeing air?2 under good atmospheric conditions is around 0.4-
0.5’. Thus, the resolution of a 8 mftliaction limited telescope is a factor 4 better than a
seeing limited instrument.

4.2 The sample

The observed sample consists of two set of objects: five gt@ltar jets and ten Class |
sources. In Tables4.1 and 4.2, a list of the HH objects andsQlaources is reported,
respectively. The selection criteria for each set of olsjace discussed separately below.

HH objects

One of the principal objectives of this thesis is the studyhaf physical properties
and kinematics of Clasy/I0ets. With this aim, we have chosen HH objects known to
be strong emitters in the NIR in order to perform medium-h&saon (MR) observations
at high signal-to-noise. This allows us to velocity resdive line profiles and perform
an accurate analysis of the kinematics and physical priegeas a function of the jet
velocity. In addition, the Class | sources were selectedigih s way that emission down
to the central source can be detected. The study of jets odhetsource (where the
jet properties have not been modified by the interaction wWithsurrounding material)
is very important to understand the excitation conditiohgha jet base and constrain
ejection models. In particular, the sample is constitutetilo Class | and three Class 0
jets located in the Orion and Gum nebulae. They all have besies through dierent
wavelengths by several authors (e.g., Reipurth et al. 20BB#0ffel & Mundt 1994,
Nisini et al. 2005b; Podio et al. 2006) and are known as “dxgiad” jets. A description
of the individual objects will be done in Chap.5. Since ounmtaacers are the [Rg
lines at 1.644im and 1.60@m, and the H transition at 2.122m, observations in both
the H and K bands have been performed.

Class | sources
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Table 4.2: The observed sample: Class | sources

Source «@(2000.0) 6(2000.0) a® Lpg
""" ¢ (Lo)
WL12 1624443 -2434475 249 0.8
GSS26 162610.3 -242056.6 -0.46 0.3
WL18 162649.2 -243823.7 -0.93 0.1
WL16 1627023 -2437265 153 34
WL17 162706.8 -2438146 061 04
WL15 162709.4 -2437185 169 5.9
IRS43 1627269 -2440515 117 1.7
YLW16A 162728.0 -243934.3 229 1.8
YLW16B 162729.4 -243917 0.18 0.2
IRS54 1627519 -2431458 0.03 0.6

aSpectral indexx=dLog(1F,)/dLog(1) from Spitzer (2-24:m)

A sample of Class | sources have been chosen to probe théiasg@mperties of very
embedded objects and compare the derived mass accretsriosahose of more evolved
CTTS. The accretion in embedded objects can be estimatedtire luminosity of the
Bry line (see, Chap. 2), located at 2.166. Then, NIR spectra in the K band have been
taken for a set of stars selected on the basis of detectiomoémission. In addition, H
and J band spectroscopy has been performed to cover thdderbemission lines as the
[Fen] 1.644um line (tracing the jet component) to probe the presenceaibptellar jets
associated with these sources and extend the number of IG&tsstraced down to the
central source. All the sources have been selected to baddahgo Oph molecular cloud
from a study of Greene & Lada (1996). This ensures they forroradgeneous set of
objects at the same distance avoiding possible correfiomong quantities having the
same dependence with the cloud distance, as e.g. the lutyinbthe lines.

In Table 4.2, the list of the selected sources is presentegbttier with their coor-
dinates, bolometric luminosities and spectra index ofrteaergy distribution between
2-24um. This parameter is related, as described in Chap. 1, tovillateonary state of
the star. All the sources but GSS26 have 0, characteristic of the Class | sources.

4.3 VLT observations

The observations were performed at the ESO VLT telescopeasro@aranal, Chile,
using the infrared spectrograph and camera ISAAC (Infr@pdctrometer And Array
Camera) at medium- and low-resolution.

ISAAC is a spectrograph and imager with a wavelength rangerary from 1 to
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Table 4.3: Observations: HH objects

Object Date Filter P.A. Resolutidn Total integration time
©) (s)
HH34 2912/2004 SH -15 MR 6900
29/12/2004 SK -15 MR 3300
HH1 2812/2004 SH 145 MR 5100
28/12/2004 SK 145 MR 3300
HH46-47  2912/2004 J 57 LR 600
30-29122004 SH 57 MR, LR 7200, 600
29/12/2004 SK 57 MR, LR 3600, 600
HH111 2812/2004 SH 96 MR 7200
28/12/2004 SK 96 MR 3600
HH212 3012/2004 SH 22 MR 900
30/12/2004 SK 22 MR 900

8MR and LR observations were performed using’ @ @nd 06 slit width, respectively.

5um. Itis located at the Nasmith focus of UT1 of the very lardegeope (VLT) on Cerro
Paranal (Chile). The pixel scale of the camera is 0/JgiXel. ISAAC has two arms, the
short wavelength arm (SW) with wavelength range from @®&o 2.5um and the long
wavelength arm (LW) with wavelength range from grf to 5.1um, both able to perform
imaging and spectroscopy. It is possible to take spectravatdnd medium-resolution,
with slit widths from 2’ to 0’3 and length of 12Q(long slit). In Table 4.5 the wavelength
range and nominal resolution for a 0.6nd @3 slits at LR and MR resolution modes,
respectively, are indicated. In Fig. 4.2 the response ohtreow band filters available
for ISAAC is plotted. ISAAC is equipped with an Argon and a Xenlamps, used for
wavelength calibration and flat-fielding of the spectra.

Observations of the two set of objects have been carriechduta different runs. The
HH objects were observed on the 28-29-30 December 2004¢e el Class | sources
were observed on 15-16-17 June 2006. Tables 4.3 and 4.4 thpdist of the observed
objects and main instrument setup.

The data were reduced using standard IR£sBks following the procedure described
in Sect. 4.3.1.

4.3.1 NIR spectra acquisition and analysis techniques

Long slit spectra in the NIR are usually acquired at two posg along the slit. This
technique is known as nodding and allows to subtract the skyribution to the spectra
(see Sect. 4.1). The standard procedure is to take ABBAAEeries of spectra, where A

2|RAF (Image Reduction and Analysis Facility) is distribditey the National Optical Astronomy Obser-
vatories, which are operated by AURA, Inc., cooperativeeagrent with the National Science Foundation.
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Table 4.4: Observations: Class | sources

Object Date Filter Total integration time
(s)
WL12 1506/2005 SH 2400
SK 1920
WL15 1506/2005 SK 240
SH 840
IRS54 16062005 SH 2400
SK 2880
J 2400
WL16/17 16062005 SK 1920
J 2400
SH 2400
IRS43 16062005 SH 2400
SK 1440
YLW16A/B 17/062005 SH 2750
SK 2700
GSS26 1/06/2005 SH 1440
SK 900
J 2400
WL18 17/06/2005 SH 1680
SK 1600
J 2400

All the observations correspond to MR spectroscopy peréarmith a slit width of 03.

and B indicate the two élierent acquisition positions along the slit. The exposume wf
each image should be smaller than 5 min to avoid huge vanmtbthe OH lines fluxes.
Then, consecutive images are subtracted one from anotirgy couples of A-B, B-A
images. In this way, the sky, bias and dark are subtractethamésult consists in a image
with two spectra, one positive and one negative. Then, alkfectra are combined by
multiplying each image by -1 and adding it back to itself afflifting.

Before combining the images it is necessary to remove thepbads and cosmic
rays, flat-field and wavelength calibrate the images ancecofor the slit distortion. The
wavelength calibration can be done using either lamp limeSH lines already present
in the spectra. The calibration using OH lines gives moreiaay than the lamp, since
lamp and object spectra are taken separately. This mearnthéhgrating position could
be diferent at the time the target has been observed and the tintenipespectrum has
been taken. In the case of LR spectra most of the OH linesawech other and then
the use of a lamp spectrum is needed. This is also the casedfspvhere the number
of OH lines is not enough to cover properly the frame. The MBcta presented in this
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Table 4.5: Wavelength range and nominal resolution for tisJand SK filters of ISAAC
at LR for a @6 slit and at MR for a 03 slit.

Wavelength range Filter R(6) R(Q’3)

(um) (LR)  (MR)
1.1-14 J 860 10500
1.4-1.82 SH 840 10000
1.82-2.5 SK 750 8900

thesis have been wavelength calibrated using the atmaspDEremission lines, while
an Argon-Xenon lamp was employed to calibrate the LR spectra

Once all the images have been combined into a single spatiage, the next step
is to extract the spectra of the region of interest and cortdor the telluric absorption
lines. This is done by dividing the target spectrum by thatdglluric standard star
previously normalised to the black-body function (at theperature of the standard star).
The standard star should be taken at the same airmass anariast setup of the object
and ideally consecutively. The spectral type of the stash@daould be known in order
to remove its own intrinsic spectral features and obtaircspeof only telluric lines. In
particular, the IR spectra presented in this thesis wenectad by a telluric standard star
of spectral type B.

The last step in the reduction concerns the flux calibratidhe@spectra. In this case,
observations of a spectrophotometric standard of knowmitiade is needed. As in the
case of the telluric standard, the spectrophotometricdstahshould be observed with the
same instrument configuration and airmass as the targetn dlw®nversion factor be-
tween counts and flux units is derived by measuring the flusitheof the standard.

Position-velocity diagrams (PVDs)

From spectral images of resolved lines it is possible to waos position-velocity
diagrams. PVDs are a very useful tool to study the velocitiati@ns and structure along
extended objects, as the case of protostellar jets. Theggaghs are constructed by
transforming the wavelength in velocity measurements apdrting the distance of each
of the features along the object with respect to a referenoedinate.

One of the axis of the PVDs of protostellar jets usually repres the distance from
the driving source, while in the other axis is the velocitig(B.3).

The distance from the source is easily derived from the ggale of the instrument
by just converting pixels into arcseconds. The velocityration of the spectra is done
considering thatR = ¢/ Av, whereR is the resolution of the instrumert,is the light
velocity andAv is the line velocity spread. Thefective resolution have been derived
from Gaussian fits to the sky OH emission lines around theested line. The measured
radial velocities are finally corrected with respect to tHeR_taking into account the
proper motions of the jet parent cloud.
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Figure 4.3:PVD for the H 2.122um line along the HH111 jet (on the left). On the x-axis the eéio
with respect to the LSR is represented, while on the y-ax@sdiktance from the source is reported. For
comparison a narrow band,Hmage of the jet is presented on the right. Figure taken fraami®et al.

(2001a).

In particular, PVDs of the [Fe] 1.644um and H 2.122um lines have been con-
structed for each object assuming a vacuum wavelength &fa.881A (Johansson 1978)
and 21218.3 A (Bragg et al. 1982), respectively. The resutispresented in Chap. 5.






Chapter 5

Velocity resolved diagnostics of Class/0
jets.

In this chapter | will describe the analysis performed onl8®AC spectra of the sample
of jets, comprising two Class | (HH34 and HH46-47) and thrées€ 0 sources (HH1,
HH111 and HH212), as described in Chap. 4.

HH34 and HH46-47 are two classical jets where the regionectosthe source is,
however, optically not visible. The kinematics and physmaperties of this inner jet
region can be studied in detail through NIR diagnostic ljirees described in Chap. 3.
In particular, the analysis in this thesis has been focusethe derivation of physical
properties in the dierent velocity components of the jet. This diagnostic walktben used
to compare the physical parameters of Class | and CTTS jatdgeconstrain existing jet
ejection models.

On the other hand, the observed Class O jets are so embedddddltentral region
is obscured even at NIR wavelengths. The jet is, howeven, s&en it emerges from the
dense circumstellar envelope, usually few hundreds of Aayainom the driving source.
It is therefore possible to apply the same analysis perfdramethe Class | jets: the high
sensitivity of the ISAAC instrument, in particular, havéoated to probe inner knots not
previously detected and thus to derive the physical pragseds close as possible to the
jet basis.

In the following the results on the filerent observed objects are presented separately
in Sections from 5.1 t0 5.5. Finally in Sect. 5.6 a summarhefG@lass | jet properties near
the source and a general discussion about the propertidass @ objects are reported..

5.1 HH34

The HH34 jet is a well-known protostellar jet located in the641 cloud near the Orion
nebulae at a distance o160 pc. It is known to be a parsec-scale flow (Hib& Mundt

1997) being studied at optical (e.g., Reipurth et al. 2008)I& wavelengths (e.g., Podio
et al. 2006). The driving source, HH34IRS, is an embeddedddlarotostar detected by
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Figure 5.1:Three-colour composite image of the HH34 jet based on CCBdmtaken with the ESO
instrument FORS2 at VLT. The composite was taken througtetiliferent filters: B (here rendered as
blue), H, (green) and [g] (red). North is up and East is left. The two bow-shocks HH34nd HH34 S
are indicated in the figure, together with the HH34 jet. Fegtakken from Eso Press Releas¢dbr

IRAS and at submymm wavelengths (Cohen & Schwartz 1987; Reipurth et al. 1993)
This source is actively accreting, having a mass accreéitmaf~4x10° M, yr-! (Anto-
niucci et al. 2008). Only the blue-shifted jet has been olesen the optical. It consists in
a chain of knots ending with a spectacular bow-shock, HHa#& distance of 100from
the source. The counter bow-shock is also observed at aasidigtance from the source
(Fig.5.1). At NIR wavelengths the [k¢ and H, emission lines trace a fast, collimated
and high-excited jet and a slow, low-excitation moleculardyrespectively (Davis et al.
2001b, 2003; Takami et al. 2006). Optical IFU 2D spectra efkhots far from the cen-
tral source have been performed by Beck et al. (2007), whiitBdPet al. (2006) combine
optical and NIR spectra to derive several physical parammeieng the jet beam. Finally
the HH34 jet interact with the ambient medium forming a we&k @utflow mapped by
Chernin & Masson (1995).

In the following, a list of the main detected lines, and theeknatics and physical
properties along the flow are presented.

5.1.1 Detected lines

Figure 5.2 reports the continuum-subtracted K-band splantages showing the filerent
emission lines found in the HH34 jet from the ISAAC observas (see Chap. 4), while
the most prominent identified lines are listed in Table 514 the H-band spectral seg-
ments, only the [Fe] 1.5999 and 1.6440m lines have been detected. Only the lines that
are spatially resolved along the jet direction are reporgattlitional transitions,such as
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Figure 5.2:Continuum-subtracted K-band spectral images of the HHB4Q&sets in arcsec are with
respect to the HH34-IRS driving source.

HI lines and CO transitions mostly from permitted specieshsas HI lines and CO tran-
sitions, have been detected (Antoniucci et al. 2008). AliegHH34 jet, several [Fg
lines have been detected. In addition to the 1&00and 1.644m lines, also transitions
at higher excitation energies, i.e., the 2.183line connecting théP and“P terms (see
Fig. 3.2) and the 2.224m line (detected for the first time), originating from tfe term,
have been observed. These transitions, with excitatiorgasein excess of 25000K
probe high-excitation regions, such as those found at theage or in high-velocity shock
interaction (see also Takami et al. 2006).
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Table 5.1: List of detected lines

Line id. A2
[FeII] a4D3/2 - a4F7/2 1.5999
[FeII] a4D7/2 - a4F9/2 1.6440
[FeII] a2P3/2 - a4P3/2 2.1333
[FEII] a2H11/2 - ang/z 2.2244

H, 1-0 S(1) 2.1218
H, 1-0 S(0) 2.2235
H, 2-1 S(1) 2.2477

Bry 2.1661

aJacuum wavelengths in microns.

5.1.2 [Fen] and H, kinematics: large scale properties

In order to study the kinematics of the jet in both the atommd anolecular compo-
nents, position-velocity diagrams (PVDs, see Chap. 4df.fhe [Fen] 1.644um and H
2.122um emission lines have been constructed (Fig. 5.4). The Wglscexpressed with
respect to the local standard of rest for both PVD. A parecitald velocity of 8 km st
has been adopted (Anglada et al. 1995), and subtracted ifinddePV velocity scale.
Distance scales (in arcsec) have been measured with réep¢ieB4 IRS.

The intensity scale is ffierent in the PVDs of the blue and red-shifted lobes as ev-
idenced by the relatively weak red-shifted emission. Tlushédted counterpart of the
HH34 jet is clearly detected in the spectral images. The-bhited emission knots have
been named from A to L, following the nomenclature of Eitdb& Mundt (1992) and
Reipurth et al. (2002) (Fig. 5.3). There is not emission cteid however, from the knot
B, since this knot is not aligned with the main jet axis, aglenced in Reipurth et al.
(2002). The next knots observed are the knots C and D, whelg@uped together as
knot C. The red-shifted knots which are located at approtetgasymmetric positions
with respect to the corresponding blue-shifted knot hawnlmketected for the first time
here and name from rA to rH.

The values of the [Fe] and H, 1-0S(1) peak velocities have been computed applying a
Gaussian fit to the line profile of every blue and red-shiftedtlemission, and listed them
in Table 5.2. In the knots closer to the star, where two veglamdmponents have been
identified, their peak velocity has been measured sepgratelkidering a two-Gaussian
fit. The [Feu] radial velocities in the blue lobe cover a range from -92168kms?,
which is consistent with the values measured by Takami g280D6) and Davis et al.
(2003), who found a range in radial velocities for the blugeldrom -90 to -100 kms,
corrected for a cloud velocity of 8 km’s From knots A6 to | the blueshifted radial veloc-
ity increases from--92 to~-100 km s, passing through a maximum at—-108 km s?,
then decreases again down<e92 km s'at knot K. Finally, it increases in knot L te-
98 kms?. Errors in relative velocities are estimated to be of theeoaf 2 km s, since
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Figure 5.3:Contours plot of the HH34 jet as seen ini]Srom the WFPC2 camera on HST. The knots
along the jet are identified. Figure taken from Reipurth (2002).
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Figure 5.4:Continuum-subtracted PV diagrams of the {ff&.644um and H 1-0S(1) emission lines for
the blue and red lobe of the HH34 jet. A P.A. of 21Wwas adopted. Contours show [i{el.644um intensity
values of 5, 15, 45, 135, 4@5for the blue lobe, and 5, 10, 20, 40, &dor the red lobe. The contours
plotted on the H1-0S(1) PVDs show values of 5, 15, 45, 135, 40tor both lobes. On the Y-axis the
distance from HH34 IRS is reported.

our wavelength calibration has an uncertainty of 0.1A. Trea radial velocity along the

red lobe shows a similar behaviour. The velocity roughly@ases from the knot closest

to the source, rA, to the knot rB, from130 kms?! to ~140 kms?, then decreases down

to a value of~96 kms®. Table 2 reports the velocity dispersion of the [ffeemission,
measured from the FWHM of the Gaussian fit, deconvolved fenristrumental profile.

In knots A6-A3-Al, where dferent velocity components are evident (see Sect. 5.1.3) the
reported velocity dispersion refers to the brightest congmd at high velocity. Intrinsic
line widths of the order of 35-40km’ are observed all along the jet. Under the as-
sumption that the line emission arises from unresolvedisivacking surfaces, the shock
velocity is roughly given bys ~ AV(FWZI)~ 2 x AV(FWHM), following Hartigan et al.



Velocity resolved diagnostics of Class/Djets. 55

(1987). This implies shock velocities of the order of 70-80k?, thus much higher than
the value o-~30km s estimated by Hartigan et al. (1994) on the basis of the coisqar
of optical line ratios with shock models. Indeed, shockswsjpeeds as high as 80km s
are expected to produce a strong ionisation, on the order-of0.3 — 0.4 (Hartigan et al.
1994), while Podio et al. (2006) measured an average ionmsatong the HH34 jet of
only 0.04. Therefore, it seems that the line widening is mheiteed not only by the shock,
but also by, e.g., a lateral expansion of the jet.

The H, radial velocities have a range from -89 to -110 krh for the blue lobe and an
average value of+115kms? for the red lobe. The Hline profile is resolved all along
the jet, withAV values of the order of 10-30 km's

Also, the H radial velocities show cyclic variations on small scalemglthe jet with
an increase of roughly 20 km's from knot A6 to knot E and a subsequent decrease of
the same order at knot K.

It is known that the HH34 jet presents velocity variability targe and small spa-
tial scales. Raga & Noriega-Crespo (1998) and Raga et ab2j2@ave shown that to
reproduce the velocity pattern observed dfedent epochs, a model of variable ejec-
tion velocity including three modes withftierent periods is needed. The fastest of these
modes can be represented with a sinusoid having a period yfs2and an amplitude of
~15kms?. This is roughly consistent with the observed velocity @atf that is repro-
duced quite closely by both [ and H, and by the red-shifted and blue-shifted gas,
clearly indicating its origin from ejection velocity validity. The velocity pattern ob-
served at large distance may, however, be biased by the eharige jet axis direction
that occurs atd5” from the source, coupled with the widening of the jet diamgip to
~0!6 at~20 arcsec from the source, Reipurth et al. 2002). Adoptingsinumental slit
of only 0’3, part of the kinematical components of the jet may not begnlg probed by
this observations.

5.1.3 [Fen] and H; kinematics: Small scale properties

Close to the central source, the [ijé¢ines broaden and emission at lower velocities, down
to 0kms?, appears within-3” from the central source (Fig. 5.5). Insidd” emission
also at positive velocities is detected, reconnecting thighspatially resolved red-shifted
knot rA. This central region was already observed inifFend H, by Davis et al. (2001b,
2003) and Takami et al. (2006). Our observations have, hexvawbetter spatial resolution
than Davis et al. (2001b, 2003) and are much deeper than tidskami et al. (2006),
who did not detect the [Rg redshifted component at the jet base. We name the high
blue-shifted velocity corresponding to the large scalagethe high velocity component
(HVC) and the emission component from 0460 km s? as the low velocity component
(LVC), in analogy with the HVC and LVC observed in the forb&demission line (FEL)
regions of T Tauri stars (see Sect. 2.1.3).



Table 5.2: Observed radial velocities along the HH34 jet.

Blue lobe Red lobe
[Fen] 1.64um Hy, 2.12um [Feu] 1.64um H, 2.12um

Knot r? HvCP  LvCP ‘ HvCP  LvCP ‘ Knot r HvcP  LvCP
A6 0.0 | -92(46) -52 | -89(30) -4 rA +1.0 +133 (43) +10
A3 30| -98@37) -67| -98(17) -15| rB +7.3 +141 (51)
Al -45 | -93(37) -68 | -95(12) -7 rc +12.3| +128(58)

C -9.0 | -92 (43) -94 (12) -7 rD +15.0| +108(35)

E -12.5|-108 (44) -110 (8) rE  +17.4 +96 (43)

F -15.2| -100 (43) -107 (12) rFG  +21.0 +96 (46) +113 (26)

G -17.2|-106 (43) -111 (8) rH +25.4| +100(35) | +115(21)

I -20.0 | -100 (43) -105 (24)

J -22.1| -96 (43) -99 (19)

K -24.8| -92 (44) -92 (26)

L -28.9| -98(26) -99 (19)

aDistance from the source in arcsec given by the mean valueimadopted aperture. Negative values
correspond to the southeastern, blue-shifted jet axis.

bRadial velocities (inkms) with respect to the local standard of rest and corrected &oud velocity
of 8kms™. The radial velocity error is 2 knT$. The velocity dispersion (in knt$), measured from the
line FWHM deconvolved for the instrumental profile, is refgarin brackets for the HVC.

9G
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Figure 5.5:Continuum-subtracted PV diagrams for the {iff&.644um and H 1-0S(1) emission lines of
the HH34 jet in the region nearest to the source. A P.A. of -d/As adopted. Contours show values of 5,
15, 45, 135, 260 for both lines. On the Y-axis the distance from HH34 IRS isomtgd.

At variance with [Fer], the H, PVD shows spatially- and kinematically-separated
LVC and HVC, and only the LVC is visible down to the central sm This componentis
close to 0 kms! LSR velocity and the blue-shifted and red-shifted jefiediby less than
10kms?t. The HVC appears at a distance ¢ffeom the central source, at the position
of the knots A6 and rA. At intermediate velocities betweeest two components, no
emission is seen in the HPVD. This suggests that the two components correspond to
physically distinct regions. The origin of the,HiVC and LVC will be further discussed

in Sect.5.6.1.

5.1.4 Diagnostics of physical parameters

Electron density

The electron density in the atomic jet component can be eeérvom the ratio of the
[Feun] 1.600'1.644um lines as explained in Chap. 3. This ratio is sensitivetoalues
between~10® and 10 cm3, while it depends only weakly on the temperature (e.g. Nisin
et al. 2002). Taking advantage of the velocity resolved [@®in both the [Fa]1.644
and 1.60Q:m lines, the electron density has been measured in ffexeint velocity com-
ponents. To do that, the spectra of the two lines &edent positions along the flows
have been extracted. Then, the 1.6041.644um intensity ratio in each pixel along the
spectral profile has been measured. Figure 5.6 shows theahiseoh profiles of the two
[Fen] 1.644um and 1.60Qm lines and their ratio as a function of velocity for four kot
along the HH34 jet, while in Appendix— plots of the other Ishate reported. The spatial
intervals used to extract the spectra of the individual &reot given in Table5.3. The
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Figure 5.6:Normalised line profiles (lower panels) of the fHelines 1.644um (solid line) and 1.60m
(dotted line), and their ratio in each velocity channel (@ppanel) for diferent extracted knots along the
HH34 jet. Note that rA is a region that includes the knot rA.

[Feu] line ratio has been computed only for the velocity pointsevehthe intensity in
both the lines has been measured withyld Brger than three. This ratio gives a quali-
tative indication on how, varies in the dierent velocity components, that is, a higher
ratio indicates a higher electron density. In the intermadtk of HH34 (from A6 to A3)
the 1.60Qumy/1.644um ratio decreases by70% going from~-50kms? to -100 km s?.

In the knots farther from the central source (e.g., knot Rthe other hand, the maximum
1.600um/1.644um ratio is observed at the radial velocity peak, with somédence that
the ratio decreases in the line wings at both higher and loelecities.

In addition, the contribution from the HVC and LVC of the jeihbeen separated in
the line profile to have a quantitative determination of tleeteon density in the dierent
velocity components. The ratio values have been convemtedh values applying a 16
level Fe statistical equilibrium model (Nisini et al. 2002). In HH3KVC and LVC
velocity ranges have been defined from the profile of the 1.&00ne of knot A6, where
the two components have been fitted with a two-Gaussian fié lifie ratios have been
then measured considering the intensities integratedar-iWHM ranges of these two
Gaussian also for all the other knots. The considered wglbais are from~-120 km s?
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to ~-66 kms?! (HVC) and from~-66 kms? to ~-7kms? (LVC). The adopted, and

Te values are given in Table 5.3, together with the derivedtelacdensities in the two
components. Figure 5.7 plots the derived values.aima function of the distance from
the source. The first trend that can be noticed is a sharp akx the HVC electron
density (from~10* to ~ 2 x 10° cm3) from the knot A6 to the other knots at distances
farther than 25 from the source. Such a decreasadrias also been observed in Podio
et al. (2006) and the values they derived, scaled for tiieréint considered spatial regions
observed through slits of slightlyfélerent width, are consistent with our measured values
for ne. In the red-shifted knot rA, which is the only knot where sfgant [Fen] 1.600um
emission has been detected in the red-lobe, a valus.forl.2 x 10* cm2 is found, i.e.,
comparable to the value derived in knot A6. Secondly, as showig. 5.7, the values for
nein the LVC are higher than in the HVC: in knot A6, the LVC elentrdensity is 2x10*
cm 3, i.e., 70% higher than in the HVC. About the same percentagegiasured in knots
Al and A3. From the information in our data, we are unable sewliangle whether the
larger electron density in the LVC with respect to the HVCugdo a higher total density
or to a higher ionisation fraction.

In the outer knots, i.e., from C outwards, high and low velocomponents cannot be
distinguished any more. Instead, the density here seena/tthe opposite behaviour,
with the higher density at the velocity peak and the lowerstt@ss in the line wings. The
analysis performed in these knots located far from the socwald, however, befiected
by a not-perfect alignment of the slit with the jet axis andlwy intrinsic jet width larger
than the slit, as discussed in Sect.5.1.2. Nevertheless, spattern agrees with the
results obtained by Beck et al. (2007) using integral fielekcsmscopy of this part of the
jet. They found that both the velocity and the electron dgrmsacrease with distance from
the jet axis. Such behaviour is consistent with models fonfernal working surfaces.

Mass loss rate

The mass loss rate in thefiirent velocity components has been also derived to examine
which of them is transporting more mass in the jet. The delri\'/lget values together
with the parameters adopted are reported in Table 5.3, whiteg. 5.7, the HH34\'/IJ-et is
plotted for the HVC and LVC as a function of the distance frém tentral source.

The I\'/I,-a value was obtained from the luminosity of the [d..644um line, adopting
the relationship derived for forbidden emission lines diégd in Sect. 3.4. In addition, all
iron has been supposed to be ionised, and with a solar abcedd28 x 10-° (Asplund
et al. 2005) implying that iron is all in gas phase. To comphgefractional population,
the n values derived separately for the LVC and HVC have been uskie a single
temperature for both components has been assumed equad@oK7tbr HH34. This
temperature is given by the average value derived by Podib €006) in knots from E
to | . Tangential velocity values have been derived from Hukal velocities assuming an
inclination angle instead of taken the proper motions \@kileecady computed in litera-
ture. For HH34, an inclination angle with respect to the plahthe sky of £227+5°
(Eisloffel & Mundt 1992) has been assumed. The inclination anglevelétby Eisldtel
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Figure 5.7:The electron density (upper panel) and mass flux (bottomlpareerepresented as a function
of the distance from the source for the HH34 jet. Solid csdlelicate the the electron density and mass
flux for the HVC, while open circles refer to the values of thél.

& Mundt (1992) is preferred to the value o£30° estimated by Heathcote & Reipurth
(1992), who did not consider the pattern motion of the jettkn®he resulting tangential
velocities of the HVC derived here are listed in Table 5.3e VRlocities derived for the
internal knots are smaller (by20-50 km st in knots A6-A3) and larger in the more dis-
tant knots than the values derived by the proper motion argabf the [Si] emission by
Reipurth et al. (2002). In particular, no evidence for a tkmegion of the jet is detected
as shown by Reipurth et al. (2002), and the velocity remaigisen than 200km3 along
the jet length. This could be an indication either that tlefiation angle does not remain
constant along the jet, or that the [ieline has a kinematical behaviourftérent from
[Su]. Finally, the luminosity of the [Fe] 1.644um line has been computed by integrating
the extinction corrected flux of the knot in the same rangeebbaity used to calculate
the electronic density.

The mass flux rate in the LVC]\}{,-et (LVQC)) is lower thanM,-et (HVC) by a factor of
about 10. TheM;q (HVC)/ M« (LVC) ratio does not reflect the derived ratio in the
two components, indicating that tha,(V) x v; product is significantly smaller in the LVC
(around 8 times) than in the HVC. Since théfeiience in tangential velocity between
each component is not enough to justify such a result, tiyetdn; (HVC) indicates a
significant higheriiy V) product in the HVC, i.e, the HVC has either an emission vaum
or a total density larger than the LVC, or both. This resultldde biased by the finite slit
width with respect to the jet diameter. In fact, the jet widtkasured only by HST in the
optical lines is less thari’8 up to a distance of"3rom the source (Reipurth et al. 2002).
In addition, the jet emission in the LVC could be broader ttienjet width derived from
velocity-integrated emission maps, as observed, e.g.GnlBuU (Bacciotti et al. 2000).
This dfect probably does not account for thé&dience of nearly two orders of magnitude
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in derived mass-loss rates for the LVC and HVC in the inneroregjof HH34, but the
derived mass-loss rates for the LVC are likely lower limilshas to be also noted that
the reported values d¥;«(HVC) remain roughly constant(5 x 10® M/yr) along the
whole jet as expected in steady jet flows. This fact excluagsfecant flux losses as the
jet opening angle increases.

The mass flux derived for the internal knot A6 is very low, msahaller than théVl
value in knot A3. This is likely due to the fact that the sam@retion value of 7.1 mag
has been assumed for both knots, as estimated by Podio 20@6)(as an average over
the entire knot A, i.e., over4 The extinction value on-source has been estimated to be
about 45 mag (Antoniucci et al. 2008): therefore, a large dokimn density gradient
is expected in the inner jet region. Assuming ap ldwer limit of 7.1 mag also in the
red-shifted component rA, a lower limit for ¢ of ~ 1x 10°° M, yr~* is found. It should
be finally noted that thé/;¢ determined here for the HH34 jet agrees fairly well with
the velocity integrated values estimated in Podio et al0620The same authors derived
an iron gas phase abundance from ther[fé njratio (see, Chap. 3) along the HH34 jet
of (FeH)4as ~3.67x10°. This means that around a 87% of the iron is located in grains
along the jet and implies that the values presented in TaBla& lower limits of the
actualMg. If this new iron gas-phase abundance is used in insteacecgdlar one, an
averageM ¢ value of~2x10"" Mg yr-tis found, almost a factor 4 larger than the previous
estimation.

It is interesting to compare the derived mass flux rates aghsburce mass accretion
rate, to estimate th!é/l,—et/l\'/laCC efficiency in embedded young sources. Antoniucci et al.
(2008) have derived a mass accretion rate of the ordeflof° M,, yr* for HH34 IRS.
This would imply Mje /Mg > 0.01 if assuming no dust depletion Btjg /Maec ~ 0.03
assuming the iron gas abundance from Podio et al. (2006 s€Naues are in agreement
with what is found in T Tauri stars and predicted by MHD jetriabhing models (e.g.,
Ferreira et al. 2006).



Table 5.3:M,q along the HH34 jet.

Knot r 2 AP | Vi(HVC)® ng(HVC)?  Mig(HVC)® | V{(LVC)® ne(LVC)? Mju(LVC)®
() mag| (kms?!) (ACGcm3) Myyr?) | (kmst) (10Pcm3) (Mgyr?)
A6 | (-2.640.9) 7.1 218 10.5 2 x 108 124 22.5 66 x 10°°
A3 | (-3.8,-26) 7.1| 232 1.8 83x 108 159 5.0 20x 10°°
Al | (-5.4,-38) 7.1 220 1.8 Bx 108 162 5.0 13x 10°°
C | (9980 71| 218 1.2 44x10°8
E |(-14.1,-11.0) 13| 255 1.8 50 x 1078
F | (-16.6,-14.1) 1.3| 236 1.8 50x 1078
G |(-17.8-16.6) 1.3 251 2.5 10 x 10”7
| | (-21.0,-19.2) 1.3| 236 2.5 42x10°8
J |(-23.3-21.0) 1.3] 227 1.2 39x 108
K |(-26.1,-235) 13| 217 1.5 10x 10°8
L | (-30.3,-27.5) 232
rA (0,+2.0) 7.1 218 12.0 2x10°

aDistance from the source in arcsec. Negative values camesi the southeastern, blue-shifted jet axis.

bVisual extinction from Podio et al. (2006).

“Tangential velocity assuming an inclination of the 227 to the plane of the sky (Eidfi@l & Mundt 1992).
dE_Iectron density for the HV and LV components.
®M for the HV and LV components assuming an electron tempezatiur000 K, and all Fe is in gas phase.
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HH 46-2 %
HH 46-1 %

HH47 IRS X

Figure 5.8:HST image of the HH46-47 jet combining two WFPC2 images af 81d H, wavelengths.
Only the blue-shifted lobe of the jet is detected. The positf the source HH47 IRS is indicated together
with some bright knots. North is up and East is left.

5.2 HH46-47

5.2.1 Object description

The HH46-47 jet is located in a Bok globule close to the Gunmuiebat a distance of
~450 pc. It consist in a blue- and red-shifted jet, the latetedted at IR wavelengths
down to the central source, that emerges from a reflectionlaebThe source, HH47IRS
is a Class | object that actually consists in a binary systepaated by’®6 (Reipurth
et al. 2000b). The present of a close binary system makes HF46precessing jet with
a well-defined wiggling structure clearly seen at opticav@angths (Fig. 5.8). The two
lobes of HH46-47 end in two bow-shock structures, the HH4i@d EIH47C. In Fig. 5.9
a H, 2.12um continuum-subtracted image of the HH46-47 jet is represemhe ISAAC
slit position is depicted over the image, where only the Ernmivered by the slit are
indicated. At the source position a negative residual fraendontinuum subtraction is
present. The HH46-47 jet is at the border of the Bok globutk @owers an atomic and
molecular bipolar flow. The north-eastern (blue-shifteoition of the flow is detected at
optical wavelengths while the counterjet is better detkatehe infrared since it moves
into the globule. In fact, we have identified the red-shifkedts Z1, Z2, X, Y1, Y2 and
Y3 and the blue-shifted knots HH46-1, HH46-2 and B8. We hamaed the knots



Table 5.4: Lines observed in the knot Z1 of the HH46-47 jet.

Line id. A F AF Line id. A F AF
10 % ergcm? st 10 % ergcm? st
[TI II] 2G7/2-4F7/2 1.140 8.3 3.5 [Fﬁ] a4D3/2-a4F3/2 1.797 9.8 1.1
H, 2-0 S(1) 1.162 5.8 2.2 [Rg a4D5/2-a4F5/2 1.800 7.1 0.8
[Pu] 3P,-1D, 1.188 3.5 1.0 [Fa] a4D7/2-a4F7/2 1.810 38.2 2.1
H, 4-2 S(5) 1.226 [Nir] a2F7/2-a4F9/2 1.939 11.6 1.0
H, 3-1 S(1) 1.233 K 2-1 S(5) 1.945 11.0 15
H, 2-0 Q(1) 1.238 [Fa] a4D7/2-a4F;/2 1.954
[Fen] a4D7/2-a6D9/2 1.257 106.0 0.8 B11-0 S(3) 1.958
[Feu] a4D1/2-a6D1/2 1.271 5.9 1.0 Kb 2-1 S(4) 2.004 2.7 0.3
[Feu] a4D3/2-a6D3/2 1.279 7.8 0.1 Kb 1-0 S(2) 2.034 26.1 0.6
[Feu] a4D5/2-a6D5/2 1.295 119 0.9 BH2-1 S(3) 2.074 8.1 0.5
[Fen] a4D3/2-a6D1/2 1.298 6.7 0.12 K1-0 S(1) 2.122 68.5 0.3
[Fen] a4D7/2-a6D7/2 1.321 306 0.8 b2-1 S(2) 2.154 3.9 0.3
[FeII] a4D5/2-aGD3/2 1.328 8.4 0.9 [Fﬁ] b2F5/2'a2F;/2 2.224
[Feu] a4D7/2-a6D5/2 1.372 71.7 1.0 K 1-0 S(0)
[Feu] a4D5/2-a4F9/2 1.534 173.0 0.7 b12-1 S(1) 2.248 8.5 0.5
[Feu] a4D3/2-a4F7/2 1.600 10.6 0.5 K3-2 S(1) 2.386 1.6 0.4
[Fen] a4D7/2-a4F9/2 1.644 160.0 0.6 b11-0 Q(1) 2.407 50.0 0.8
[Fen] a4D1/2-a4F5/2 1664 7.0 0.7 H1-0 Q(2) 2.413 18.3 0.9
[Fen] a4D5/2-a4F7/2 1.677 142.0 0.3 K11-0 Q(3) 2424 474 0.9
H, 1-0 S(9) 1.687 4.2 0.5 H1-0 Q(4) 2.437 18.9 1.3
[Feu] a4D3/2-a4F5/2 1.712 2.1 0.4 Kb 1-0 Q(5) 2.455 429 15
[Fen] a4D1/2-a4F’§/2 1.745 6.3 0.8 K 1-0 Q(6) 2.476 16.0 1.7
H, 1-0 S(7) 1.748 150.0 0.6 K1-0 Q(7) 2500 474 3.7
H, 1-0 S(6) 1.788 94 0.5

Vacuum wavelengths in microns.
* Blend of the two indicated lines.
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Figure 5.9: Position of the ISAAC slit superimposed on the BL.12um image of the HH46-47 jet.
Individual knots along the jet are identified following themenclature of Eislfiel & Mundt (1994).

following the nomenclature of Eisffel & Mundt (1994). The redshifted knots Z and
Y in Eisloffel & Mundt (1994) have been divided here in knots Z1 and Z2,4hdY?2
and Y3.

In the following sections, | will present separately theutes and analysis on the
HH46-47 jet found from LR and MR spectroscopic data.

5.2.2 Observed lines

Figure 5.10 shows the intercalibrated ISAAC LR spectra aftkfil. This knot is among
the brightest ones along the HH46-47 jet showing both mdde@und atomic transitions.
A list of the observed lines in knot Z1 together with their #sxare reported in Table 5.4,
while in the Appendix we list all the lines detected in theeasthknots. The principal
observed lines are [Rg and H, lines. The H emission is mainly located at positions far
from the source, while near the protostar several atomaslare present. The observed H
transitions come mainly from the two first vibrational leveln addition to [Fer] and H,
emission, other elements asi{Pand [Tin] are also detected in the knot S and Z1. In the
MR spectra only the [Fe] 1.600 and 1.644m lines are detected in the H-band, while
for the K-band the K 1-0S(1), 3-2S(4) and 2-1S(2), the [iHe2.1349 and 2.1608m
and the By lines are detected (see Fig. 5.11). The presence of then®&ar the source
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HH46-47, knot Z1
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Figure 5.10:LR spectrum from 1.00 to 2.56m of the knot Z1 in the HH46-47 jet. The stronger lines
are identified.

and the H 3-2S(4) line from a distance of 20to 25’ from HH46-IRS testifies the high
excitation conditions in these regions. In the on-soureaxsp for the H- and K-band
other features are present, as the Brl4 and Brl2 and somea@€itions (Antoniucci

et al. 2008).

5.2.3 Kinematics

The PVDs of the [Fa] 1.644um and H 2.122um lines constructed from the analysis
of the MR spectroscopic data are presented in Fig.5.12. €heeiy is expressed with
respect to the Local Standard of Rest (LSR) and corrected &parental cloud velocity
of +20kms? (Hartigan et al. 1993). In the Y-axis the distance from thigidg source
HH46-IRS, in arcsec, is represented. The continuum of tlueceohas been subtracted
in both the PVDs to more clearly see the structure of the |mess to HH46-IRS. The
intensity scale is dierent in the two PVDs in order to evidence thfelient condensations
in the atomic and molecular gas.

In both PVDs the red- and blue-shifted lobes of the HH46-4@rje evidenced. Emis-



Velocity resolved diagnostics of Class/Djets. 67

HH 46-47 jet, K-band
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Figure 5.11:MR continuum subtracted spectral image of the HH46-47 jétéK-band.

sion down to the central source is detected in both the atandanolecular components,
forming a new knot named here as knot S. TherfFemission broaden as it approaches
the source position and reaches velocities down to Oknwathin 2" from the source.
Inside 1” there is also emission at redshifted velocities up t8100 kms*. The large
scale blue-shifted high velocity component is identifiedreshigh velocity component
(HVC) and the emission component from -100~tb00 km s? as the low velocity com-
ponent (LVC). At variance with the atomic emission, the ¢inission shows only one
velocity component well represented by a single Gaussiakgueat~20 km s?.

The radial velocities measured with respect to the LSR anected from the cloud
velocity are reported in Table 5.5 for the [fel.644um and H 2.122um lines. The
radial velocities have been computed by a Gaussian-fit tdiriegorofile of every knot.
The velocities of the [Fa] emission range from -177 kmsto -235kms? and from
+94kms?! to +144kms? in the blue- and red-lobe, respectively. The HVC and LVC
in knot S peak at -213knt$ and around -138knt$ . The knot Z2 presents, as well,
a double velocity component peaked+dt44 kms! and+92kms?! . Due to the large
distance of knot Z2 with respect to the source positie8i’{,the double peaked line profile
is not interpreted here as associated with a FEL region Isteaa with the presence of a
bow-shock.

In the case of the Hemission, the radial velocities vary from -15 km 0 -48 km st
in the blue-lobe an from-26 kms? to +94 kms? in the red-lobe. At variance with the
[Fen] emission, knot S only shows a single velocity componentakm s, while knot
Z1 is clearly formed by two velocity components-e#89kms?! and+10kms?t. This
fact supports the presence of a bow-shock structure in theityi of this knot. The same
argument can be applied to knot X that shows a double peakedityeat +93 km s?* and
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+14kms?, as well.
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Figure 5.12: Continuum-subtracted PVDs for the [fel.644um and H2.122um lines along the
HH46-47 jet. Contours show values of 3, 9, ..., 248r the [Fen] line and 4.5, 13.5,...,364&b for
the H,. On the Y axis distance from the source HH46-IRS in arcseegsnted.
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Table 5.5: Observed radial velocities along the HH46-4.7 jet

Knot [Feu] 1.644um | H,2.122um
V(kms?t) V(kms?)
B8 -177(46.0)

HH46-1 -235(49.2) -20
S -213(63.2))»-138 -15
z2 +144(44.2)+92 +26

Z1 +112(43.5) +89,+10

X +94(36.6) +93,+14
Y3 +94
Y2 +92
Y1 +92

Note: Radial velocities (knT$) corrected from a cloud velocity af20 km s* (Hartigan et al. 1993)
and with respect to the LSR.

Table 5.6: A along the HH46-47 jet.

Knot Ay +2AAy?2

(mag)
S 6.6:0.2
z2 12516
Z1  6.1x0.1

aVisual extinction measured from the ratio [iHel.64/1.25um

5.2.4 Low resolution spectral analysis
Extinction

From the [Fei] 1.6441.257um ratio the visual extinction for flierent knots along the
HH46-47 jet has been derived (see Chap. 3) and reported iie & Only lines with
SN greater than three have been used to computed the inteastty

To convert the observed ratios Ay values, we have adopted the radiative transition
probabilities given by Quinet et al. (1996) as they seem ttebeeproduce the intrin-
sic line ratio (see e.g., Giannini et al. 2008). The extmtterrors have been estimated
directly from the flux error of each line. We have to keep in daihowever, that the ex-
tinction is dfected, as well, by the uncertainty in the transition prolités of the lines
involved (see e.g., Nisini et al. 2005b; Giannini et al. 2008

Analysing in more detail the extinction values derived fribva [Fen] 1.644 1.257um
ratio, it can be noticed that\Avaries from~6 in the knots Z1 and S te12 in knot
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Table 5.7: TM;q (H, ) along the HH46-47 jet.

Knot T Mjet (Hz2)
(K) (Moyr?)

Z1 |2580+50 3.7%107°
X [2078+42 7.3x107%°
Y3 | 2564+53 4.6<10°
Y2 | 2330+50 6.4<10°
Y1 | 2093+42 3.0<10°

Z2. Fernandes (2000) found a value of A 9.38 + 1.49 in a region that covers our
knots HH46 and S. He employed, however, the theoreticad gitien by the Einstein
spontaneous probabilities of Nussbaumer & Storey (1988)Has been shown to predict
too high A, values. On the other hand, Antoniucci et al. (2008) found an~A0 mag
on-source, indicating a large density gradient towardsthegce position. The extinction

in the knot Z2 is roughly twice the extinction of the knots QIa&fl. This fact could be

due to a collision of the jet with stationary material of aesaf the cavity. Heathcote et al.
(1996) note the presence of an oblique shock due to the ingp#ot blue-shifted lobe of

the jet with the cavity at6”from the source. The same process may occur at the opposite
position giving rise to an increase of the extinction.

H, temperature and mass flux

Along the HH46-47 jet, several Hlines have been observed, mainly coming from the
v=1-2 vibrational levels. Using the filerent B detected transitions, excitation dia-
grams for several knots along the jet have been construstss Chap.3). As an ex-
ample, Fig. 5.13 shows the excitation diagram of the knott@d prightest knot observed
in HH46-47, while the excitation diagrams for the rest of kmets are reported in the
Appendix—. The diferent symbols indicate lines coming frontfdrent vibrational lev-
els, while the straight line represents the best fit throughdata. In the knot Z1 a
temperature value of = 2797+ 100K is found, assuming A ~ 6 as estimated by the
[Feu] lines. This extinction value is consistent with that imésg from the ratio of the K
lines 1-0 S(1) and 1-0 Q(3), that have same energy valuesSgsee3.3).

The mass flux carried out by the warm molecular component &as also estimated
from the observed Htransitions. In Chap. 3.4 a description on how deM@ from H,
transitions can be found\'/IH2 has been derived in the same spatial region extracted for
the [Fen] line analysis. Thealv; has been taken from Eidlél & Mundt (1994) and the
N(H.) value for each knot, has been found from the interceptiareto of the straight
line fitted to the H transitions in the Boltzmann diagram. The averyg value along
the jetis~ 3.7x 10° M, yrt. The derived results for each knot are reported in Table 5.7.
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Figure 5.13:H, rotational diagram for the fierent lines in the knot Z1 of HH46-47. Bérent symbols
indicate lines coming from élierent vibrational levels. The straight line representsiidst fit through the
data. The corresponding temperature and the adopted gstin@lue is indicated.

Electron density

The electron density (hhas been derived from the [kEL.60Q'1.644um line ratio. From
the LR spectra (R800, i.e. Av~370km s?) is not possible to resolve theftiirent veloc-
ity components. Thus, the electron density has been deinéegrating the total flux of
the line profile of every extracted knot for both the lineseTh values and the intervals
used to extract the knots are reported in Table 5.8. Thereledensity decreases with
the distance from the source, from a value of 9400%mknot S to a value of 1500 cth

in knot Z1. The same behaviour has been observed previausiyer IR jets like HH1,
HH111 and HH34 (see Nisini et al. 2005b; Podio et al. 2006).

[Fen] depletion

The [Fen] / [Pu] line ratio can be used to estimate the iron gas-phase ahuadaee
Chap 3.2). In particular, the iron abundance has been dkeforethe knots S and Z1,
where both the [Fe] 1.257um and the [Ri] 1.188um lines have been detected. A [i¢
[Pn] ratio of ~7.3 and~25.6 have been found in the knots S and Z1. These valuesiadica
that around 88% and 58% of iron is located in dust grains inkB8aand Z1, respectively.
This lead to a (F#)gas ~ 3.92x 10 in the knot S and a (Fel)gss ~ 1.18x 107 in the
knot Z1.
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Table 5.8: Electron density along the HH46-47 jet.

Knot 2 Ne + AN | Ne(HVC)®  ng(LVC)P

(") (cm™) (cm®) (cm™)

S (-3.442.8) | 6300°1% | 5400 7650

72 (-9.3,5) | 1300189 | 2350 4600
71 (-14.8,-9.3) 32007% | 3100

aDistance from the source in arcsec. Negative values caynebio the southeastern, redshifted jet axis.
bElectron density measured from the ratio [f&.60/1.64um .
CElectron density measured from the ratio [f&.60/1.64um for the HVC and LVC.
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Figure 5.14: Normalised line profiles (lower panels) of the [idelines 1.644:m (solid line) and
1.600um (dotted line), and their ratio in each velocity channelp@ppanels) for dierent extracted knots
along the HH46-47 jet.

5.2.5 Medium resolution spectral analysis
Electron density and Mass flux

The [Feun] 1.600 and 1.644m lines have been also detected in the knots S, Z1 and Z2 at
medium resolution. In this case, we have derived the electemsity as a function of the
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Table 5.9:M;q along the HH46-47 jet.

Knot | vi((HVC)® Mg (HVC)® | w(LVC)® Mg (LVC)®
(kms?t) (10"Myyrt) | (kms?t) (108Myyr?)

S 316 0.3-1.9 205 0.5-3.8
Z2 213 0.4-0.9 136 0.2-0.4
Z1 166 0.4-1.6

aTangential velocity assuming an orientation angle of the&vjeh respect to the plane of the sky of°34
(Eisloffel & Mundt 1994).

bI\'/I,-et measured from the luminosity of the [kel.64um for the HVC and LVC. The lower value has
been derived assuming an iron solar abundance, while therwpjue has been inferred assuming the iron
gas-phase abundance derived from theai]fen] ratio.

radial velocity in the same way as described for the case @4Hbkct. 5.1.4. Figure 5.14
represents the electron density in each pixel along the Migtsgd profile of the knots S,
Z1 and Z2 (upper panel) together with the normalised lindilerof the [Fen] 1.600um
and 1.644:m lines (bottom panel). From this figure we can infer thaintreases as the
velocity decreases in all the detected knots. It should ieetbthat while knot S clearly
is formed in a FEL region, knots Z2 and Z1 located far from theindg source, are the
result of the shock interaction of the jet with the cavity.

Near to the source (knot S) a HVC ranging fren239kms?! to ~-181 kms? has
been defined by a Gaussian-fit to the line profile of then]Ae644um line. It was, how-
ever, not possible to define a LVC by a Gaussian-fit in this kimstead, a velocity range
from ~-181kms?! to ~-50 kms?! has been defined consistent with the velocity distribu-
tion of the PVD of the [Fa] 1.644um line. For the knots far from the source, the HVC
intervals of the knots Z1 and Z2 have been defined fra88 kms! to 136 ~kms?,
and from~110kms?! to ~167 kms!. The knot Z2 shows a LVC, as well. In this case,
it was possible to adjust a Gaussian-fit to the LVC from then]Ae600um line profile,
resulting in a LVC range from80kms?! to~110kms?.

The n, values for the two velocity components are reported in Taldle As already
pointed out from the analysis of the LR data, there is a dser@athe electron density
from the inner to the more external knots in both velocity poments. Secondly, as
evidenced by Figure 5.14, the electron density of the LVQLC)~4600-7600) is larger
than the electron density of the HVC,(AVC)~3000-5000).

In order to compute the contribution to the mass flux of thenétccomponent, we
have derived(/l,-et from the luminosity of the [Fe] 1.644um line, following the approach
described in Chap. 3.4 and Sect.5.1.4. An inclination anftee jet with respect to the
plane of the sky, ~ 34° (Eisloffel & Mundt 1994), has been assumed and used to infer
the velocity of the knots projected perpendicular to the bhsight, through our measure-
ments of the radial velocity. A list of the length of the knpt®jected perpendicular to
the line of sight used to derivid « is reported in Table 5.8. The [k§1.644um line flux
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Figure 5.15HST image of the HH1 jet. (Top) NICMOS image in [Fat 1.644um. (Bottom) WFPC2
image in [Si] at 67176731 A. The position of the source, VLA1, is indicated in bptnels. Tick marks
represents intervals of’{~460 pc at the distance of HH1). The detected knots along thedte labelled.
Figure taken from Reipurth et al. (2000a).

has been dereddened using the extinction derived from the[Fen] 1.6441.257 and
reported in Table 5.6. The resulting values found¥hg are listed in Table 5.9, assuming
a solar abundance of iron and thus, represent a lower limithé same table, thil
values derived considering the gas-phase Fe abundanceme&om the F&° analysis
are also reported, in the assumption that the same dusttideplactor is valid for both
the HVC and LVC. In any case, the mass flux rate i$6 times larger in the HVC than
in the LVC, while in both the velocity component;, decreases with the distance from
the driving source. As discussed for the HH34 jet, this meéhasthe HVC has either a
ny or V larger than the LVC, or both.

Finally, it is interesting to compare the derived mass @ectiux with the mass ac-
cretion rate in the source. Antoniucci et al. (2008) haveveedra Macc for HH46-IRS
of the order of 2.210°". AssumingMjgranging between 0:3L0°" and 210" M yr ™,
this implies aMje/Mac ~0.1-0.9 still in agreement with predicted by MHD jet models
(Ferreira 1997).

5.3 HH1

The HH1 jet is an archetypal flow, that has been analysed rgisecdpically by several
authors at optical (Eiskeel et al. 1994) and infrared (Davis et al. 2000b; Eibet al.
2000) wavelengths. This jetis located in the L1641 cloudnio®at a distance 0f460 pc
and only its blue-shifted component is detected. The jesist® in a chain of knots
observed down te-6” and ~3” at optical and infrared wavelengths (Fig.5.15). Two
well-known bow-shocks at approximated’Adom the source are observed at red-shifted
and blue-shifted velocities showing a complex structued tiave been studied in detalil
through optical, infrared and millimetre wavelengths (&i&l et al. 1994; Moro-Martin
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Figure 5.16:Continuum-subtracted K-band spectral image of the HH1Q#set is with respect to the
CS star.

et al. 1999; Davis et al. 2000b). The HH1 jet source, VLA, @ass 0 object not visible
neither at optical or infrared wavelengths, being first ciete through cm wavelengths by
Pravdo et al. (1985). Nisini et al. (2005b) presented a captbbpticglinfrared study of
this jet revealing dterent excitation conditions along the flow.

In the following, a list of the main detected lines, and theeknatics and physical
properties along the HH1 jet are presented.

5.3.1 Detected lines

Figure 5.16 report the ISAAC K-band spectral image showlegdiferent emission lines
detected along the HH1 jet, while the most prominent idexttifines are listed in Ta-
ble 5.10. In addition to the two Hines 1-0S(1) and 2-1S(1), the [kp 2.133um line,
connecting théP and*P terms, and two transitions from [i](characterised by excita-
tion temperature of the order of 7000 K) have been also dsledihese lines have been
detected here for the first time in shocks environments. VBgalemission has been also
observed localised in a single knot H, testifying for thehhaxcitation conditions in this
knot. In the H-band spectral segment, only theifFE5999 and 1.6440m lines have
been detected.

5.3.2 [Fen] and H, kinematics

Figures 5.17 and 5.19 show the PVDs of the2H.22um and [Fei] 1.644um lines of the
HH1 jet. The PVDs of the [Fg] 2.133um and [Tin] 2.160um lines are also presented
in Fig.5.19. The velocity is expressed with respect to tlvallstandard of rest in all the
PVDs and subtracted by a parental cloud velocity of 10.6%nfGhoi & Zhou 1997).
Distance scales (in arcsec) have been measured with retspte jet driving source
VLAL. Since VLAl is not visible in the near-IR, we have used bright Cohen-Schwartz
(CS) star as the positional reference, adopting for it amEmgeparation of 3% from the
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Table 5.10: List of detected lines

Line id. A2
[FeII] a4D3/2 - a4F7/2 1.5999
[FeII] a4D7/2 - a4F9/2 1.6440
[FEII] a2P3/2 - a4P3/2 2.1333
[TI II]ast/z - a4F3/2 2.1605
[Tl II]aZF7/2 - a4F5/2 2.0818

H, 1-0 S(1) 2.1218
H, 2-15(2) 2.1542
Bry 2.1661

a8\Jacuum wavelengths in microns.

source VLAL. The observed knots are named from KL to P, falhgwthe nomenclature
by Eisltffel et al. (1994) and Bally et al. (2002). [kEis detected only in the knots closer
to the star, from KL to E, while Kl can be traced all along the jet; as already shown
by Davis et al. (2000b) and Nisini et al. (2005b), the ratieifF/H, sharply decreases
with the distance from VLA1. Such a decrease is accompanyetidecrease of the H
and [Fei] radial velocities. Also the velocity dispersion diminghfrom the internal to
the external knots, as shown in Table5.11. In particular,nfeasured intrinsic FWHM
(i.e., deconvolved by the instrumental width) decreasmfro64 kms?! in knots KL to
~ 20kms? in knots G-F. These values imply high shock speeds (froil20 km st in
knot KL to ~ 40kms? in knot G), progressively decreasing outwards. Indicatioh
high shock velocities in the internal knots of HH1 are givgrtite detection of the Br
and [Fei] 2.133um lines in knot H. These lines are not detected in knots KL dnd J
probably due to the larger extinction. The [Heand H, radial velocities appear double-
peaked from knot KL to H in [Fe] and from knot KL to F in H. Both, [Fen] and H,
present one of the two components red-shifted with respetietLSR.

The [Fen] blue-shifted radial velocity increases from knot KL to kdd from a value
of ~-28kms*! to ~-46 kms? and then decreases again to a velocityet4 kms? in
knot E. The red-shifted component is, however, too faintedfitied with a Gaussian
profile. Nevertheless, we can estimate an average value 3 km s from knot KL to
H.

On the other hand, in the;Hblue-shifted component the velocity increases from knot
KL to knot JI, as in the case of [k& and then roughly decreases4e8 kms™ in knot A.
After that, the radial velocity increases again to a valuarofind-12kms? in knot N.
The red-shifted component covers a velocity range fagrto +23kms?. The K line
profiles are represented in Fig.5.17 for several knots imregen closest to the source.
The measured Hvelocities are consistent with the velocities reported aviB et al.
(2000Db) for the knots F and A. The,Hines are non-resolved implying an intrinsic line
width less than 39 knts .

The origin of the double velocity component can be due eitbahe presence of
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Figure 5.17:(left) Continuum-subtracted PVD for the,H-0 S(1) line along the HH1 jet. A position
angle of 148 was adopted. Contours show values of 10, 40, 600100n the Y-axis the distance from the
driving source VLAL is reported.(right) Normalised lineofites of the B 1-0S(1) for diferent knots near

the source.

another jet (e.g., the one driving the HH501 object Reipettlal. 2000a; Bally et al.
2002) or to the emission along the wings of a bow shock seeastlperpendicular to the
line of sight. These two possibilities will be further dissed in the next section.

5.3.3 Diagnostics of physical parameters
Electron density

The electron density as a function of velocity in the atoratcpmponent has been derived
from the ratio of the [Fa] 1.600Q'1.644um lines following the same procedure applied to
the HH34 jet and described in Chap. 5.1.4. Electron dessiti¢he [Fai] emission line
region as a function of the distance from the driving soueetbeen measured by Nisini
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Table 5.11: Observed radial velocities along the HH1 jet.

Knot r? |[Fen]1.64um | Hy,2.12um

") VP %

Blue Red

KL 1.6 -28 (64) 16 +13

J 34 -46 (53) 27  +6

H 5.1 -43 (47) 24 +14

G 75 -35 (22) 17 +23

F 98 -31 (20) 14 417

E 11.6| -24(29) 11

D 13.6 -12

C 15.0 -10

B 17.0 -11

A 18.2 -3

M 22.1 -4

N 23.5 -12

aDistance from the source in arcsec given by the mean valdeiadopted aperture.

bRadial velocities (in kms) with respect to the LSR and corrected for a cloud velocity@b km st .
The radial velocity error is 2 knt$. The velocity dispersion (in knt$), measured from the line FWHM
deconvolved for the instrumental profile, is reported inckeds for the HVC.

et al. (2005b). They found that Wlecreases from a value 82000 cn1? in the internal
knots LK to~700 cn7? in the external section of the jet.

Figure 5.18 shows the normalised profiles of theifF600 and 1.644m lines and
their ratio as a function of velocity. The spatial intervated to extract the spectra of the
individual knots are given in Table 5.12.

In HH1, the 1.60Q:m line has been detected with ANSarger than three only in the
internal knots, from JI to F. Here, the 1.600v/1.644um ratio has a minimum close to
Okms? velocity and increases, up to a factor of two in knot KL, toshigh velocities.
In HH1, the inner jet region is not detected due to the higimexbn and therefore here
we are not observing regions at the jet base, contrary to HH8UHH46-47. It seems
indeed that the velocity dependence of the electron deissdifferent between the FEL
regions close to the star and the knots along the jet beam.

A LVC and a HVC from the [Fa] 1.644um line profile of knot KL have been de-
fined. Velocity ranges from-80 to~-22 kms! and from~-22 to~36 kms? have been
selected for the HVC and LVC, respectively. Visual extiontand electron temperature
values in each knot were taken from Nisini et al. (2005b). iifia the LVC is lower than
in the HVC. In the HVC . decreases knot by knot from a value of b3 in knot KL,
to 3.8x10°cm~23in knot F. On the other hand, in the LM decreases from8x 10° cm3
to 8.3 x 10°cm3 in knot KL and JI, respectively. Thesg-values are in agreement with
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Figure 5.18: Normalised line profiles (lower panels) of the [idelines 1.644um (solid line) and
1.600um (dotted line), and their ratio in each velocity channelp@ippanel) for dierent extracted knots

along the HH1 jet.

those derived by Nisini et al. (2005b) in velocity integdhagpectra.
The presence of two velocity components and the correspgneilocity dependence
on electron density, was already found by Solf et al. (19@h)p produced a PVD of the
electron density in the HH1 jet using the opticah]St 67166731 line ratio. They found a
blue-shifted component with an electron density-dD00 cn1® and a slightly red-shifted
component having a lower density-e1000-2000 cm®. They interpreted the blue-shifted
high-density component as due to scattered light origigaftiom a jet region closer to
the star, where the density and excitation are higher. Tigpretation is, however, not
consistent with the IR observations presented here. Indeedlue-shifted line compo-
nent is clearly identifiable as the main jet component, ektenat large distances from
the exciting source. Moreover, the RVD (Fig. 5.17) clearly shows the presence of two
separate components that cannot be attributed to scatightatontribution. The red-
shifted component peaks at the KL position and decreasegangity further out, while
the second blue-shifted component gradually increasastéssity with distance. One
possible interpretation is that the red-shifted compobeidngs to a dierent jet that in-
tersects the HH1 jet at the KL position. Such a jet could bpaasible for the two bright
knots designated as HH501 objects by Reipurth et al. (200d#gh are moving away
from VLA1 with a proper motion vector inclined with respeotthe HH1 jet by~10°. If
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we assume the axis of this separate jet equal to the direatithre proper motion vector,
the HH501 jet should intersect the HH1 jet at the positiorhefL knots.

Mass loss rate

The mass flux ratd\'/ljet , along the beam of the HH1 jet was recently measured in Nisini
et al. (2005b) using dlierent tracers, both optical ([, [O1]) and infrared ([Fei], H,).
This work shows that the mass flux derived directly from thex{Hine luminosity, using
the measured tangential velocity, is always equal or latigen theM jee Value derived
from the luminosity of the optical atomic tracers in spitetioé possibility that part of
the iron is still locked on dust grains. This is probably doghe fact that [Fa] traces

a larger fraction of the total flowing mass than the opticaéd, as discussed in Nisini
et al. (2005b). At the same time, it was found that in this et tass flux traced by
the H, molecular component is negligible with respect to the massdue to the atomic
component. Taking advantage of the velocity resolved olsiens available, we now
want to measuré/ ¢ in the diferent velocity components and examine which of them is
transporting more mass in the jet.

The M,-et value was obtained here from the luminosity of theifF&.644 um line,
adopting the relationshill = umy x(nyV)xv/I; (see, Chap. 3 for more details). We have
assumed that all iron is ionised, and has a solar abundar:8 »f10~> (Asplund et al.
2005, i.e., no dust depletion). This latter hypothesisdeada lower limit of the actual
mass flux, since it has been shown that the velocity-averggedphase iron abundance in
the HH1 jet might be only between 20% and 70% of the solar v@liisni et al. 2005b).
The Fe abundance estimate provided in this paper is not ssee, the depletion pattern
could be diterent among the LVC and HVC.

To compute the fractional population, we have used theafues derived separately
for the LV and HV components, while we have assumed a singhpéeature for both
components, equal to the values derived in Nisini et al. $B0@or the HH1 jet. Tangen-
tial velocity values have been derived from the radial vigleg assuming an inclination
angle £10° for HH1 (Bally et al. 2002). The resulting tangential veloes of the HVC
derived here are listed in Table5.12. In Table 5.12, thevddrvalues, together with the
parameters adopted, are reported

The M,-et (LVC) is lower thanM,-et (HVC) by a factor of about 6. The mass flux derived
for the knot KL is very low. This is likely due to a low estimaii of the extinction in this
knot, where the 8.3 mag of extinction are the average valdearwhole jet region LI.
There is some disagreement betweenNhg derived for HH1 here and in Nisini et al.
(2005). The larger discrepancy is being found in the inte¥hknots, where Nisini et al.
(2005b) report a\'/ljet a factor of six larger. Part of the disagreement is due to thierént
adopted tangential velocity. The largest discrepancydsidver, due to a smaller flux (a
factor of three) measured in the ISAAC3slit with respect to the”1 slit used in Nisini
et al. (2005b). This latter measurement might have beerangnated by the presence
of the second jet responsible for the redshifted velocitpgonent or the HH1 jet itself
might have a diameter wider thati3
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Figure 5.19:PV diagrams for the [Fe] 1.64um, 2.13um and [Tin] 2.16xm emission lines of the HH1
jet. A position angle of 145was adopted. Contours show values of 11, 22,..4375 8, 120- and 3, 6,
120, respectively. On the Y-axis the distance from the driviogrse VLA is reported.

It is interesting to compare the derived mass flux rates wigtsburce mass accretion
rate, to estimate th#lj« /M. efficiency in very embedded young sources. There are,
however, no measurements of the mass accretion rate in Vtb&lexciting source of
the HH1 jet, available. Nevertheless, a rough estimateisfdlue can be computed by
assuming that the source bolometric luminoslify,(~ 50 L, Chini et al. 1997) is entirely
due to accretion. Such an assumption is supported by theéh&c/LA1 is a known class
O source. If a stellar mass and radius of 4 &d 3 R is assumed, W ~610°M, yrt
can be found, which would impli;& /Mac > 0.007. On the other hand, assuming the Fe
gas-phase abundance derived by Nisini et al. (2005b) amageemlue over the brightest
knots along HH1 ol\'/ljet~1.1><1(T7M@yr‘1 can be estimated. This latter value will lead
t0 Mg /Maee ~ 0.02.

The Ti*/Fe' ratio

Forbidden [Tii] emission lines have been detected for the first time in HHmIl&r to
iron, Ti has a low-ionisation potential, of only 6.82 eV, athdis is expected to be fully
ionised in the jet plasma. The two detected lines have diait&nergies of the order
of 7000 K and critical densities, at 10000 K, of5 x 10* cm3. Therefore, they have
similar excitations conditions with respect to [HdR lines. Titanium, as iron, is a highly-
refractory element, thus the ratio of [i]i/[Feu] lines can give some clue as to the relative
gas-phase abundances of Ti and Fe, and, in turn, as to tletseepletion of these ele-
ments on dust grains still present in the jet beam. Nisini.¢2805b) have indeed shown
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that the gas-phase abundance of Fe in HH1 is lower than thesle, in particular in
the inner jet regions where it is only between 20%-30% of tlard~e abundance. This
indicates that part of the iron is depleted on grains andseguently, that a significant
fraction of dust is present in the jet beam. We can check &tanium follows the same
depletion pattern by comparing the observedi12.160um/ [Fen] 1.644um ratio with
the value theoretically expected assuming solar abundaatges given by Asplund et al.
(2005), i.e., [F£Ti], = 354. For this analysis, a statistical equilibrium calcolathave
been performed taking the [if] radiative transition rates and electron collisional sate
calculated in Bautista et al. (2006, Bautista, private camitation), and considering the
temperature and density values measured in each HH1 knasini Mt al. (2005b). The
[Ti o] 2.160um/[Fen] 1.644um intensity ratio is rather insensitive to the adopted ptalsi
conditions, being of the order ef500 in a temperature range from 9000 to 12 000 K, and
density range from X 10° to 1.2 x 10* cm3. The observed ratios range instead between
150 (knot JI) and 280 (knot G), implying a gas-phasglFetio 2-3 times lower than
solar. Thus, there is an overabundance of Ti in the gas phétberespect to Fe, relative
to the solar value. This result indicates that the releagmsfphase elements from dust
grains likely follows a selective pattern in which Ti-beagicondensates are more easily
destroyed. A large Tire abundance ratio relative to solar abundances has beervetis
previously in the ejecta of Carinae by Bautista et al. (2006) who suggest twitedent
scenarios to explain this finding: either there is a spaéphsation between Ti- and Fe-
bearing condensates in the same dust grain, which makegaheiin more exposed to
evaporation; or Ti-bearing grains are smaller than the éagibg grains and thus more
easily destroyed. Studies of this kind, employing a largenber of refractory species,
seem therefore promising to constrain the composition andtsre of dust grains in
different environments.



Table 5.12:M along the HH1 jet.

Knot @ AL T2 | Vi(HVC)® ngHVC)! Ma(HVC)® | V(LVC)® ne(LVC))? Mju(LVC)®
@) mag (16K) | (kms?) @ACcm3) (Myyr?) | (kms?t) (10Pcm3) (Myyr?d)
KL | (0.7,2.6) 8.3 11 159 10.6 1.%10°8 187 9.8 2.%10°°
J | (26,43) 83 11 261 9.0 3.&10°8 187 8.3 3.%10°
H | 4261 29 9.2 244 8.3 4.410°8
G | (61,89 20 105 198 4.6 2.%10°8
F |(8.9,0.7) 20 9.8 176 3.8 2.%107°

aDistance from VLA in arcsec.

bVisual extinction and electron temperature from Nisinile{2005b).

¢Tangential velocity assuming an inclination of the je10° to the plane of the sky (Bally et al. 2002).
dE_Iectron density for the HV and LV components.

®Mjg for the HV and LV components.
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Figure 5.20:HST mosaic image based on NICMOS and WFPC2 images of the HjgLIThe diferent
knots along the jet are labelled. Figure adapted from Réigtral. (1999).

5.4 HHI111

The HH111 jet is located in the L1617 cloud in Orion at a diseanf ~460 pc, driven
by the Class | source IRAS05480247. The jet is mainly blue-shifted consisting in a
chain of knots showing mini bow-shocks morphology (fig. 9.20he blue-shifted jet
ended with a bow-shock structure at a distance- 50’ from the source, while only
a few knots are detected in the red-shifted jet where a finatdlwock structure is also
observed.

Several authors have probed the properties of the outes kritiiis flow (Morse et al.
93; Hartigan et al 94). The Hkinematics of the jet has been studied in detail by Davis
et al. (2001a) by means of echelle spectroscopy, who ireergithe observed line profiles
as the result of bow-shock structures along the jet. An amabf the [Fai] emission was
reported in Nisini et al. (2002) that performed a compaeastudy with the molecular
emission, while Podio et al. (2006) computed a combinedcapifR diagnostics along
the jet. In this work, the analysis is mainly concentratethia section of the jet within
~20” from the driving source, that have been detected here fdirdtéime. In particular,
in the ISAAC H- and K-band spectra studied here, only thai]Ae600 and 1.644m and
the H, 2.122um lines have been detected.

5.4.1 [Fen] and H; kinematics

Figure 5.21 shows the PVD of the [kELl.644um line and the normalised line profiles
of the H, 1-0S(1) line along the HH111 jet. The velocity is expresséti vespect to the
LSR and corrected for a cloud velocity of 8.5 km ¢Davis et al. 2001a). Distance scales
have been measured from the driving source HH111-VLA. Th® RYows the blue-
shifted and red-shifted knots along the jet, while only theekshifted H line profiles
have been reported. The blue-shifted knots from E to O haga hamed following the
nomenclature of Reipurth et al. (1997), while the inner blared red-shifted knots that
are detected here for the first time, have been named usingumyhomenclature (i.e.,
from Bl to B3, and D1,D2).
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Figure 5.21: (left) PVD for the [Fen] 1.644um line along the HH111 jet. A position angle of 22
was adopted. Contours show values of 5, 15, ...,A0%n the Y-axis the distance from the driving
source HH111-VLA is reported. The velocity is expressechwispect to the LSR and corrected for a
cloud velocity of 8.5kms' (Davis et al. 2001a).(right) Normalised line profiles of thg2.122:m line for
different knots along the jet.

The H, double-peaked line profiles confirmed the presence of bawkshktructures
along the jet as previously reported in Davis et al. (200Tag deeper images presented
here indicate that bow-shocks are also present in knot®as th the source ag 2

Also [Fen] lines present double-peaked profiles in the internal knsksle far from
the source (from knot E outwards) the lines are mostly sipglaked (see, Fig.5.23).
The [Fen] radial velocities (computed by a Gaussian fit to the linefifgpfor the inner
knots are shown in Table 5.13 together with the line velodigpersion. Only Gaussian
fits to the higher velocity component have been computed [Fée] dispersion velocity
roughly decreases from the inner to the outer knots of thdnggarticular, the measured
intrinsic FWHM (i.e. deconvolved by the instrumental wilittecreases from 39 km’s
in knot B1to 25.2kmstin knot B2. These values imply shocks velocity decreasiomfr
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Table 5.13: Kinematical and physical parameters of the HH&tinternal knots

Knot Peak position V AV Ne M
) (kms?t) (kms?t) (10°cm@) (10°Myyr?d)
Bl 2.8 -99.5 39.0 11.0 54
B2 4.8 -90.3 40.8 6.6 20.4
B3 6.2 -79.4 39.8 50 13.7
D1 9.6 -84.9 35.2 2.8 14.4
D2 11.8 -81.2 25.2 5.8 4.4

~78kms?to~50.4 kms?.

The [Fen] radial velocity decreases from knot B1 to knot B3, then @ases toward
knot D1 and finally decreases again in knot D2. It is known thatHH111 jet presents
cyclic variations in velocity at both large and small scalRaga et al. (2002) have shown
that to reproduce the velocity pattern observed &edent epochs, a model of variable
ejection velocity is needed.

5.4.2 Diagnostics of physical parameters
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Figure 5.22: variation of the derived electron density along the HH111 je

Electron density

The electron density along the jet was computed from the[Ee60Q'1.644um line ra-
tios. Figure5.23 shows the normalised line profile of thenFe600um line and the
[Fen] 1.6001.644um ratio as a function of velocity for the B1 and B2 knots. Theel
profiles and line ratios of the E and H knots (located far framdentral source) have been
also reported to be compared with those of the inner knotecifes below~-50 km st
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Figure 5.23: Normalised line profile (lower panels) of the [fgl.600um line, and the
[Feu] 1.60Q'1.644um line ratio in each velocity channel (upper panel) fdfaetient extracted knots along
the HH111 jet.

have not been considered for theamalysis due to a strong OH atmospheric residual that
contaminates the weak line wing of the [i§d..644um line.

The electron density in the internal knots (from B1 to B4)ppm@ximately constant
across the observed velocity channels, showing smallaseietoward higher velocities.
On the contrary, in the external knots (e.g. E and H) the elaadensity has a maximum
corresponding to the line peak and decreases toward theilngs. The gvalues roughly
decreases from knot B1 to knot D2 from a value of 11 006%dmknot B1 to 5800 crm
in knot D2 (Table 5.13). The decrease @fas a function of the distance from the source
in the HH111 jet was first noted by Podio et al. (2006). Theywsdtbthat R decreases
outward from a value 0£4000 cn1® in knot E to 1300 ¢ in knot L. Here this trend
is also confirmed for the inner knots with a shagdecrease from knot B1 to Knot B2
(Fig. 5.22).

Mass loss rate

The mass loss rate has been computed from tha][E€44um line luminosity as ex-
plained in Chap. 3 using the eq.3.19. As in the case.aimy the Mg values for the
HVC are reported (Table 5.13). The iron has been considerbkd fully ionised and with
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a solar abundance of %&80° (Asplund et al. 2005). To compute the fractional popu-
lation, the R values derived in the previous section has been used whédenpdrature
of 10000K has been assumed for all the knots. Only measutsrf@nthe extinction

of the outer knots (from knot E outwards) are available iaréture. A visual extinction
of 9mag for knots F and H has been measured by Nisini et al.2(2&0d assumed for
all the internal knots. The extinction towards the sourcexigected to be higher that in
knot F, thus, theMjet value derived here represents only a lower limit. Tangéwékpci-
ties values have been taken from the study of Hartigan e2@01), assuming a constant
v; ~300 km s? for all the internal knots.

The M,-et value roughly decreases from the inner to the outer knota frovalue of
2.0x108My yr 1 in knot B2 to 4.410°M yrt in knot D1. The lower value found in
the knot B1 is probably due to an extinction higher than agstinPodio et al. (2006)
studied the variation oM« along the external knots (from knot E outwards) of HH111
from the luminosity of optical lines. They also found tM]e[ decreases with the distance
from the source. The values they derived are however langerthe ones presented here
with a Mg from ~3x1078 M, yr in the knot E to~1x108 M, yr* in the knot L. As pre-
viously noted the values reported here represent onlyritiméts of M jer: the assumed
extinction value of 9 mag derived for knot E (Nisini et al. 2)(robably represents a
lower estimation, since extinction is expected to incréasards the source. In addition,
an iron gas-phase abundance-88% can be derived from the [R§/P&3 line ratio mea-
sured by Nisini et al. (2002) for the HH111 jet and assumirag the internal knots have
an ionisation fraction and electron temperature as the deged by Podio et al. (2006)
for the knot E. Then these values are used,together with.itherived here, to estimate the
iron depletion from the model presented in Nisini et al. @0®hich reproduces ferent
expected [Fa]/Pa8 line ratios as a function of the iron gas-phase abundanégngato
account the iron depletion a value M,a~2 2><1(T8M@yr‘1 can be found. Assuming
an average valu®l,.~6x107° (Hartigan et al. 1994), M Jet/Maocva 002-0.003 can be
estimated.

5.5 HH212

The HH212 jetis located in the L1630 cloud in Orion at a distaof~400 pc. It is driven
by a deep embedded Class 0 protostar, IRAS 05413-0104. HIs24 highly symmet-
ric and collimated bipolar jet with bow-shocks structuréshe end of each lobe. The
blue-shifted and red-shifted lobes consist in a series ofkdistributed at approximately
the same distance from the IRAS source (Fig. 5.24). The jetants with the surround-
ing medium driving also a large scale collimated CO outflowélet al. 2006). In the
inner region of the jet water masers and SiO emission areadiserved (Claussen et al.
1998; Codella et al. 2007). SiO trace an extremely collimhaed dense molecular jet
(width~500-1000 AU, n(H)~10" cm3) located within 1 from the driving source, in a
region of high obscuration where,Hs not detected (Codella et al. 2007; Cabrit et al.
2007).
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Figure 5.24:(Left) ISAAC H, image of the HH212 jet. North is up and left is East. The twefss

in the corners show the details of the inner jet region andushswest bipolar nebula. Figure taken from
McCaughrean et al. (2002). (Right) The kinage of the inner jet where the knots have been labelled is
shown together with the contours of the SiO (central panal)@O (right panel) emission plotted on top of
the H, image. Figure taken from (Codella et al. 2007).

5.5.1 Detected lines

A list of the lines detected in the H- and K-band spectral sagsand their identification
can be found in Table5.14. Among the [iHdines, only the 1.60@m and 1.644:m
transitions have been detected in the knots closer to thesdgnamed NK1 and SK1),
testifying for the low excitation conditions of this jet. &jSii] 1.646um line has been
detected here as a first time in a jet environment, althougihould be the brightest
[Si1] transition in the NIR, with an excitation energy of £6298 cnt*. The ionisation
potential of Si is relatively low (8.2 eV), although highlan that of the Fe (7.9 eV). [8i
can be, therefore, expected in regions where the shoclaércits low, such as C-shocks
where a small fraction of molecules can still be partiallysdiciated. The [S] emission
appears brighter in the SK1 indicating lower excitationditans in this knot. Finally,
bright H, lines from the first three vibrational levels are detectédlaing the jet.

5.5.2 [Fen] and H, kinematics

The PVDs of the H2.122um and [Fai] 1.644um lines are reported in Figs. 5.25 and 5.26
for the blue- and red-shifted lobes of the HH212 jet. Theidgwource IRAS05413-0104
is not detected in the spectral images, but it is located symacally in between the NK1
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Table 5.14: List of detected lines along the HH212 jet

Line id. A2
[FeII] a4D3/2 - a4F7/2 1.5999
[FeII] a4D7/2 - a4F9/2 1.6440
[SI I]alDz - a3P2 1.6459

H, 1-0 S(1) 2.1218
H, 2-1 S(2) 2.1542
H, 3-25(3) 2.2014
H, 3-2S(4) 2.1280

aJacuum wavelengths in microns.
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Figure 5.25:PVDs for the H 2.122um line along the blue-shifted (top) and red-shifted (bofttwbes
of the HH212 jet. A position angle of 22vas adopted. Contours show values of 10, 30,... ¢8itOboth

lobes. On the x-axis the distance from the central sourapigrted.

and SK1 knots (Lee et al. 2006).

A detailed study of the Hkinematics of HH212 has been already performed by Davis
et al. (2000a). Here, the analysis is limited to the intekmalt NK1 and SK1, where the
atomic emission has been detected.

The radial velocities and FWHM of the [l H, and [Sif] lines are reported in Ta-
ble5.15. The velocities and FWHM of each knot have been miedsoy a Gaussian
fit to the line profiles and are expressed with respect to the t&rected by a cloud
velocity of 1.6 kms! (Wiseman et al. 2001). All the profiles appear single-peakmsti
well reproduced by a single Gaussian component. The radiatities in SK1 and NK1
are around 4 kms and -18 kms!, in all the observed lines. Davis et al. (2000a) mea-
sured the H2.122um line radial velocities of these knots through echelle spscopy
using three dterent slits positions along the jet. They founglocities ranging from
-5.5kms!to-3.8kms?in the knot NK1 and from+4.0 km s to +6.3 km s in the knot
SK1. These values agrees fairly well with the radial velesitneasured here for the knot
SK1, while they are-10kms? lower than the measured values for the knot NK1. The
differences between the radial velocities reported by Davis @&@00a) for this knot and
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Figure 5.26:PVD for the [Fen] 1.644um line along the HH212 jet. A position angle of2@as adopted.
Contours show values of 30, 60, 120 and &75

Table 5.15: Radial velocities along the HH212 jet.

Knot| [Fen]1.644um H,2.122um [Si1] 1.646um
va FWHM va FWHM va FWHM
(kms?t) (kms?) | (kms?) (kms?) | (kms?l) (kms?)
SK1 4 23 4.6 23 4 30
NK1 | -18 34 |-10(-5.6) 23 -18

aRadial velocities with respect to the LSR and correct formaidlvelocity of 1.6 kms! (Wiseman et al.
2001)

the ones measured in this work may arise fromfedent orientation of the slit along the
HH212. Indeed, measurements of the transversiénd profiles of NK1 (i.e. with the slit
located perpendicular to the jet axis) at high resolutiorg®000-6 km s*) revealed that
this knot is double peaked with radial velocities varyingnfr~-6 kms? to ~-11kms*
(cor 2009).

5.5.3 Diagnostics of physical parameters
Electron density

The electron density has been derived from thai]Ae60Q1.644um line ratio. In Fig. 5.27
the normalised line profiles of the [l§1.644 and 1.60Qm are represented together with
the 1.6001.644um ratio. For both knots, a decrease infrom higher to lower veloci-
ties is observed. In the knot NK1,moughly varies from a value of 840355 cm 2 at
-50.0km s to 38008%9%cm2 at -6.6 km s, while in knot SK1 R varies from a value

=700
of 840055%5cm™ at -21.1kms! to 2400%30cm™ at +36.8kms®. The n. behaviour

—2100
observed is consistent with a model of bow-shock. In such deinassuming constant
total density across the bow, the higher value of the elaafiensity should be observed
at the high velocity component where the most energetickshoccur (Indebetouw &

Noriega-Crespo 1995).
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Figure 5.27:Normalised line profiles (lower panels) of the [ife.644um (solid line) and 1.60m
(dotted line) lines, and their ratio in each velocity chdr{npper panel) for dierent extracted knots along
the HH212 jet.

Table 5.16:M ¢ values along the HH212 jet.

KnOt AV Vt Mjet([FeII]) T(Hz) Vt Mja(HZ)
(mag) | (kms?t) (10°Myyrt) | (10°K) (kms?t) (10°Mgyyr?)

SK1 12 46 0.6 2.9 46 6.5

NK1 1128 206 3.3 2.8 114 11.7

a\isual extinction from Caratti 0 Garatti et al. (2006)

Mass loss rate

The mass loss rate for the NK1 and SK1 knots of the HH212 jeblkas derived from
both [Fen] 1.644um and H 1-0S(1) line luminosities according to the procedure de-
scribed in Chap. 3 and reported in Table 5.16 together wétasumed parameters.

Tangential velocities in each knot have been derived fragrottserved KHland [Fen]
radial velocities assuming an inclination angle of the fet® (Claussen et al. 1998). Vi-
sual extinctions and Htemperatures have been taken from Caratti o Garatti et@G06(2
while for [Fen] a temperature of 10000 K and an average5000 cni® have been con-
sidered.

Contrary to the other investigated jets, in HH2NZI2|2 is a factor between 3 and 10
higher than the mass loss rate of the atomic component. &ustreinforces the evidence
that the excitation conditions in this jet are very low andstnaf the mass is transported
by the molecular component.
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5.6 Discussion

5.6.1 The base of Class | jets: HH34 and HH46-47

Comparison between the properties of the HH34 and HH46-47 js near the exciting
source

HH 34 HH 46-47
Fell (1.64 pm) Fell (1.64 pm)
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Figure 5.28:PVDs of the [Fer] 1.644um line for the HH34 and HH46-47 jets.

The HH34 and HH46-47 jets present a similar behaviour asrdega their atomic
componentin the inner region, as shown in Fig. 5.28 wherHas of the [Fer] 1.644um
line for both jets are reported. Withir2” from the central source, the [klines broaden
and emission at lower velocities, down to 0 knh appears. Insidel” emission is also
detected at positive velocities for both jets. In both theDB\he LVC reaches distances
up to~1000 AU.

At variance with [Fai], the H, PVDs of the two objects show aftirent behaviour.
In HH34 the H PVD shows spatially- and kinematically-separated LVC andCHand
only the LVC is visible down to the central source. In HH46e&tvYthe contrary, a single
velocity component near the source is detected.

With respect to the physical properties, the variation ecebn density and mass
ejection flux as a function of the velocity is the same for baltfects. Indeed, the electron
density of the LVC is higher than the electron density of th&H The mass ejection flux
is, however, mainly carried out by the HVC.

There is therefore a large similarity between the propedfehe FEL region in these
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Figure 5.29:(left) Continuum-subtracted PVD of the [EEL.644um line for the RW Aur jet. The [Fe]
emission features are indicated by dotted lines. Figurertdkom Pyo et al. (2006). (right) Continuum-
subtracted PVD of the [R€ 1.644um line for the HH34 jet.

tow Class | objects: further observations on a larger saropkources are, however,
needed to see if these properties characterise all the ktss

Comparison with TTauri jets

The [Feu] PVDs for the HH34 and HH46-47 jets are also similar to thesooleserved
in some CTTSs, such as HL Tau and RW Aurigae (Pyo et al. 20068)amtAexample,
Fig.5.29 shows the [Rg 1.644um PVDs of the RW Aur and HH34 jets. In TTauri FELs
one usually observes two separated peaks spatially loeatditferent dfsets from the
central source, the HVC being commonly displaced furthevrddiream (e.g. Hirth et al.
1997). In HH34 and HH46-47, at variance, the HVC has a pedhkdmh-source position.
This behaviour could, however, be due to the lower spatgdltgion of the observations
presented here as a consequence of the larger distance dfatid3HH46-47 with respect
to other studied T Tauri stars. In CTT jets, the LVC is usuatiynfined withind < 200
AU from the source. In HH34 and HH46-47, on the contrary, ti€lpersists at larger
distances, up to 1000-2000 AU, thus, the spatial scale leetv@zd T jets and the Class |
jets studied here are veryffBrent. Therefore, it may be that the LVC of the HH34 and
HH46-47 jet has a dlierent origin than in the CTTS case.

Differences in the excitation conditions of the various veyomitmponents have been
measured in jets from CTTSs. This kind of study has, howewerer been attempted
before for jets from Class | stars. The results found for tapethdence of the electron
density on velocity are in agreement with what is found in Big regions of T Tauri
stars, where the emission component associated with thedtweity gas is denser and
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less excited than the HVC (Hamann et al. 1994; Hartigan &1985). In such studies, the
LVC was not spatially resolved and theffdrent values fon, found between the HVC
and LVC were interpreted assuming that the LVC originatesifa dense compact region
close to the disc surface, while the HVC is associated wittoeeraxtended high-velocity
jet displaced further out. Such an interpretation was stipddy the spatial fiset from
the central source often found between the two componetite dbrbidden lines detected
in spatially-unresolved spectra of T Tauri stars. Spatiedsolved measurements of the
electron density in the HVC and LVC have been performed in @G Ay Bacciotti et al.
(2000) and Lavalley-Fouquet et al. (2000). In this caseaaance with HH34 and HH46-
47, the electron density has been found to increase witltirglop to a distance of 450
AU from the central source. On the other hand, in the DG Tauo¥et the total density
in the LVC is higher than in the HVC because of the much lowaisation fraction.
Therefore, the density structure in the Class | objectsstligere and in the T Tauri stars
might be similar, but they dier in the excitation conditions.

In jets from CTTSs, Hartigan et al. (1995) have already shtivah the mass flux in
the LVC should be lower than in the HVC: from the analysis cditggdly not resolved
optical spectra, they concluded that the LVC in jets from G&tdrs could be responsible
for carrying the majority of mass and momentum only if thet®ng region were smaller
than 1 AU.

Comparison with MHD models

Magneto-centrifugal jet launching models, such as the-gisd and X-wind models
(Ferreira 1997; Shang et al. 1998; Garcia et al. 2001a; 2uetial. 2007) predict the
presence of a broad velocity range close to the source posdorresponding to the un-
collimated outer streamlines. In both these models, the [8/@owever, confined to a
relatively small region atl < 200 AU from the source. Thus, the LV gas observed farther
away needs to be locally heated, probably by shocks. WithihA from the HH34 IRS
and HH47 IRS sources the velocity decreases almost contsfyifyom its peak reaching
redshifted velocities.

We can compare the observed kinematical signatures inggism with those in the
synthetic PVDs available for the féerent jet models. Synthetic PV diagrams from X-
wind models have been constructed for opticak][&nd [O1] lines (Shang et al. 1998),
while [Fen] PV plots have been presented by Pesenti et al. (2004) fardledisc-wind
model of Garcia et al. (2001b) (see, Fig. 5.30).

The cold disc-wind synthetic PVD presented in Pesenti €2804) was constructed
assuming a spatial sampling and spectral resolution gitalthose of our observations.
This diagram predicts [Rg 1.644um maximum (de-projected) velocities of the order of
—~700kms?. In contrast, the maximum velocity measured in HH34 and H4#6rom
the FWZI in knot A6 and S is- —400 and~ —-500 km s®. However, the observed range
of line of sight velocities predicted by disc-wind modelgrsficantly depends on the
assumed range of launching radii and magnetic lever armmes @ = (ra/ro)?, with
I andrg, the Alfvén and launch radii, respectively). Ferreirale€2006) have shown that
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Figure 5.301left) Predicted PVD of the [Fe] 1.644um line from the cold disc-wind model, assuming an
inclination angle+45°. Figure taken from Pesenti et al. (2003). (right) Predi¢®&D of the [Su] 16731
emission line from the X-wind model assuming an inclinatémgle of E30°. Figure adapted from from
Shang et al. (1998).

cold disc-wind models in general predict overly large lifisight velocities with respect
to the observations because they have overly large magee&c arms of the order of
50 or higher. On the other hand, warm disc wind solutions \mtgnetic lever arms
in the range 2-25 predict lower poloidal velocities, in betigreement with observations
(Ferreira et al. 2006). In particular, the measured polaidmcities for HH34 and HH46-
47 are of the order of 250 km’and 350 kms!, estimated from the observed peak radial
velocity corrected for the inclination angle, would implyaue ofA in the range 4-8, for
launching radii in the range 0.07-0.15 AU (see, Fig. 5.31).

X-wind models predict a narrower spread in velocity, whigheses with our observed
range, taking into account the inclination angle of 2&d 34 of the HH34 and HH46-
47 flows. In such models the intermediate and low-velocitymwponents are, however,
predicted to be present only in the inneBO AU from the central source, in contrast with
observations. In addition, the synthetic PVDs construbte®hang et al. (1998) do not
include heating processes in the calculation, but assumé#am ionisation fraction and
electron temperature.

Another interesting feature predicted by X-wind modelsespresence of a significant
redshifted emission at the stellar position similar to the observed in HH34 and HH46-
47. These are the first cases where such a feature is obsangemhdeed the absence of
the redshifted emission in the PVD of other CTT jets was tak&an indication to rule
out the X-wind model for these sources (Takami et al. 2006)HH34 and HH46-47,
such redshifted emission was not detected in previous wéisens probably because of
the lack of sensitivity.
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Figure 5.31:Comparison of predicted specific angular momentum vs. galaielocities for all types of
stationary MHD models. Solid lines represent the relatiqgmbetweerrv, andv,: in red for disc-winds
assuming a fixed launching radiusg in blue for stellar winds. Dashed lines indicates curvesmfstant
magnetic lever arm in the disc wind case. The position of theixd solution for a fixed = 0.07 AU is
indicated by a thick red line. Observational points for sel& Tauri jets are reported.

In conclusion, a qualitative comparison based on the aiailgynthetic PVDs indi-
cates that both X-wind and disc-wind models reproduce therkatics observed in the
HH34 and HH46-47 jets at their base, while none of them caroteze the large scale
LVC observed at very large distances from the source. A maenttative compari-
son would require the construction of [fFesynthetic PVDs exploring a larger range of
parameters and heating mechanisms.

The other observational finding in this study that can be @regbto model predic-
tions is the dependence of the electron density and massiilwelocity. The fact that
the electron density in the LVC is higher than in the HVC istinei consistent with the
available X-wind nor with disc-wind models. In disc-wind deis, the high velocity and
dense gas ejected in the inner streamlines is bracketecelsjdiver gas at lower density
originating from more external and less excited regionshefdisc. Cabrit et al. (1999)
show, in fact, that the electron density increases towagdis of the flow. Similarly, in
X-wind models the electron density and ionisation decreagth the distance from the
central axis (Shu et al. 1995). It should be pointed out thatbain parameter predicted
by different jet launching models is not the electron density, leittdtal density and its
variation with velocity. Therefore, the found inconsistgmay stem from an incorrect
modelling of the excitation mechanism responsible for thgignisation, not necessarily
from a wrong underlying MHD solution.
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An alternative possibility is that the LVC represents gas dicectly ejected in the
jet, but dense ambient gas entrained by the high-velocitintated jet. Observations at
higher spatial resolution would be needed to perform anyarsasimilar to that presented
here for the gas within 200 AU from the source. This wouldwlles to isolate as much
as possible the component of gas ejected at low velocityanpahitself.

H, HVC and LVC in HH34

MHEL regions (see Sect. 2.1.3) within a few hundred AU froma diniving source has
been detected in a dozen outflows (Davis et al. 2001b). Wepeaet to FEL regions, the
gas components associated with MHELSs usually show lowealraelocities and velocity
spreads.

In light of these previous findings, there are two scenahas ¢an explain the char-
acteristics of the LVC in the Hlines of HH34. The first hypothesis is that such a low-
velocity warm molecular gas is excited by oblique shocksioweg at the wall of a cavity
created by the interaction of a wide angle wind with the amfbreedium. Indeed, the
large reflection nebulosity associated with HH34 IRS sutgybe presence of a cavity il-
luminated by the central source. The second possibilityasthe H gas originates from
the external layers of a disc-wind. Magneto-centrifugaldunodels, in fact, predict that
the fast collimated inner component coexists with a slomaiag external component at
low excitation. In a previous study, the,l¢mission observed within 100 AU from DG
Tau has been interpreted by Takami et al. (2004) in this scen&odelling of the B
molecule survival and excitation in disc-winds is, howevereded to support this inter-
pretation.

The fact that the HIHVC is observed only from a distance 2" from the star, at
variance with [Fer], may indicate that the molecular gas does not survive irditmms
of highly-excited gas constituting the high-velocity imjet region. In this inner region,
the jet is probably travelling inside a low-density cavitydathus no molecular material
is present to be entrained by the fast moving flow. ReformatioH, in the jet could be
at the origin of the H HVC seen further out: the dust in the jet is not fully destidye
(Podio et al. 2006) and thus the holecules can be formed again once the physical
conditions become favourable for the molecule survivaktitation in the wings of mini-
bow shocks along the flow can be another possible explanftidghe H, HVC, although
the high radial velocity of K close to the velocity of the atomic gas, is not supported by
H, excitation models in bow-shocks (Flower et al. 2003).

Constraining MHD models from dust depletion measurementsHH46-47

The study of the presence of dust grains along the jet beambecased, in addition to
the study presented above, to constrain MHD models.

Dust grains of the ambient medium are expected to be conhplgéstroyed by the
passage of the initial bow-shock front which average véjasi higher than 100 knt$
(Draine 2003). Subsequent shocks along the jet beam shoeddftre occur in a dust
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Table 5.17: Summary of the average physical propertiesictnsidered sample of Class
0/l objects.

Jet Clasd Vs Ne? M e M et/Mace
(kms?1) (cm3) (108Myyr?)

HH1 0 78 5600 2.4-11.0 0.007-0.02
HH111 0 66 6250 >1.2-2.2 >0.003
HH212 0 57 5000 0.2(0.9) =0.0004 (0.001

HH34 I 82 2600 5.6-20.0 0.01-0.03
HH46-47 I 94 3610 3.7-13.0 0.1-0.9

aElectron density derived from [F# line ratios.

bRange of mass flux rates derived from jféuminosities. Lower values are measured assuming an
iron solar abundance, while upper values have been dernigatthe iron gas-phase abundance derived in
Nisini et al. (2005b) and Podio et al. (2006).

SUpper value derived assuming that orl83% of the iron is in gaseous form. This result represents
a lower limit since the extinction towards the source is pia larger than the one assumed here, see
Sect.5.4.2 _ _ _

dIn parenthesis, the averay,, and theMy,/Mae. values are reported

free environment. | have, however, shown that in HH46-47ado88% of iron within
450 pc from the source is still,| depleted on grains. Thisigalecreases t€58% in the
external knots.

After the passage of the shock front the time required fomgréo be reformed is
larger than 1Byr. The jet employs, however, around3100*yr to travel from the cen-
tral source to the final bow-shock. This means that graineatabe formed along the
jet beam. In addition, it is unlikely that they come from amiment material from the
surrounding media, since the depletion decreases fronmtiez to the external region of
the jet. Therefore, the larger amount of grains near theceomay suggest that they have
been removed from the accretion disc and transported thrthegjet.

The inner region of accretion discs is expected to be contposly by optically thin
gas: the radiation of the central protostar destroys theghams up to a distance named
the dust evaporation radius. For Clagk dbjects this radius is expected to be around
0.1 AU from the protostar (Isella & Natta 2005). This mearet th Class 0 jet cannot
transport dust from the disc if the jet is launched from aoagiloser than-0.1 AU to
the central object. This fact favours the presence of awisd-(alone or combined with
other jet launching mechanism, see Chap. 2.1.1) as the misamaesponsible for the jet
launching and the extraction of dust from the disc.

5.6.2 General properties of Class0jets

Although the sample of Clasgl®bjects studied in this thesis is too limited to represent
a statistically significant sample, it can be used to evideary general trend of the mea-
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sured properties and probe any evolutiondtga in the jet excitation and dynamics. In
Table5.17 a summary of the main parameters derived in tlesigaveraged over the
brightest knots of each jet) is reported.

All the objects presented here show bothiiFand H, emission and the ratio between
atomigmolecular emission is independently of their evolutionstate. Observations of
other Class | jets in the near-IR (e.g., Davis et al. 2003amhaket al. 2006) confirm this
trend and suggest that the jet excitation probably doesepmd on the age of the source
but more on the characteristics of the ambient medium in kvjgts propagates. In the
observed Class 0 jets the electron density is higher thareilCtass I. This fact probably
reflect the higher total density in the environments of thesy young objects. Shock
velocities are always high, with values ranging betwe@&0-100 kms!. Such a high
shock velocities justify the presence of strong Fe emissioall the investigated jets,
since only shocks with speegb0kms?! are able to dissociate molecules and ionise a
significant fraction of gas.

For each of the objects the range of mass flux rate transpalded the flow has been
measured. This range has been inferred from the luminositiyear] lines assuming a
solar iron abundance (lower limit) and an iron gas-phas@éddoce (upper limit). The
M« values oscillated betweenx208 M yr~* and 2<10-'M, yr. These values are on
average larger than the observed in CTTS, with the excepfibighly active TTauri stars
such as DGTau and RwAur. The HH212 jet shows, however, mugérlgalues of the
order of 210°M,yr!, and, at variance with the other studied objects, the méecu
component transports the bulk of the mass with an average MI\'/IH2~9><109. There-
fore, either the jet is mainly molecular or most of the iroora the flow is located in
grains. Nevertheless, thdy, value is smaller than th ;¢ found in the other objects.
This probably indicates that most of the mass is transpdoyetthe cold molecular com-
ponent not traced in the NIR, such as SiO and CO. Indeed, @oeledl. (2007) derived
a mass loss rate from sub-millimetric observations (thasrig the coldest component of
the jet) of~1-2x10° M, yr .

The mass accretion rates derived in literature for the mighgources of the sample
give rise toMj«/My ratios between 0.02-0.03, roughly the same value found iISCT
This result suggests that the same launching mechanisneger over mass accre-
tion rates ranging several magnitude orders. The large gjaston to accretion ratio
found in HH46-47 Mja/Ma~0.9) is probably related to the fact that the driving source,
HH46IRS, is actually a binary system. As discussed in Antocii et al. (2008), there
is no certain on which the sources are driving the jet anduherosity contribution of
the companion to the real source is unknown. Therefore ttiason of M, for this
system is probablyféected by several uncertainties regarding the total luniyo$ the
source.



Chapter 6

Probing the mass accretion in Class |
protostars

The mass accretion rate in young stellar objects represearritical parameter to under-
stand the star formation process. Although the accretiopgties of optically visible
CTTS have been widely studied usindgfdrent methods (see Chap. 2), very few studies
have been done so far about the accretion properties of $beelmlved Class | sources.
As discussed previously in Chap. 2, recent studies showtlieat is a large spread in
the measured accretion luminosities of embedded objettsyalues ranging from a few
percentage to a 80% of the total bolometric luminosity. ia thapter, the accretion prop-
erties of our sample of Class | sources in Ophiucus are studikis study allows us to
verify the paradigm of the proposed evolutionary sequencgdung stars according to
which Class | are actively accreting objects less evolved tBTTS.

This chapter is organised as follows: in Sect. 6.1 and 61l| present the ISAAC
spectra obtained in the sample (see Chap. 4) discuss ftieeedit detected spectral fea-
tures. In Sect. 6.2, the method to derive the mass accredterfrom the By luminosity
will be illustrated, and a discussion of the obtained resswitl be done.

6.1 Detected lines

The emission lines detected in the VLT-ISAAC spectra of thmgle of Class | sources
(see, Chap. 4) are reported in Table 6.2, while from Fig.6.Ei¢. 6.8 the spectra of the
sources in dferent bands are shown, with the exception of IRS43 where Binhemis-
sion has been detected.

Five sources of the sample (WL12, IRS54, WL17 and YLW16A)sihoight [Fen]
and H emission lines (see, Figs.6.1, 6.4, 6.5 and 6.8). The deteof [Fen] and H,
emission evidence the presence of an atgmadecular jet at the base of these sources. In
WL17 and WL15 only H emission has been detected. This indicates that in theseesou
the line emission region is characterised by high densiineslow excitation conditions.

In addition to H and [Fei] emission lines, also several HI permitted emission lines
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Figure 6.1:H- and K-band spectra of WL12.

have been detected. These lines are mainly observed at tiheesposition and their
origin is not clear. They trace high density gas excited gh hemperatures either in the
accretion region or at the base of protostellar jets. Thenrdatected HI transitions are
recombination lines of the Brackett series. In additionfaar of the sources (WL16,
WL17, IRS54 and WL18) also emission from thesHime is detected. The line profiles
of the P® and Bty lines are symmetric in all the sources with the exception af1'd/
(Fig.6.1) where all the detected Brackett lines and the liPee show inverse P-Cygni
profiles, indicative of matter in infall motion towards thigject. In this source also bright
CO emission from dierent vibrational band-heads in the 218 region is detected. The
CO 2.3um feature is usually interpreted as coming from an inner@aselisc, heated at
temperatures 0£2000 K or more by accretion. All these evidences suggestilizlt6
should be a source in a very active accretion phase.
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Figure 6.2:3-, H- and K-band spectra of WL16. BothiBand P& lines show inverse P-Cygni profiles.

6.1.1 Discussion on the observed spectral features

The ISAAC spectra of the set of Class | sources shdbedint spectral features that vary
from one object to another. The HI emission is the only femiarcommon in all the
objects of the sample, whileg&ind [Feai] emission is detected in the60% and 50% of
the sources, with a37% of them showing both [Rg and H, emission. Only one of the
sources, WL16, presents CO emission.

These features are commonly observed in embedded sourgepniann et al. (2005),
who obtained K-band spectra 660 Class | sources, detected Hl; Bhd CO emission
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Figure 6.3:(Top) J- and K-band spectra of GSS26. (Bottom) H- and K-baedtsa of WL15.

in a total of 65%, 44% and 15% of the objects of their sampleaddition they found
that CO emission is always related with HI transitions. k& $ample studied here there is
no correlation between emission of permitted lines andi[feend H, emission. That is,
accretion features seems not to be directly related witlptasence of jet lines from the
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Figure 6.4:3-, H- and K-band spectra of IRS54.

region close to the driving source.
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Figure 6.5:3-, H- and K-band spectra of WL17.

6.2 Accretion properties

The accretion luminosity (k) for the set of Class | sources has been derived frogn Br
luminosity applying the relationship found by Muzerolleagt(1998) in a sample CTTS:

L
|_ogLLaoc = (1.26)Log—=2

© L@

+4.43 (6.1)

We therefore assume that this relation is still valid foritth@re embedded sources studied
here. Such an assumption has been validated by Nisini &0fl56) in a small sample of
Class | sources of the RCra star forming region.

In order to derive the Brluminosity, the line flux has to be corrected for the extinc-
tion. As already discussed in Chap. 2.2.2, the extinctiaratd the source is a critical pa-
rameter that represents one of the highest sources of artioe computation of .. Ex-
tinction values estimates based on NIR colours give uswvally uncertain results for very
embedded sources, as shown by Antoniucci et al. (2008) .nGle problem, the method
of computing self-consistent,Avalues developed by Antoniucci et al. (2008) have been
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Table 6.1:M, for the observed targets.

Source A’ I—aoc L. M. R. I—aoc/l— bol I\./Iacc
(mag) (L) (Lo) (Mo) (Ro) (10°Moyr™)
GSS26 154 003 03 01 22 0.1 0.03
IRS43 489 001 15 04 31 <01 0.1
IRS54 347 04 03 01 22 0.7 3.1
WL12 478 02 06 02 25 0.2 1.3
WL15 271 19 41 06 4.2 0.3 20.8
WL16 166 30 07 02 24 0.8 14.3
WL17 30 03 03 01 22 0.8 2.6
WL18 8.0 01 03 01 22 0.8 0.6
YLW16A 36.1 03 15 04 3.1 0.2 1.7
YLW16B 186 01 03 01 22 0.3 0.5

employed instead of the available extinction values fraerditure. This method is based
on the observed magnitude of the objects. Indeed, the antrgtellar luminosity is given
by:

Log(L./Lo) = —0.4(Mp — Mbol,o) (6.2)

where n is the observed magnitudel,y o=0.45 is the bolometric magnitude of the Sun

and My is:
Mb0| =BC+ MK + (V - K)* (63)

The absolute magnituddy in eq. 6.3 depends on the observed magnitagdethe extinc-
tion A, the veilingry, and the distance modulus DM,

Mg =mg + 25 Log(l +rg — A — DM) (64)

while the values of the bolometric correction BC and theimsic stellar colour  —
K). depend on the spectra type and age of the objects. Thus, ifssweee that our
sources are late-type stars located on the birthline andhasgarameters provided by a
set of evolutionary models, we can obtain an estimatdxofrom the observed K-band
magnitude and veiling of the objects.

On this basis, we adopted a procedure that allowed us toeddm@vditerent physical
guantities in a self-consistent way. Namely, we vadgdintil we have found a value able
to reconcile the stellar luminosity from Eq. 6.2 with thewaliven byl o — Laec, Where
Lac IS derived from the extinction-corrected (by the conside#®) Bry line emission
using Eq.6.1.

The described procedure has been carried out assumingthiénlei location of Palla
& Stahler (1993) and considering the colours and bolometricection given by Siess
et al. (2000) to convelt, into M¢ (Eqgs. 6.2 and 6.3). The inferred values af,A ;. and
the stellar luminosity, mass and radii are reported in Télde



108

log dM/dt (Mo yr™)

120 v v e e e e e
-1.5 -1.0 -0.5 0.0 0.5 1.0
log M/M,

Figure 6.6:Mass accretion rate as a function of the stellar mass forttittesl Class | sample (asterisks)
and a set of CTTS and brown dwarfs (squares, crosses, pluhani; Muzerolle et al. 2003; White &
Ghez 2001; Gullbring et al. 1998; Calvet et al. 2004).

All but two of the sources (GSS26 and IRS43) are activelyetooy with Ly.>0.1 L.

In particular, WL15 and WL16 show the largest values gf 1(1.9 and 3.0 L, respec-
tively). Despite this fact, the accretion luminosity is andoant fraction of the total kg

in only four of the ten sources. This is the case of IRS54, WMB17 and WL18 which
have Lyc/Lpo =0.7. For the rest of the sources the ratig.IL is in the 0.1-0.3 range.
This work shows therefore that not all the Class | that arerassl to be in an active ac-
cretion phase, have their luminosity dominated by the aiceréduminosity. This implies
that most of the sources of the sample have already accuadutagir final mass. This
may indicate that an important percentage of objects afrelssified as Class | sources
are not in a high accretion phase. In this case, a large anod@tass | sources would be
misclassified Class Il stars. This could be principally dugéometrical #ects (as e.g.,
edge-on orientation of the systems) that can significariigcathe colours of the objects,
on which the classification of YSOs is mainly based.

It can be also noted that there is no apparent correlationdsgt the value of ke
and the presence of [k or H, emission (associated with jet emission). For example,
WL18, where no [Fa] or H, emission has been detected, hag+0.8, roughly the same
value found in WL17 that shows bright emission in theZHL22um line. Hence, active
accretion and ejection do not seem to occur simultaneously.

From the accretion luminosity, it is also possible to dettive mass accretion rate
(Macc) Using the expression for disc accretion (Gullbring et 898):

LaccR* ( R* )

oM, 'R

M = (6.5)
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where R and M, are the stellar radius and mass andsRhe inner radius of the accretion
disc. R and M. are derived from the above analysis and are reported in Bablé&or R
a value of 5 R has been assumed following Gullbring et al. (1998).

The inferredM, are reported on Table 6.1. On average, a validgf~4.5 108 M, yr!
have been found among the objects of the sample, with theogzoeof WL15 and WL16
that show the largedl..c with values of 2.%107 and 1.4107 M, yr %, respectively.
The same order of magnitude b, is also found in CTTS (see, Chap 2). It should be
noticed, however, that our set of Class | sources are verniass stars with M<0.6 M,

If we compare the computed,.. values with those of CTTS with roughly the same mass
then M, is in average larger than the values found for CTTS as showigir6.6. Only
GSS26 and IRS43, whichyle/Lpg ratio is very low, present M. value similar to the
one found in CTTS with the same mass.
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Figure 6.7:J-, H- and K-band spectra of WL18.
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Table 6.2: Emission features in the observed Class | sources

AN

Line id. A WL16 WL12 WL17  YLWI16A YLW16B  IRS54 WL15  WL18 GSS26 IRS43
pm 1074 10°Y7 106 10718 10718 10718 1015 0% 10 10
[Fen] a’D7/2-aDg, 1.257 0.020.01 0.9:0.1
P& 1.282 0.20.1 39.20.1 2.80.1 2.9:0.1 0.8:0.1
Br 13 1.611 0.50.1 3.2:0.8 1.:0.3  1.40.1  0.50.2 0.20.1
Br 12 1.641 1.80.2 4.4:0.9 1..0.3 1201 1205 1.k0.1
[Feun] a’Dy7r-a'Fg/p  1.644 3.30.1 0.60.1 0.720.1  2.50.2
[Fen] a*Dy/p-a'Fs2,  1.664 0.6:0.2
[Feun] a*Ds/o-a*'F7»  1.677 1.20.2 0.5+0.3
Bri11 1.681 2.20.2 7.205  0.802 1603 2102 1806 1.60.1
H, 1-0 S(9) 1.687 0.50.1
H, 1-0 S(1) 2.122 2060.1 5.00.7 12.1:0.1 7.20.1  8.31.3
Bry 2.166 310.60.1 2.5%0.5 144.620.2 7.31.1 124616 100.60.6 758.6.9 3.90.1 9.6:2.6 2.10.5
2.223 13.20.3 3.8:0.2 2.6:0.1
H 2-1 S(1) 2.247 490.3 1.9:0.2 0.4:0.7
CO (2-0) 2.294 520480.1

Fluxes not corrected for extinction in units of*lé&rgs* cm—2.




Conclusions

The general aim of this thesis is to perform an investigatioime accretion and ejection
properties of young embedded protostars (the so-calless@lesources).

One of the main objectives is to probe through IR spectrasdephniques the physics,
kinematics and dynamics of the collimated jet driven by aanof Class {1 sources:
the set of observationally derived physical parametersokas compared with those of
optically visible jets from TTauri stars in order to eviderany evolutionaryféect. They
have been, in addition, used to constrain the current thieatenodels for the jet launch-
ing and acceleration. Such a study has been performed (&&A&Q instrument mounted
at the VLT, that provided the spectral and angular resatutieeded to resolve theftibr-
ent kinematical components of the jet at the relevant dpstades.

In addition to this study, part of the thesis work has been dkvoted to the deter-
mination of the accretion properties of embedded sourceagh Ws aim, the accretion
luminosity and mass accretion rates of a sample of ten Classrices located in the
Oph molecular cloud have been measured through the analyisir IR permitted line
emission in order to revise their evolutionary status.

The main results obtained in this work are summarised below:

Large scale jet properties:

e Deep ISAAC VLT observations have been obtained of two CladdH34 and
HH46-47) and three Class 0 (HH1, HH111, HH212) objects. Ete from the
Class | sources have been detected down to the central ohjeide the Class O
jets have been observed when they emerge from the densepenaltheir driv-
ing source, at about 1“50f distance. All the jets show an atomic and molecular
component, traced by [kg and H; lines, respectively. The two components trace
different sections of the same jet: while the atomic gas is Idcatie inner ionised
region, the molecular gas traces the outer and less ex@tdbss.

e The kinematical properties of the jets as a function of tistasice have been stud-
ied in detail through Position-Velocity Diagrams (PVDs)tbé [Feun] and H, line
emission. The radial velocities of these two jet componesuigie betweer 20-
250km st and decrease with the distance from the source. On smadi, sealial
velocities show, however, cyclic variations along the.j@tsis modulation in veloc-



114

ity can be due, e.g., to variations of the ejection velositiediterent epochs or to
jet precession induced by the presence of a companion @dke triving source.

Individual emission knots often present a double veloaiyponent, probably due
to the presence of mini bow shocks, where the velocity dselegoing from the
bow apex to the bow flanks, intercepted by the instrument slit

The FWHM of the detected lines would imply shock velocitietvieen 50 and
80kms?. Such high velocity shocks produce ionisation fractionshef order of
0.3-0.4, i.e., higher than the valuesxafmeasured in these jets, which are lower
than 0.2. This indicates that the line widening is determhinet only by shock
dispersion but also by, e.g., a lateral expansion of the jet.

The electron density (hin the jet atomic component has been measurediiarént
velocity components from the ratio of density sensitiveifHenes (1.6001.644um).
The electron density along the jets decreases from the torike outer knots, with
values averaged over the brightest knots ranging betwe@h@ 3 and 6200 cim.
Class 0 jets present on average larger electron densitiesagipect to Class | jets.
This fact probably reflects the higher total densities ingh@ronments of the still
deeply embedded Class 0 sources. In the knots that can beepetisented by
non-resolved bow shocks, the electron density increasisweiocity, as expected
by bow-shock models.

The observations of additional lines of less abundant sgesuch as [K] and [Tin]
have allowed to measure the gas phase abundance of Iron abaidipthe dust
reprocessing of refractory elements. The observed rafibeaf]/[P n] in HH46-47
implies that only about 12% of iron is in gaseous form neasthece, increasing to
avalue of 42% in the external knots. This indicates thataiagnt fraction of dust
is present in the inner jet region. Finally, comparing theesled [Tin]/[Fen] ratio
in the HH1 jet with the theoretical expected value, a gassph&gTi abundance
ratio 2-3 times less than solar have been found. This seenmlicate that the
release of gas-phase elements from dust grains likelywsli selective pattern in
which Ti-bearing condensates are more easily destroyectkieaFe ones.

The jet mass flux transported by the atomic component have toeasured from
the [Fen] 1.644um line luminosity. In all the jets, but HH212, most of the m#gsg

is carried out by the atomic gas that thus represents thewigally more important
component in the jet. The derived values are in the range02-2x107" M, yr*
and remain roughly constant with the distance from the dg&ource, as expected
in steady jet flows. These valuesMf are higher by about an order of magnitude
with respect to the values inferred in most of the Classic@iri stars (CTTSS),
as expected for younger actively accreting sources.
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The base of Class | jets:

e The kinematics and physical properties of the HH34 and HHAGets within
1 000 AU from the central source have been studied in detaitdeer to give con-
strains to the current jet formation theoretical modelse HH34 and HH46-47
[Fen] PVDs present near the source two components at higld@-200 km st)
and low 50 kms?) velocity (the high velocity component, HVC, and low ve-
locity component, LVC). A fainter red-shifted counterflolmshbeen detected for
the first time in HH34 down to the central source and up to aad of~25"
(11 500 AU) from the star. At variance with [l¢ the H, PVDs are diferent in the
two objects. The HH34 HPVD shows spatially- and kinematically-separated LVC
and HVC, and only the LVC is visible down to the central souiCleis component
is close to 0kms' LSR velocity and the blue-shifted and red-shifted jefets
by less than 10 knT$. At intermediate velocities between these two components,
no emission is detected in the; ®VD. The H PVD of the HH46-47 jet shows,
however, a single velocity component-&0 km s,

e The electron density and mass loss rate has been deriveduast®oh of the ve-
locity component. At variance with found at large distanitem the source, both
jets show increasing electron densities with decreasitaritees in the innermost
regions, with average values ranging from8910° cm to 4.7 x 10° cm2 for the
LVC and HVC of the HH34 jet and from 7650 chto 5400 cm? for the LVC and
HVC of the HH46-47 jet. The bulk of the mass along the jets asyéver, carried
out by the HVC.

e The PVDs of the inner region of HH34 and HH46-47 are similath® ones ob-
served in the forbidden emission line (FEL) regions of CTTi&e LVC in CTTS is,
however, confined within a distance o£200 AU from the source, while in HH34
and HH46-47 it reaches distances up-tD00 AU.

In CTTS the electron density near the source has been foumdrease with ve-
locity at variance with what is found in HH34 and HH46-47. @e bther hand, it
seems that in CTTS the total density in the LVC is higher tmethe HVC because
of the much lower ionisation fraction. Therefore, the dgnstiructure in Class | jets
and in T Tauri stars might be similar, but theyfdr in the excitation conditions. The
different excitation structure could represent also the caube different extent of
the LVC in Class | and TTaturi stars.

e The comparison of the PVDs of the HH34 and HH46-47 jets anelibetron den-
sities with the predictions provided by MHD launching madsluggests that the
kinematical features observed close to the source in thigsethspectra can be,
qualitatively, reproduced by both disc-wind and X-wind retsd Neither of them is
able, however, to explain the persistence of the LVC at ldiginces (up to 1000
AU) from the launching region. Moreover, none of the exaiiatmechanisms pro-
posed in these models can explain the velocity dependenekeoinon density that
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is measured in HH34 and HH46-47. The analysis presenteddieady shows
the need for a refinement of the existing models in order te tato account the
observed discrepancies.

Accretion properties of Class | sources:

e The near IR spectra of a sample of ten Class | objects ip thph molecular cloud
show diferent characteristic, with emission lines that varies aynihre diferent
objects of the sample. In particular, in all the objects pt#ed HI emission lines
have been detected in form of transitions from the Brackett Baschen series.
while transitions typical of jets, such as the [fend H, lines, have been detected
in only the 60% and 50% of the sources, respectively.

e The profiles of the Brackett series lines are all symmetrit wiidths that indicate
velocity dispersions of the order of 100-300 knh.sThe only exception is WL16,
where the HI transitions clearly show and inverse P-Cyqoiilg;, indicating matter
in infall motion toward the source. This source presents aigission from the CO
2.3um band, that is a further evidence for the presence of a wasrpgzbably
heated in an accretion disc.

e From the By emission flux, the K-band magnitude of the sources and tluda-b
metric luminosity, important source parameters have bessiple to derive such
as mass, accretion luminosity and mass accretion rate e fa@ameters have been
used to determine which fraction of the Class | sources diegeficaccreting and if
there is any correlation between the mass accretion ratthandass of the source.

Only four of the ten sources (IRS54, WL16, WL17 and WL18) haceretion
dominated luminosities /L acc~0.7-0.8) withM, ranging from X108 M, yr-*

to 1x107 M, yr t. The derivedVl, within the sample are in average higher that
the values found for CTTS of the same mass, with the exceptlidBSS26 and
IRS43 that show the lowest bolometric to accretion lumityasitio (Lyo/Lac<0.1).

It seems, therefore, that only a few percentage of the ssuwlessified as Class

| have accretion dominated luminosities: these sourcepraigably already in a
TTauri phase, but still embedded in their residual envedope

The analysis presented here shows the potential of NIR Esecipy to the study of
the accretion and ejection properties of Class | objectshodigh this work has lead to
important results, these need to be confirmed on a larger euafisources. In particular,
observations on larger samples of Class | sources frdtardnt molecular clouds and
with different masses are needed in order to better understand teé@cproperties of
these objects and their connection with the TTauri stargs $tatistical work together
with accurate measurements of the mass loss to accret®wildhelp us to understand
the connection between accretion and ejection and theyethkang mechanism.

In addition, more stringent constraints to the proposed MElihching models are
needed. These can be obtained only probing the innermadshszg.e., inside-100 AU
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from the driving source. It is therefore fundamental to uselargest spatial resolution
available with the present instrumentation. The use of taapptics (AO) with laser
guide stars (LGS) open the possibility to investigate theirjet region with diraction
limited performances also in embedded Class | sources.diti@al, it will be very impor-
tant to use integral field unit facilities available withinsments like SINFONI at VLT, to
have a 3-D structure of the jets, that will make it possiblettmly the excitations and kine-
matics also in the transverse section of the jet. These Kiadalysis will make possible
to bring the study of jets from young embedded sources ataime $evel of development
as that now reached in CTTSs.






Appendix A

Appendix - Rovibrational diagrams and line fluxes along

the HH46-47 jet.

In this Appendix | report the low-resolution spectroscolme fluxes (not de-reddened)
observed on each of the analysed knots along HH46-47 tageitiethe inferred rovi-

brational diagrams, with the exception of knot Z2 which lihexes and rovibrational
diagram are reported on Chap. 5.

Line Fluxes

Table 6.3: Observed unreddened lines along HH46-41inds.

Lineid.  A(um) F (A F)(10%rg stcm)
S Z2 X Y3 Y2 Y1

H,2-1S(5) 1.945 2.7(0.7)
H,1-0S(2) 2.034 2.1(0.6) 26.6(0.6) 10.0(0.6) 13.2(0.4)7(®4)
H,2-1S(3) 2.074 .. 3.7(05) 2.3(0.2) 3.9(0.4)
H,1-0S(1) 2.122 12.0(0.5) 5.6(0.3) 36.3(0.3) 27.0(0.3) @B3( 22.7(0.2)
H,2-1S(2) 2.154 1.1(0.2) 1.6(0.2)
H,1-0S(0} 2.224 12.7(0.6) 3.1(0.6) 7.7(0.4) 5.4(0.5) 6.9(0.3) 520
H,2-1S(1) 2.248 1.4(0.4) 3.4(0.3) 3.00.5) 4.6(0.2) @3
H,1-0Q(l) 2.407 16.6(1.3) 4.8(0.6) 28.9(0.6) 20.8(0.8) @B 17.8(0.5)
H,1-0Q(2) 2.413 13.8(1.5) 2.3(0.3) ..
H,1-0Q(3) 2.424 16.2(1.3) 5.8(0.5) 30.7(0.6) 23.3(1.5) @BAH 17.8(0.5)
H,1-0 Q(4) 2.437 9.3(1.1) 8.4(0.7) 6.1(1.2) 8.0(0.6) 6.8
H,1-0Q(5) 2.455 23.4(0.9) 15.7(1.6) 21.6(0.8) 1430
H,1-0Q(6) 2.476 6.6(0.6)




Table 6.4: Observed unreddened lines along HH46-47: atbhnes.

Line id. A(um) F (A F)(10%%erg slcm)
S HH46-1 B8 Z2 X

[Pu]®P,-1D,  1.188 6.2(1.2)
[Fer]a’Ds-eD7»  1.249  1.9(0.6)
[Fen]a*D;-eDg, 1.257 54.2(0.8) 15.8(0.9) 11. 9(0 7) 7.1(0.9) 6.4(1.0)
[FeII] ang/z-a4D7/2 1.267 3. 2(0 8)
[Fer]a’Dy-eD1, 1.271  2.0(0.3)
[Fer]a’Ds»-aDs,  1.279  2.4(0.6)
[Fer]a’Ds»-eDs»  1.295 8.9(1.1)
[FeII] a4D3/2-a6D1/2 1.298 34(09)
[FeII] a2G7/2'a4D3/2 1.300 17(06) .
[Fen]a*D;-eD7, 1.321 13.1(0.4) 4.5(1.4) 3.5(0.5) 3.0(1.2) 2.4(1.2)
[Fer]a’Ds»-eDs, 1.328  4.3(0.6)
[Fer]a’Ds-aFo, 1534  9.9(1.0) 0.7(0.4)
[Fen]a’Dap-a'Fr,  1.600 11.2(1.0) ... . 0.9(0.4)
[Fen]a*D;-a'Fo,  1.644 85.8(0.7) 8.9(0.5) 8.7(0.8) 20.1(0.5) 4.4(0.5)
[FeII] a4D1/2-a4F5/2 1.664 57(08) 11(07)
[Fer]a’Ds-a'Fr»  1.677 13.3(0.9) 1.8(0.4)
[Fer]a’Dsp-aFy, 1797  5.2(0.9)
[Fer]a’Ds-a'Fs,  1.800 14.3(0.7)
[FeII] a4D7/2-a4F7/2 1.810 526(11)
[FeII] a2P3/2-a4P3/2 2.133 32(05)

Table 6.5: Observed unreddened lines along HH46-47: oithes.|

Lineid. A(um) F (A F)(10%erg sicm)

S HH46-1
P8 1282 19.8(1.2)  2.7(0.7)
Bry 2166 9.4(0.8) 1.1(0.5)
CO (2-0) 2.294
CO(3-1) 2.323 4.7(1.4)
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Rovibrational diagrams
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Figure 1:H, rotational diagram for the fferent lines in the knot X1. Mierent symbols indicate lines
coming from diterent vibrational levels. The straight line representsitést fit through the data. The
corresponding temperature is indicated. An extinction @£B.5 mag was adopted.

r Knot X2 1
34~ T=2338 +/- 51K 7

33

32

In (N/g),,

31

30

E, , (10% K)

Figure 2: H, rotational diagram for the fferent lines in the knot X2. Mierent symbols indicate lines
coming from diferent vibrational levels. The straight line representshtest fit through the data. The
corresponding temperature is indicated. An extinction @£Amag was adopted.
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Figure 3: H, rotational diagram for the fferent lines in the knot X3. Mierent symbols indicate lines
coming from diterent vibrational levels. The straight line representsitést fit through the data. The
corresponding temperature is indicated. An extinction @£8.5 mag was adopted.

U T

Knot Y
T= 2069 +/- 42 K i

33 [

32

In (N/g),,

30 [

29

E,, (10° K)

Figure 4: H, rotational diagram for the fferent lines in the knot Y. Dierent symbols indicate lines
coming from diterent vibrational levels. The straight line representsitést fit through the data. The
corresponding temperature is indicated. An extinction g8 mag was adopted.
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