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Abstract

In this thesis, I investigate the formation of high-mass young stellar objects

(HMYSOs) and the properties of their protostellar jets.

My first science chapter is a study of the kinematic and dynamic properties

of the 20M� HMYSO IRAS 13481-6124 (Fedriani et al. 2018). I measured mass-

loss and momentum rates on the order of 10−4M� yr−1 and 10−2M� yr−1 km s−1,

respectively. I used H i emission lines to perform spectro-astrometry to probe the

massive protostellar jet at au-scales and connect it with the parsec-scale jet.

In the second science chapter, I study the unique case of G35.2-0.74N, a

10M� HMYSO (Fedriani et al. 2019). I observe, spatially coincident atomic

near-infrared (NIR) and ionised radio jet emission. For the first time, the ioni-

sation fraction from a jet driven by a massive protostar has been measured. The

value obtained (∼ 10%) is similar to that found in jets driven by low-mass pro-

tostars. This suggests a common launching mechanism, i. e., the jet is launched

magneto-centrifugally. It was possible to measure mass-loss and momentum rates

on the order of 10−5M� yr−1 and 10−2M� yr−1 km s−1, respectively, without re-

lying on assumptions on the ionisation fraction. This study also confirms that

the ionisation mechanism is related to shocks instead of UV radiation from the

central source. The new method used in this paper, which combines NIR and

radio measurements, opens up a new way to measure ionisation fraction of jets

for both the low- and high-mass regime.

Lastly, the jet and the accretion disc of the driving source of the Herbig-Haro

object 135/136, IRAS 11101-5829, was investigated in the third science chapter

(Fedriani et al. 2020). I found disc emission, for the first time, in this object

revealed by the NIR CO overtone bandhead emission at 2.29 − 2.5µm. By us-

ing our own developed LTE model, I infer that the emission is consistent with a

relatively warm (T ∼ 3000 K) and dense (NCO ∼ 1022 cm−2) disc. Notably, the

model also suggests a geometry different from that inferred in the jet, retrieved



from both spectral emission lines and imaging. This implies that the disc emis-

sion is reflected off the outflow cavity walls. This approach has been used for the

first time in this thesis and indicates that to obtain the correct geometry of the

system, one needs both high spectral and spatial resolution to avoid retrieving

possible erroneous results.

The results presented in this thesis show further observational evidence that

the formation of high-mass protostars and their jets are a scaled-up version of

their low-mass counterparts and that their properties scale with mass. In light of

these results, we are then one step closer to confirm that star formation proceeds

in a similar fashion independently of mass.
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1
Introduction

“The nitrogen in our DNA, the calcium in our teeth, the iron in our blood,
the carbon in our apple pies were made in the interiors of collapsing stars.

We are made of star stuff”

– Carl Sagan

Stars are the building blocks of the Universe and everything we know is made

of the elements that are formed in the interiors of stars. Probably the question

how are stars born?, was only asked a few hundreds years ago and a fundamental

change of paradigm occurred. Before, throughout human history, stars were taken

as more or less fixed, they were just there. However, one has to wait until the

18th century for modern ideas, and in particular the so-called nebular hypothesis,

to emerge from the mathematician Laplace and the philosopher Kant. Later that

century, Herschel, while scanning the skies with his sister Caroline, found the

famous ‘holes’ in the Heavens. These holes we now know are not true holes but

actual astronomical objects, the well-known and well-studied molecular clouds as

first suggested by Barnard (1916) and Wolf (1923). Later, Bok & Reilly (1947)

found dark globules which they suggested were in the process of forming stars.

A few years before, Joy (1945), while surveying the sky with an objective prism,

discovered T Tauri stars, but without realising exactly what he had found. Their

connection with stellar birth was made just two years later by Ambartsumian

(1947)-.
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In classical terms, to form a star, the force of gravity must overcome every

other force (such as pressure, turbulent, and magnetic forces). In the simplest

case, i. e. when one only considers thermal pressure counteracting gravity, it is

intuitively obvious that for a fixed density and temperature, a sphere of sufficient

radius (and hence mass) will collapse. This critical mass, the Jeans mass (MJ) is

given for two typical formulations:

MJ =
4π

3
ρR3

J

= 2
( cs

0.2 km s−1

)3 ( n

103 cm−3

)−1/2

M�

= 1.1

(
Tgas

10 K

)3/2(
ρ

10−19 g cm−3

)−1/2

M�

(1.1)

where ρ is the density, RJ is the Jeans radius, cs is the sound speed, n is the

number density of particles, and Tgas is the temperature of the gas. Once gravity

has overcome pressure forces, it remains dominant for a free-fall timescale, which

provides an estimate of the accretion time scale:

tff =

(
3π

32Gρ

)1/2

= 2.1× 105

(
ρ

10−19 g cm−3

)−1/2

yr

(1.2)

where G is the gravitational constant. Another important timescale in star for-

mation is the Kelvin-Helmholtz timescale, which is the approximate contraction

time of the protostar and gives an estimate of how long it takes for a star to

contract to the Main Sequence and burn hydrogen:
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1.1. Low-Mass Star Formation

tKH =
GM2

∗
R∗L∗

(1.3)

where M∗, R∗, and L∗ are the mass, radius, and luminosity of the star, respec-

tively. In low-mass star formation (see Sect. 1.1) the various evolutionary phases

are very well-defined and there exists a pre-main sequence where the accretion

of the envelope is halted before the burning of hydrogen starts, i. e. tKH > tff .

This is not the case in high-mass star formation (see Sect. 1.2) and there is no

clear pre-main sequence (Palla & Stahler 1993), but instead a massive protostar

reaches the zero-age main sequence (ZAMS) defined by the ignition of hydrogen,

while still accreting material, i. e. tKH < tff .

1.1 Low-Mass Star Formation

This thesis investigates how high-mass stars form. Even though low-mass star

formation (i. e. formation of stars with M∗ . 2M�) is not the main goal of

this thesis, a brief review is given to contextualise my work since some theories

postulate that high-mass protostars might form as a scaled-up version of their

low-mass counterparts.

Broadly speaking, the accepted scenario for forming a low-mass protostar be-

gins with the gravitational collapse of a molecular cloud that fragments into dense

cores (top left panel of Fig. 1.1). For clarity, let me introduce the various com-

ponents in a young stellar object (YSO) in Figure 1.1: envelope (represented in

violet), disc (flat structure shown in red), and core (central structure represented

as a dark red circle; also shown protoplanets in reddish-brown colour forming in

the protoplanetary disc surrounding the central source). Now, focusing in one of

these dense cores, it becomes smaller and smaller due to the gravitational col-

lapse and rotates faster and faster due to the conservation of angular momentum

(assuming some initial spin of the molecular cloud). The structure, thus, flattens

into a disc, which is fed by the envelope, from which the central protostar accretes

material to form the young protostellar system. Theory predicts protostellar jets
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to be a natural consequence of accretion discs (Pudritz et al. 2007) and obser-

vations certainly show both phenomena occurring simultaneously. Therefore, it

seems that as soon as the disc is created, strong bipolar jets are ejected (see

Sect. 1.3.1).

The YSOs in this initial phase are also referred as Class 0 objects and they are

usually younger than a few 104 yr. In this phase, most of the protostellar mass

is enclosed in the envelope, that is, Menvelope > Mdisc + Mcore. After this Class

0 phase, the core, disc, and jet start to become visible at shorter wavelengths.

This next evolutionary phase, Class I, is reached after ∼ 0.1 Myr. Then, the

accretion disc (usually called the protoplanetary disc) becomes visible at infrared

wavelengths. Next comes the Class II phase which lasts from around 1 to 10 Myr.

Class II YSOs are optically visible and, in the case of low mass young stars, are

referred to as Classical T Tauri stars (CTTS). Then, the disc begins to dissipate

in the so-called transition-disc phase. Finally, the disc is dispersed, accretion

and ejection are halted, and the system enters the Class III evolutionary phase,

forming young stellar system referred to as Weak-line T Tauri Stars (WTTS).

Strong mass accretion rates (Ṁacc) are expected in Class 0 and Class I phases

(Ṁacc ∼ 10−7−10−6M� yr−1) (see, e.g., White et al. 2007, and references therein).

Since accretion and ejection processes are closely related, around 10% of accreted

material is reprocessed into ejection (see, e.g., Cabrit 2007), a mass ejection rate

(Ṁejec) of Ṁejec ∼ 10−8 − 10−7M� yr−1 is predicted and observed (see, e.g., Ray

et al. 2007, and references therein). In Class II objects, accretion diminishes

(Ṁacc ∼ 10−9 − 10−8M� yr−1, Gullbring et al. 1998; Koutoulaki et al. 2019)

as does ejection (Ṁejec ∼ 10−10 − 10−9M� yr−1). Finally, in Class III objects

accretion has virtually stopped as has ejection.

Finding precise definitions about particular entities in star formation is dif-

ficult. For clarity, in this thesis a protostar is a Class 0 or Class I object and a

pre-main sequence star is a Class II or Class III object. The term Young Stellar

Objects (YSOs) is usually used to include both protostars and pre-main sequence

stars.

The various classes are defined by the difference in the spectral index of the

spectral energy distribution (SED) in the range 1 to 20 µm, as given in Lada
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Gravitational collapse of 
molecular cloud

Class 0

Dense core has formed with 
bipolar jets

Class I

Core and disc become visible 
with strong bipolar jet

Class II

Disc visible in infrared 

Transition disc

Disc begins to disperse

Class III

Debris disc and planetary system

Figure 1.1: The process of Low-Mass Star Formation. In the various panels, the
evolutionary sequence of a low-mass YSO is outlined highlighting the different classes
during its formation. Taken from Rodgers-Lee (2017).

(1987). This study sets the classification for YSOs based on the spectral index,

defined as α = log(λFλ)/ logλ, where 0 < α < +3 is Class I, −2 < α < 0 is Class

II, and −3 < α < −2 is Class III (see Fig. 1.2). Subsequently, André et al. (1993)

defined the Class 0 phase (Fig. 1.2 top left panel). This phase displays strong

sub-millimetre emission, while invisible at near-infrared (NIR) and mid-infrared

(MIR) wavelengths. A seminal paper summarising theory and observations can

be found in Shu et al. (1987) (see also, e.g. Luhman 2012, for a more recent

review).
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Figure 1.2: Different classes of low-mass young stellar objects based on the classi-
fication of Lada (1987) and André et al. (1993). Top left: Spectrum of a Class 0
object characterised by a cold black body that peaks at sub-mm wavelengths. Top
right: Spectrum of a Class I object with the distinctive infrared excess. Bottom left:
Spectrum of a Class II object, also known as classical T Tauri star (CTTS) showing the
clear contribution of the protoplanetary disc. Bottom right: Spectrum of a Class III
object basically displaying the black body emission peaking at NIR wavelengths plus
some contribution of circumstellar material.

1.2 High-Mass Star Formation

The aforementioned low-mass star formation scenario can be extrapolated to

intermediate-mass protostars, i. e. 2 < M∗ < 8M�, the so-called Herbig stars.

But is this true of high-mass protostars? In other words, is high-mass star for-

mation a scaled-up version of low-mass star formation? Answering this question

is not easy. Radiation pressure for example can play a major role in the forma-

tion of high-mass protostars. Their formation has been actively investigated for

several decades and today there is still no clear answer.
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Studying how massive stars are formed is important for a numbers of reasons.

Even though they are rare (representing ∼ 1% of the Initial Mass Function (IMF),

assuming a Salpeter IMF), elusive (due to their short lifetimes), and difficult

to observe (being deeply embedded in the gas and dust of the parent cloud),

massive stars regulate the star formation process from the early stages up to

their deaths. Massive stars are believed to end their lives as type I (not Ia) or

type II supernovae, depending on metallicity and evolutionary models (Woosley

& Weaver 1986), providing feedback to the surrounding cloud in the form of

instabilities which can trigger more star formation, and by adding heavy metals

to the interstellar medium (ISM). It is important to start this section by stating

the main points that massive star formation differ from low-mass star formation

(from C. McKee talk in PPV based on Tan et al. 2014).

• A protostellar core (see below for a definition) contains many Jeans masses

(see Eq. 1.1).

• As a result, turbulence can be significant in the core.

• Radiation feedback can be significant (Larson & Starrfield 1971; Kahn

1974).

– The radiation pressure force can exceed the gravitational force.

– As stated at the beginning of the Introduction, the accretion of high-

mass protostars can continue after the star approaches the main se-

quence and, in extreme cases, even after the massive young star has

created an H ii region.

It is also important to define the nomenclature for the various components

of high-mass star formation. Williams et al. (2000) defines the term clumps as

condensations related to subsequent cluster formation and cores as condensations

related to the subsequent formation of single (or multiple) high-mass protostars.

In short, clumps form clusters of stars, while cores form single or multiple stars.

Beuther et al. (2007a) proposed an (observational) evolutionary sequence for the

high-mass star-forming cores and for the cluster/clump scale.

On large scales, Giant Molecular Clouds (GMCs) represent the largest struc-

tures in our Galaxy with masses between 104 − 106M� and sizes between 20 −
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100 pc (Evans 1999). Within these, massive dense clumps or infrared dark clouds

(IRDCs, Egan et al. 1998) represent the next large substructure where high-mass

star formation occurs, being smaller in size (0.25− 0.5 pc) and therefore in mass

(100−1000M�). In these substructures, the evolutionary development of clumps

into clusters takes place, i. e. Massive Starless Clumps give rise to Stellar Clus-

ters by passing through the Protocluster phase. By definition, Massive Starless

Clumps only enclose High-Mass Starless Cores (HMSCs), in contrast to Protoclus-

ters which could host any smaller scale bodies, including High-Mass Young Stellar

Objects (HMYSOs), Hot Molecular Cores (HMCs), Ultracompact/Hypercompact

H ii regions (UC/HC H ii) as well as HMSCs. Typical physical conditions of these

large structures are summarised in Table 1.1. Panel 1 of Figure 1.3 represents a

large scale molecular cloud complex.

Zooming-in to smaller scales, the evolutionary sequence in high-mass star-

forming cores starts with the HMSC stage. They are also known as starless

Massive Dense Cores (MDCs), see Figure 1.3 panel 2. By definition, these en-

tities have not yet formed a protostellar core. Then, we have the High-Mass

Cores containing active accreting low- and intermediate-mass protostars that are

evolving into high-mass stars (panel 3 Fig. 1.3). These phases may last about

∼ 104 yr (Motte et al. 2018). Fragmentation in these cores might play a ma-

jor role in high-mass star formation, helping to differentiate between theoretical

models (Beuther & Schilke 2004), see Section 1.2.1. Next in the sequence comes

the high-mass star precursors (Fig. 1.3 panels 4 and 5). The objects belonging

to this phase have received a number of different names, such as, massive pro-

tostars, High-Mass Protostellar Objects (HMPOs), MDCs, HMCs, or HMYSOs.

They might differ slightly from one another (for example, HMCs might be more

evolved structures) and the use of one or other term is normally associated with

the wavelength regime that one is observing at.

In this thesis, I mainly use the term HMYSOs and they are defined as luminous

(Lbol ≥ 5×103 L�) and massive (M∗ ≥ 8M�) protostars (see, e.g., Beuther et al.

2007a; Motte et al. 2018) which are around ∼ 104 yrs old. A transition group

between young protostars and massive stars, are those objects with associated

UC/HC H ii regions. This phase is reached after ∼ 105 − 106 yr (Fig. 1.3 panel

6). Large Ṁejec is observed in these phases from both the outflow at larger scales

(Ṁejec ∼ 10−4− 10−3M� yr−1, Beuther et al. 2002a) and the jet on smaller scales

8



1.2. High-Mass Star Formation

Table 1.1: Average physical conditions for various structures involved in high-mass
star formation at large and small scales: Giant Molecular Clouds (GMCs), Clumps,
Infrared Dark Clouds (IRDCs), Hot Molecular Cores (HMCs) / Massive Dense Cores
(MDCs). Taken from Beuther et al. (2007a); Tan et al. (2014); Motte et al. (2018).

Structure mass size local density temperature velocity dispersion
(M�) (pc) (cm−3) (K) (km s−1)

GMCs 104 − 106 20− 100 0.4− 1.2× 104 10− 15 2− 3
Clumps 100− 1000 0.25− 0.5 ∼ 105 ∼ 16 ∼ 1.6
IRDCs 100− 1000 0.25− 0.5 ∼ 106 ∼ 22 ∼ 2.1
HMCs/MDCs 100− 150 0.1− 0.2 106 − 107 ≥ 100 0.2− 0.5

(Ṁejec ∼ 10−5 − 10−4M� yr−1, see Chapters 3 and 4). See Section 1.3 for details

of protostellar jets and outflows. This is due to the large mass accretion rate,

(Ṁacc ∼ 10−4 − 10−3M� yr−1 and even 10−2M� yr−1 at larger scales, Wolfire &

Cassinelli 1987; Walmsley 1995). Since HMYSOs can reach the main sequence

while still deeply embedded and actively accreting, the HMYSO star formation

process is not complete until accretion has ceased entirely, giving rise to so-called

Final Stars (Beuther et al. 2007a).

Below I give a summary at both scales to see at a glance the different evolu-

tionary phases (see also Fig. 1.3).

Evolutionary Sequence on

Cluster/Clump scale

1. Massive Starless Clump (Only har-

bours HMSCs)

2. Protocluster (can harbour any HM-

POs, HMCs, UC/HC H ii and even

HMSCs)

3. Stellar Cluster

Evolutionary Sequence in

High-Mass Star-Forming Cores

1. High-Mass Starless Cores (HMSCs)

2. High-Mass Cores with accreting low-

and intermediate-mass protostars

which will become high-mass stars

3. High-Mass Protostellar Objects

(HMPOs) / Hot Molecular Cores

(HMCs)

4. Final Stars
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Figure 1.3: Observational evolutionary sequence proposed for the high-mass regime
by Motte et al. (2018).

1.2.1 Massive Star Formation Models

Although this thesis is fundamentally observational, I briefly summarise the the-

oretical models for the formation of massive stars.

There is a long-standing debate about which model is most satisfactory in ex-

plaining the formation of high-mass stars and still no consensus has been reached.
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1.2. High-Mass Star Formation

There is not even unanimity about the basic mechanism involved in the formation

of massive stars (Tan 2018). The evolutionary sequence set out in the previous

section is purely observational. It is very difficult to define a definite ordered

sequence for HMYSOs, as in the case of low-mass YSOs, due in part to the lack

of sufficient spatial and spectral resolution and sensitivity in our observations.

The first and most important problem that theoretical models of massive star

formation needed to tackle was to understand the impact of radiation pressure,

largely from UV emission. As soon as the ZAMS is reached, high-mass protostars

emit copious UV radiation while still actively accreting, due to their short Kelvin-

Helmholtz contraction timescale (Kahn 1974). The Eddington limit for spherical

collapse of ∼ 40M� is overcome by emitting radiation through a radiatively

driven cavity due to accretion flows through massive discs (Yorke & Bodenheimer

1999). Hence, if we assume that massive protostars form via spherical accretion,

no star with a mass of around ∼ 10M� should exist (Kahn 1974; Wolfire &

Cassinelli 1987). However, we certainly observe them in the sky, therefore the

formation mechanism cannot be spherically symmetric. If we assume that massive

stars are formed as a scaled-up version of their low-mass siblings, i. e. via an

accretion disc, this strong radiation would interact with the accretion flow and

thus halt accretion at a few 10M� and > a few 103 L� (Larson & Starrfield 1971;

Wolfire & Cassinelli 1987). The radiative impact strongly depends on geometry

and initial conditions and, if the accretion flow continues to be optically thick,

there should no be barrier to form high-mass stars (see Kuiper et al. 2010, and

references therein).

In the literature theoretical models of massive star formation go from Core

Accretion (McLaughlin & Pudritz 1997; McKee & Tan 2003), to Competitive Ac-

cretion (Bonnell et al. 1997, 2001), to Protostellar Collisions (Bonnell et al. 1998;

Bally & Zinnecker 2005). In the following subsections the main characteristics

and basic assumptions are highlighted (see Tan et al. 2014, for a review).

1.2.1.1 Core Accretion

Core Accretion models are scaled-up versions of classical low-mass star formation

models (see, e.g., Shu et al. 1987). The main assumption is that the initial condi-
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tions of the gravitationally bound cores, which will eventually form intermediate

and massive stars, are scaled-up in mass from the low-mass counterparts. This

means that all the mass is within the initial collapsing cloud fragment. Mod-

els vary different properties of the cores, such as, densities, sources of internal

pressure, and dynamical states. One particular case is the Turbulent Core model

(McKee & Tan 2002, 2003), which considers the internal pressure to be essentially

non-thermal, assuming turbulence and/or magnetic fields, that the initial core is

close to internal virial equilibrium and in pressure equilibrium with the surround-

ing clump environment. The radiation pressure problem is circumvented by the

fact that these models naturally form accretion discs. A more ordered formation

is expected in comparison with the Competitive Accretion models in which the

formation is drawn chaotically (see §1.2.1.2). In this way, the orientation of the

discs and outflows would vary less in the Core Accretion than the Competitive

Accretion models. Accretion bursts are expected from disc instabilities and/or

from accretion of turbulent cores in the form of strong variability observable at

near infrared or longer wavelengths. If this model is correct, we should observe:

i) massive discs that might fragment and form multiple systems, and certainly

discs have been observed around HMYSOs (see, e.g., Cesaroni et al. 2007), see

Section 1.4 and Chapter 5; ii) powerful jets and outflow, and indeed we have

observed them, see Section 1.3 and Chapters 3, 4, and 5; iii) isolated objects,

which are more rarely observed as HMYSOs are usually observed in clustered

environments.

1.2.1.2 Competitive Accretion

In Competitive Accretion models, the gas that will ultimately form stars is drawn

inward chaotically (Bonnell et al. 1997, 2001). In contrast to Core Accretion mod-

els (Sect. 1.2.1.1), there is no starless core that is massive and gravitationally

bound (even though both models predict accretion discs). In Competitive Ac-

cretion models, the collapse is not monolithic but each core or object acquires

mass from the large scale reservoir in the cloud and/or from nearby systems. In

these models, massive stars have to be formed in large stellar clusters, with the

most massive stars at the centre of the cluster. The formation of the cluster

and the formation of the stars proceed one by one. When massive protostars are

12



1.2. High-Mass Star Formation

being formed, they are surrounded by a significant number of low-mass stars. If

the density of protostars at the centre of the cluster is high enough, stellar colli-

sions may also occur, helping the formation of more massive stars (Sect. 1.2.1.3).

Therefore, Competitive Accretion models do not predict the formation of massive

stars in isolation. The average mass accretion rate predicted by Competitive Ac-

cretion models is much smaller than by Core Accretion models (Tan et al. 2014).

This implies that competitive accretion is not fast enough to form massive stars

(Bonnell et al. 2001; Krumholz et al. 2005). In contrast with the Core Accre-

tion model, we should observe: i) smaller discs and less powerful jets distributed

with chaotically varying orientations; ii) low mass accretion rates of the order of

10−5 M� yr−1 (Wang et al. 2010) in contrast to the 10−3−10−2 M� yr−1 predicted

by the Core Accretion models (as often observed, see e.g., Beltrán et al. 2011);

and iii) flows of matter accreting towards single cores/objects in the early phases

(not yet observed).

It should be noted that Core Accretion and Competitive Accretion models, as

outlined by Tan et al. (2014), might not be entirely distinct. In fact, depending on

the massive star forming region one model could explain better the observations

than the other or vice-versa. In any case, both models provide the same final

structure for the HMYSO: an accreting disc (and possibly an envelope) that

conveys accreting material onto the central source and, at the same time, produces

a bipolar jet/outflow removing angular momentum in excess from the disc. This

similarity makes extremely challenging for observers to discriminate between the

models. However, the mass of the disc and jet would be very different (one or more

orders of magnitude), as well as the mass accretion rate onto the central source,

therefore, in principle, we should be able to discern the different mechanisms from

these observables.

1.2.1.3 Protostellar Collisions

Collisions of lower mass protostars, leading to mergers to form higher mass pro-

tostars, were first invoked by Bonnell et al. (1998). This was to overcome the

radiation pressure problem, which naively limits the mass of the central source

to ∼ 40M� as already stated. Such mergers would allow for the formation of

more massive stars. The colliding components are intermediate- or low-mass pro-
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Figure 1.4: The apparent explosive outflows of the OMC-1 core in the Orion Molecular
Cloud has been proposed as a caused of protostellar collisions. Taken from Bally (2016).

tostars which have formed through disc accretion. Collisions are halted when a

sufficiently massive star is formed, typically of about 50M�. One of the impli-

cations of this model is that massive stars must form in clusters. These mergers

would also produce eruptive outflows, which leads to increased infrared variability

compared to the steady growth by accretion (Bally & Zinnecker 2005). In fact,

this model has been proposed to explain the outflow emerging from the OMC-1

core in the Orion molecular cloud (Bally & Zinnecker 2005). However, this is, so

far, the only possible example we have. Theoretical models predict that a stel-

lar density of ∼ 106 stars pc−3 are required in these clusters to provoke collisions

(Bonnell & Bate 2005). This value has been observed in a number of regions (see,

e.g., Beuther et al. 2007b; Rodón et al. 2008).

14



1.3. Protostellar Jets and Outflows

1.3 Protostellar Jets and Outflows

Jets and outflows are bipolar ejections of material, which are present in a wide

range of astrophysical systems, from Active Galactic Nuclei (AGNs) to black hole

X-ray transients, from low- and high-mass X-ray binaries to planetary nebulae,

and in star formation from brown-dwarfs to low-mass YSOs (very low-luminosity

objects, VeLLOs) to HMYSOs (Reipurth & Bally 2001). Jets and outflows driven

by young protostars are a ubiquitous phenomenon. Ejection is closely linked to

accretion (see Sect. 1.3.1), and when there is no -or little- accretion of material

there is no corresponding outflow (Edwards 2008).

Herbig-Haro (HH) objects are patches of ionised gas first observed optically

and catalogued as a result of photographic surveys. It transpired that they are

material shocked by the passing of a high velocity jet through the ambient cloud

where a young star was forming. They were discovered independently by George

Herbig (Herbig 1950, 1951) and Guillermo Haro (Haro 1952, 1953). The reali-

sation that HH objects are radiative shock fronts caused by jet propagation in

regions of star formation was subsequently made by Schwartz (1975, 1977). Her-

big and Haro observed, in the late 1940s, what we know today by the catalogue

identifiers HH 1, HH 2, and HH 3. However, the very first HH object was observed

in 1890 by Burnham, which is now known as HH 250 (also known as Burnham’s

Nebula, Burnham 1890). Sometimes bipolar (e.g. HH 1 and HH 2), HH objects

are observed to be driven by young stellar objects with a variety of masses and

classes. Notable and beautiful examples are HH 34 (Ray et al. 1996), HH 111

(Reipurth et al. 1997, 1999) or HH 212 (Zinnecker et al. 1998), which are driven

by low-mass protostars; and in the high-mass regime HH 80-81 (Heathcote et al.

1998; Carrasco-González et al. 2010) or HH 135-136 (Ogura & Walsh 1992; Gredel

2006).

Before going any further, the difference between jet and outflow should be

stated as I have understood it in the context of this thesis (see Fig. 1.5). In

the literature (especially in the high mass regime) jets and outflows are usually

used as synonyms and this makes sense since a jet is outflowing material, but in

this thesis I have interpreted them as two different entities, although connected.

A protostellar jet is material ejected from the disc-star system which is colli-
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mated by a magnetic field and is moving at high velocity (from few 100 km s−1

to 1000 km s−1, see e.g., Marti et al. 1995). Shocked material in jets is seen as

knotty structures along the jet axis (see, e.g., Zinnecker et al. 1998, and Fig. 1.8).

The formation of such shocks have been attributed to two main mechanisms:

i) Kelvin-Helmholtz (KH) instabilities (Micono et al. 1998a,b) or ii) temporal

variability in the ejection velocity generating so-called internal working surfaces

(Raga et al. 1990). Since the growth of KH instabilities requires the jet to be lat-

erally confined and this seems unlikely, the second explanation is more plausible.

In contrast, the outflow is most likely swept up material driven by the fast jet. It

is usually of low velocity (few tens km s−1, Beuther et al. 2002b) and represents

entrained material. Outflows are poorly collimated due to a few factors, namely

the precession and multiplicity of fast jets, stellar radiation and winds, and/or

explosive events (see Caratti o Garatti 2018, for a recent review).

Protostellar jets and outflows are an excellent tool to understand the pro-

cesses of star formation (see, e.g., Ray et al. 2007; Frank et al. 2014; Bally 2016;

Anglada et al. 2018). Jets are believed to remove angular momentum from the

central system, helping to solve the angular momentum problem inherent in star

formation from its earliest phases (Mestel 1965). They can also be used as a fos-

sil record of the accretion history onto their driving sources. Moreover, knowing

the total velocity of the terminal bow-shock (furthest shock of the jet) and the

distance to the object, one can calculate the dynamical time (τd), which gives

us a lower limit on the age of the YSO. While the dynamical time of jets driven

by low-mass stars can go up to a few 105 yr (Bachiller 1996), in the case of a jet

driven by HMYSOs it can be as short as ∼ 104 yr (Guzmán et al. 2012), (see also

Chapter 3). These energetic ejections of material are likely to be the dominant

feedback mechanism even in massive protostellar cores (Tanaka et al. 2017) and

they are responsible of injecting material into the ISM.

Perhaps counter-intuitively, the accretion-ejection of material is not contin-

uous, but seemingly episodic. Protostars do not accrete matter steadily, but

instead they do so in a series of violent bursts which give rise to the knotty

structure usually found in protostellar jets. This issue opens up the question of

whether this episodic behaviour is related to the intrinsic variable nature of young

stars. It seems indeed to be the case for low-mass YSOs, especially the so-called

FUors and EXors protostars (see Audard et al. 2014, for a review). There seems
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1.3. Protostellar Jets and Outflows

Figure 1.5: Left: Simulations showing the outflow cavity walls, taken from Machida
et al. (2009b). Right: Sketch of the main components in the outflow-envelope-jet-disc
and protostar system, taken from Machida et al. (2009a).

to be some correlation between the episodic knotty ejection of HH objects and the

outburst variability of the driving source (e.g. Coffey et al. 2004). Very recently

similar behaviour has been seen even in the high-mass regime as well. Caratti o

Garatti et al. (2017) observed in the NIR the first disc-mediated accretion burst

in a 20M� YSO that had, as a consequence, an ejection outburst observed in

the radio regime a few months later (Cesaroni et al. 2018). Another outburst

was discover by Hunter et al. (2017) in the complex NGC 6334I MM1 where the

millimetre continuum increased by a factor of 4. As we see, ejection and accre-

tion processes are closely related and one can obtain fundamental information

from the ratio of the mass ejection to mass accretion rate, i. e., Ṁejec/Ṁacc (see,

e.g., Cabrit 2007). Theory and observations have shown that roughly 10% of the

accreted material is reprocessed into ejection (Pudritz & Norman 1986).

The field of protostellar jets and outflows is extensive and trying to cover all

different topics is an monumental task, therefore the reader is directed to earlier

reviews by Ray et al. (2007); Frank et al. (2014); Bally (2016) and references

therein for a complete view on the subject. In the following I will cover the basics

of the launching and formation of jets.
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1.3.1 Jet Launching Mechanism

Various jet launching mechanisms have been proposed in the last 30 − 40 years

or so. Blandford & Payne (1982) developed the first model in the form of mag-

netised winds launched by accretion discs. The application and context of this

model was the active accreting black holes at the centre of galaxies. Later, Pu-

dritz & Norman (1983) developed further this model for application to disc winds

(D-winds) from young stars. These models allow a key ingredient: the extrac-

tion of almost all –if not all– angular momentum of the rotating structure. This

is crucial to allow accretion to proceed onto the central source. The material

is magneto-centrifugally launched and accelerated along the magnetic field lines

(see, e.g., Ray et al. 1997, for a magnetic field measurement in T Tau S), which

are anchored to the surface of the disc (behaving like beads on a rigid wire, see

Fig. 1.6). As material travels radially outwards, its azimuthal velocity increases

as it tries to maintain its angular velocity. The combination of higher velocity

and the inertia of the material then forces the field lines to become more and

toroidal focusing the jet in the process. A more sophisticated model, based on

these previous works, was presented by Pelletier & Pudritz (1992) where vari-

ous configurations in magnetic field geometry were introduced. This work also

predicted a mass ejection to mass accretion rate ratio of ∼ 10%. More recent

numerical simulations showed that the magneto-centrifugal mechanism may also

be viable for HMYSOs (Seifried et al. 2012). The authors found that a weaker

magnetic field would favour the formation of well-collimated and fast jets driven

by the massive protostar, whereas a strong magnetic field would produce a poorly

collimated and low-velocity outflow. The opening angle, i. e. the collimation, of

the jet also depends on the mass of the forming protostar, which gets wider the

more massive the star (Zhang et al. 2014; Staff et al. 2018).

An alternative mechanism was proposed in the early 1990s by Shu et al.

(1994). The main difference with the previous models is that the winds arise from

a narrow annulus at the position of the co-rotation radius, rather than from an

extended surface region of the disc. At the co-rotation radius, the magnetosphere

of the star interacts with the inner edge of the disc. Here, the magnetic field lines

change from the closed configuration associated with the stellar magnetosphere to

the open configuration of the disc giving rise to its characteristic X shape, hence
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1.3. Protostellar Jets and Outflows

Figure 1.6: Left: Sketch of the D-wind model, taken from Pudritz & Norman (1986).
The main components such as, protostellar core, rotating molecular disc and threading
magnetic field lines have been highlighted.

the term X-wind (see Fig. 1.7). A review of X-winds theory and observations

is given by Shu et al. (2000). D- and X-wind models differ in where the jet

is launched from: the whole surface of the disc in the former and the X-point

(at the co-rotation radius) in the latter. Nevertheless, both winds are magneto-

centrifugally driven. Therefore, X-winds remove angular momentum from the

RX point very close to the star (< few stellar radii), whereas D-winds remove

angular momentum from a range of radii in the disc (0.1 - 10 au). X-wind models

might lack applicability in the case of HMYSOs, due to the fact that stellar

magnetic fields are intrinsic to convective protostars, as is the case for low-mass

YSOs. Nevertheless, HMYSOs may evolve in radiative and convective stages as

has been shown through numerical simulations (Hosokawa & Omukai 2009). As
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Figure 1.7: Simplified sketch of the X-wind model, adapted from Shu et al. (1994).
Highlighted are the star, disc, funnel flow, and X-wind. R∗ are Rx are the radius of the
star and the co-rotation radius, respectively.

a result, X-winds cannot entirely be ruled out. In any event, at current spatial

resolutions, we are not able to resolve scales of 10 au around HMYSOs, where

differences might appear.

For the sake of completeness, the magnetic tower scenario is also briefly men-

tioned. In the two previous scenarios, the dominant component of the magnetic

field is poloidal. In contrast, in the magnetic tower, the dominant component is

almost entirely toroidal, such fields are also capable of launching an outflow. The

theoretical background was first introduced and developed by Lynden-Bell (1996,

2003).

Finally, stellar spin and accretion powered stellar winds have been invoked

as an additional jet driver usually in combination with D- or X-winds (Matt &

Pudritz 2005). Stellar winds can carry off angular momentum from the protostar

itself aided by the accreting mass streams (Bouvier et al. 2014). For a compre-
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hensive and recent review of both the theory and observations of jets and outflows

driven by YSOs and the effect of magnetic fields see Pudritz & Ray (2019).

1.3.2 Jet Properties at Different Wavelengths

Now that we know the basics of jet launching mechanism models, the next natural

question is: what do jets look like?

As I will show in the next sections, there is no unique or ideal tracer that char-

acterises jet/outflow activity. Depending on the wavelength/frequency observed,

different components and physics of the jet or outflow are traced. Figure 1.5

right panel shows the main components of the outflow-envelope-jet-disc and pro-

tostar system which resembles an onion-like structure displaying various layers.

A complementary, multi-wavelength approach should be used to disentangle, in

detail, the formation of jets driven by HMYSOs (see Chapter 4). Historically,

HMYSO outflows were observed in the sub-mm/radio regime due to the early

development of radio antennas and the embedded nature of their sources. It was

not until the advent of NIR astronomy (∼1980s) that ejection activity could be

studied at these wavelengths and it was not until more recently (i. e., 2000s) that

instruments became sensitive enough to carry out kinematic and dynamic studies

on HMYSO jets (e.g. Davis et al. 2004). In the following, I will focus on examples

from the high-mass regime with brief references to the low-mass regime.

1.3.2.1 Optical and Infrared Wavelengths

At optical wavelengths most HMYSOs and their jets are invisible. There are only

a handful of examples of jets driven by HMYSOs seen in the optical. Among the

notable exceptions are: IRAS 18162-2048 (Lbol ∼ 1.7×104 L�) driving the famous

HH 80/81 (Reipurth & Graham 1988; Rodŕıguez & Reipurth 1989); G192.16-

03.82 driving the group HH 396/397 (Devine et al. 1999); Cep A HW2 (Lbol ∼
104 L�) driving HH 168/ 169/174 (Hartigan et al. 2000; Cunningham et al. 2009);

IRAS 11101-5829, driving the pair HH 135/136 (Ogura & Walsh 1992, see also

Chapter 5); OMC-1 outflow, in Orion A, presents HH objects at the tip of the

‘fingers’ (Chernin & Wright 1996); also worth mentioning is the extraordinary
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Figure 1.8: The protostellar jet HH 212 driven by a low-mass Class II YSO as traced
by the NIR H2 1 − 0 S(1) line. Image Credit: ESO/M. McCaughrean, originally pub-
lished in Zinnecker et al. (1998).

case of HH 1177, a parsec-scale jet driven by a HMYSO in the Large Magellanic

Cloud (McLeod et al. 2018).

Therefore, HMYSOs at optical wavelengths represent a relatively unexplored

regime, compared to longer wavelengths. Perhaps with the advent of more sensi-

tive instrumentation and larger telescopes, we will be able to discover more HH

objects driven by massive protostars. Conversely, in the low-mass regime jets

seen at optical wavelengths are more numerous and, together with the Hubble

Space Telescope (HST), have provided some of the most beautiful astronomical

images in history. This statement might be biased, but star-forming regions with

their accretion discs and jets represent stunning representations of nature (see,

e.g., the Mystic Mountains, or the Pillars of Creation just to name a few).

What do we know about HMYSO jets?

Very little is known about protostellar jets driven by HMYSOs. This is primarily

due to the fact that high-mass star-forming regions are usually very distant (on

the order of few kpc) and heavily obscured (with visual extinctions, AV , easily
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exceeding 50 mag), combined with the fact that massive stars represent just a few

per cent of the entire stellar population. It has only been in the last decade that

we have seen a boost in HMYSO jet studies, thanks to imaging surveys carried

out in the NIR (Varricatt et al. 2010; Froebrich et al. 2011; Caratti o Garatti

et al. 2015a; Navarete et al. 2015; Wolf-Chase et al. 2017).

Infrared jet tracers

As protostellar jets are launched at supersonic velocities, they produce shocks

which are observable at various wavelengths. In the infrared (IR), jets emit in

both ionic (e.g., H i, [Fe ii], [O i]) and molecular species (e.g., H2).

In particular, the most important NIR jet tracers are the prominent lines of

H2 1 − 0 S(1) at 2.1218µm and [Fe ii] a4D7/2 − a4F9/2 at 1.6440µm. Molecular

hydrogen represents the main coolant in the NIR and MIR regimes. In the NIR,

H2 lines trace temperatures from a thousand to several thousands Kelvin, while

in the MIR they trace temperatures from several hundreds to a thousand Kelvin

(Caratti o Garatti et al. 2015a).

Aside from shocks, H2 lines can also be emitted by photodissociation regions

(PDRs) near the massive protostars themselves, or nearby OB stars (Wolf-Chase

et al. 2017).

Another very important emission line in the NIR is the atomic hydrogen

transition from nup = 7 to nlow = 4, i. e. , Brγ at 2.1662µm (as well as Paβ at

1.2821µm and Brα at 4.0522µm). The origin of the Brγ is controversial (see,

e.g., Coffey et al. 2010; Tambovtseva et al. 2016) and it has been observed tracing

both the accretion disc and the base of the jet. In some cases, the Brγ line is

indubitably tracing the jet, as in the case of IRAS 13481-6124 (Caratti o Garatti

et al. 2016, see also Chapter 3).

One of the most important ionic emission source and coolant is the far-IR

(FIR) [O i] lines at 63µm. At these longer wavelengths, one can penetrate to

the more embedded sources. However, the MIR and FIR windows have remained

almost closed because observations have to be carried out from space, e.g. the

Herschel Space Telescope and in the future James Webb Space Telescope (JWST).
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What can we learn from studying HMYSO jets?

From imaging, one can learn the morphology of the flow. It shows a large variety

from bipolar straight ‘canonical’ jets (see Fig. 1 from Caratti o Garatti et al.

2015a, and Chapters 3, 4, and 5 herein) to more complex, highly precessing jets

(Caratti o Garatti et al. 2008; Cesaroni et al. 2013, see also Chapter 4), and

even showing multiple flows (see Fig. 2 from Caratti o Garatti et al. 2015a). One

can also learn the tangential velocity of the flow (the velocity in the plane of

the sky) when taking images separated by several years (see, e.g. Bally 2016).

Indeed, proper motions can be measured in images taken at two different epochs,

and the closer the object is the less time is needed to observe any shift. Such

studies are not exclusive to the optical and infrared regime, radio images have

been successfully used to measure proper motions in jets (e.g. Marti et al. 1995,

for large proper motions measured in HH 80/81).

Spectroscopically, one can learn a vast amount of information. However, in

contrast to imaging, just a small number of studies have been done (see, e.g.,

Davis et al. 2004; Gredel 2006; Caratti o Garatti et al. 2008, 2015a, see also

Chapters 3 and 4). Consequently, kinematic and dynamical properties are poorly

studied. What has been done so far shows that the properties of jets driven by

HMYSOs scale with mass with respect to the low- and intermediate-mass YSO

jets (see Fig. 1.11). From an analysis of ro-vibrational diagrams of shocked H2

emission (see Chapter 2), one can retrieve fundamental physical properties.

As one might imagine, physical parameters in jets from HMYSOs are system-

atically larger than those in jets from low-mass YSOs (Gredel 2006; Caratti o

Garatti et al. 2015a). Column densities can go up to 1020 cm−2, masses up to

few M�, and knot luminosities can be as high as 50L� for very luminous objects

(∼ 105 L�). Mass-loss rates also clearly scale-up with mass: they go from 10−5

to 10−4M� yr−1 in the mass regime of 8 to 20M� (Caratti o Garatti et al. 2008,

see also Chapters 3 and 4). These mass-loss rates suggest higher accretion rates

too (∼ 10−4− 10−3M� yr−1) as have been already measured in molecular tracers

(Beltrán & de Wit 2016; Beuther et al. 2017b). H2 momentum rates and kinetic

energy are on the other of ∼ 10−2M� yr−1 km s−1 and ∼ 1047 erg, respectively

(see Chapter 3).
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1.3. Protostellar Jets and Outflows

Finally, NIR continuum emission is usually associated with the jet driving

source, although this emission is dominated by scattered light from the outflow

cavity walls (see Chapter 5). It usually traces either the protostar itself, when

it is directly visible, and/or the circumstellar environment reflected off the dust

grains.

1.3.2.2 Sub-mm/mm Wavelengths

In the sub-mm/mm regime, star-forming regions emit in both line and continuum

emission. Useful molecular tracers in this regime include CO and SiO.

The sub-mm/mm continuum emission is dominated by cold emission (T <

50K). Dust is heated by star formation activity which then re-emits at these

wavelengths. Star-forming clumps and cores are revealed in the mm continuum,

in particular at 1.2 mm as shown in Figure 1.9 (Beuther et al. 2002a).

The sub-mm/mm line emission studied extensively is 12CO, in particular the

J = 2 − 1 transition (Beuther et al. 2002b). See also Maud et al. (2015) for a

large survey of massive molecular outflows traced by the J = 3− 2 transition in
12CO and 13CO lines. This emission usually traces entrained material, i. e. swept

up, driven by the fast jet (see Sanna et al. 2016, for an example of momentum

transfer efficiency near to unity). Typical velocities range from few km s−1 to

∼ 30 km s−1 (Beuther et al. 2002b; Maud et al. 2015). The CO molecular outflow

mass-loss rate ranges from 10−5 to 10−3M� yr−1 whereas the momentum rate

ranges from 10−3 to 10−2M� yr−1 km s−1. Another useful molecular tracer in

this regime is the SiO. This molecule seems to trace the fast jet rather than the

entrained outflow itself (Codella et al. 2013). Particularly significant is the fact

that the SiO gas is produced by shocking dust grains which then liberate material

into the gas phase.

1.3.2.3 Radio Wavelengths

Most of the emission from jets is caused by collisional excitation due to shocks.

In the radio regime, the continuum emission is generally interpreted as thermal
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Figure 1.9: CO outflow emission of 21 HMYSOs taken from Beuther et al. (2002b).
While the solid lines represent blue-shifted emission, the dashed lines represent the
red-shifted emission of the outflowing material. Grey scale maps show the 1.2 mm
continuum emission. Axis are offsets from the central source in arcsec.

free-free (bremsstrahlung) emission which traces the ionised jet. However, this

radio continuum can also trace non-thermal (synchrotron) emission produced by
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relativistic electrons in the stream of the jet (see Fig. 1.10). To identify which

emission one is dealing with, one can calculate the spectral index (α), which is

defined as Sν ∝ να, where Sν is the radio flux at the frequency ν. While in the

case of thermal emission α is characterised by positive numbers (with α = 0.6

for a canonical jet, Reynolds 1986), non-thermal emission possesses α ≤ −0.5.

Anything in between −0.5 < α < 0.1 may represent a mixture of thermal and

non-thermal emission and so caution should be taken in identifying its nature.

The advantage of observing at radio wavelengths is that one does not suffer

from extinction due to dust, and therefore it is an excellent way to observe the

ionised component of the jet. Typical kinematical and dynamical properties for

ionised jets driven by HMYSOs are (see, e.g., Anglada 1996; Anglada et al. 2018;

Purser et al. 2016): velocities range from 500 to 1000 km s−1 (and even more, see

e.g., Marti et al. 1995), ionised mass-loss rates range from 10−6 to 10−5M� yr−1,

and momentum rates range from 10−3 to 10−1M� yr−1 km s−1. Moreover, one

can penetrate deeper when observing young protostars in highly obscured star-

forming regions. This is particularly important in the case of high-mass star-

forming regions, where extinction values may be very high (AV up to 100 mag).

Consequently, it does allow us to observe younger systems deeply embedded in

their parent cloud and core and invisible at shorter wavelengths. For a recent

review of radio jets and their sources, see Anglada et al. (2018).

1.3.3 Correlation between Central Source and Outflow/Jet

It is worth noting that there are interesting correlations between the mass or the

bolometric luminosity of the central source and its ejection activity. In particu-

lar, Caratti o Garatti et al. (2015a) found a correlation between the bolometric

luminosity (Lbol) and the H2 luminosity (LH2) from HMYSO jets (LH2 ∝ L0.6
bol,

Fig. 1.11 upper left panel). Moreover, Beuther et al. (2002b) found two interest-

ing correlations, one between the mass of the core and the mass loss rate of the

outflow (Mout ∝ M0.8
core, Fig. 1.11 upper right panel) and the other between the

sub-mm CO outflow mechanical force (FCO) and the bolometric luminosity of the

central source (FCO ∝ L0.6
bol, Fig. 1.11 lower left panel). Finally, in Anglada et al.

(2018) a correlation is shown between the radio continuum of jets (Sνd
2) and the
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Figure 1.10: (a) Total intensity map at 6 cm of IRAS 18162-2048 and complex HH 80-
81. (b) Zoom-in of the central region, white contours are total intensity, colour map
is polarised emission and the bars show the direction. This is clear evidence for the
presence of relativistic particles. (c) Magnetic field direction of the closest knots plotted
over the total intensity map. Taken from Anglada et al. (2018), originally published in
Carrasco-González et al. (2010).

bolometric luminosity (Sνd
2 ∝ L0.54

bol , Fig. 1.11 lower right panel). Interestingly,

these correlations hold over several orders of magnitude in bolometric luminosity,

i. e. , from the low-mass to the high-mass regime.

1.4 Protostellar Discs around High-Mass Young

Stellar Objects

Protostellar jets are the natural consequence of accretion discs as previously dis-

cussed both theoretically and observationally (see Sect. 1.3.1 and 1.3.2). To close

this Chapter, I will briefly introduce protostellar discs around HMYSOs.

Theoretically, classical viscous (α)-discs (Shakura & Sunyaev 1973) are un-

likely to support the high mass accretion rates needed to form a HMYSO (∼
105 yr, Tan & McKee 2004). Even though simulations have shown that radiation
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Figure 1.11: Correlations between the central source and ejection activity. Taken
from Caratti o Garatti et al. (2015a) for the NIR, Beuther et al. (2002b) for the sub-
mm, and Anglada et al. (2018) for the radio

pressure does not prevent disc accretion up to stars as massive as 140M� (Kuiper

et al. 2010), observationally circumstellar discs have been observed in HMYSOs

with masses up to 25 − 30M� or ∼ 105 L� (Cesaroni et al. 2007; Beltrán & de

Wit 2016), although without exceeding this limit.

Observationally, various tracers have been used to detect circumstellar discs

around massive protostars. As in the case of protostellar jets, and as expected,

different wavelengths probe different parts within the disc. In the mm, sub-mm,

and radio regimes, typical disc radii are known to be a few thousands of au, al-

though radii as small as a few hundred of au have been observed (Beltrán & de

Wit 2016). Nonetheless, methanol emission at 6.7 GHz can be used to probe the
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inner discs with an angular resolution of less that 10 mas by means of VLBI ob-

servations (Moscadelli et al. 2011). The Atacama Large Millimeter/submillimeter

Array (ALMA) sensitivity and angular resolution have allowed us to detect clear

disc structures around HMYSOs located at great distances (Sánchez-Monge et al.

2013; Cesaroni et al. 2014; Beltrán et al. 2014). However, probing the inner

gaseous disc within a few au from the central source requires observations in the

NIR for two main reasons: i) to provide the required spatial resolution, through

e.g. interferometry; ii) to observe the tracers delineating the inner-most regions

of the discs, e.g., with the NIR 12C16O emission (see Sect. 2.4.3 in Chapter 2).

NIR interferometry was used to unveil the dusty disc in IRAS 13481-6124 at a

unprecedented resolution of 2.4 mas, i. e. 8.4 au, (Kraus et al. 2010). In the MIR

also observations at milli-arcsecond resolution were achieved for this object (Boley

et al. 2013).

1.5 Thesis Outline

In Chapter 2, I describe the basics of NIR observations and techniques used in

this thesis. Three Chapters of science follow where I investigate in detail three

HMYSOs.

In Chapter 3, I present the results of the measurement of the kinematic

and dynamical properties of the protostellar jet driven by the 20M� HMYSO

IRAS 13481-6124. We found that these properties scale with mass implying that,

at least, protostellar jets are a scaled-up version of their low-mass siblings. The

content presented in this Chapter has been published in Fedriani et al. (2018).

In Chapter 4, I show the unique case of G35.2-0.74N a 11M� YSO where we

measure, for the first time, the ionisation fraction in a jet driven by a massive

protostar. The results from this work imply a common mechanism in the forma-

tion and launching of jets across the mass spectrum. The content presented in

this Chapter has been published in Fedriani et al. (2019).

In Chapter 5, I report on the observations of NIR CO overtone bandhead

emission observed in IRAS 11101-5829 (L∗ ∼ 104 L�), seen for the first time in

this object. I show how, connecting the ejection and accretion phenomena, the
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protostellar jet and outflow can help us from (or prevent us from!) retrieving the

true physical parameters from the accretion disc. The content presented in this

Chapter has been published in Fedriani et al. (2020).

It is important to know whether the HMYSOs presented are isolated. Even

though the primary goal of my observations is not to discriminate between massive

star formation models, they could give us clues about the most likely scenario.

From the three HMYSOs presented in this thesis (IRAS 13481-6124, G35.2-0.74N,

and IRAS 11101-5829; Chapters 3, 4, and 5, respectively), only two of them have

Galactic Legacy Infrared Midplane Survey Extraordinaire (GLIMPSE) coverage.

GLIMPSE is a survey of the inner Milky Way Galaxy at 3.6, 4.5, 8, and 24 µm

revealing the more embedded emission in the plane of the Galaxy. In the case

of IRAS13481-6124, the GLIMPSE image shows no sign of clustered structure.

In addition, previous studies at other wavelengths do not show signs of binarity

(see, e.g., Kraus et al. 2010). Besides this, there is almost no precession in the

jet, which might be an indication of the lack of a close massive binary. On the

other hand, the case of G35.2-0.74N is different. Besides the fact that the jet

shows a strong precession caused by a massive companion, ALMA data shows

that this region is currently undergoing active star formation of more HMYSOs

(see Sánchez-Monge et al. 2013; Beltrán et al. 2016, and references therein).

No GLIMPSE coverage is present for IRAS 11101-5829. In contrast with the

other two HMYSOs, IRAS 11101-5829 is not located in the plane of the Galaxy.

This HMYSO seems to be forming in isolation. In addition, the jet shows no

precession, which as stated above, might be an indication of no close massive

companion. There is no ALMA data for this object, therefore my claim is just a

hypothesis.

In Chapter 6, I conclude this thesis presenting the overall conclusions and

future work.

I would like to end the introduction of my thesis by showing one of my favourite

images, the Carina Nebula. Figure 1.12 shows a composite image from the HST

and the Cerro Tololo Inter-American Observatory (CTIO) of the high-mass star-

forming region Carina. Here, condensations of gas and dust are forming stars and

jets which are displayed in all their glory.
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2
NIR observational techniques and

diagnostics

“It’s better to burn out than to fade away”

– Neil Young

Observing in the infrared (IR) has very important applications. Firstly, one

can observe at higher visual extinction in comparison to the optical (AK ∼ 0.1AV),

allowing us to penetrate further into the cloud where stars are formed and are

invisible at optical wavelengths. Secondly, IR studies reveal gas that has lower

excitation and that are not emitting at optical wavelengths. Cooling processes

at a given temperature (< 5000 K) and density (> 104 cm−3) are only revealed

through IR lines.

Imaging and spectroscopy are fundamental observing techniques to probe the

process of star formation. In this Chapter, I will cover the basics of IR observa-

tions, focusing on the NIR. I will present the instruments used in this thesis. I

will also cover the main line diagnostics which retrieve values for crucial param-

eters. Finally, I will end the Chapter by explaining the three simple models used

to describe our observations of the circumstellar environment around HMYSOs.
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NIR observational techniques and diagnostics

2.1 Observing techniques in the NIR

The IR window can be sub-divided in terms of the technology used, given the sig-

nificant differences in instruments and observing techniques across different bands

(Glass 1999). While the very near infrared sky at ∼ 0.8µm (band I ) has been

treated as a continuation of the visible, the IR proper starts at roughly ∼ 1µm

where observational techniques and instrumental technology change significantly.

The end of the IR window is also technologically defined at around ∼ 350µm

or 0.35 mm where radio observational techniques start to operate. The wave-

length regime between 0.35 mm and 1 mm is referred to as the sub-millimetre.

Usually, the infrared is divided into three different sub-bands, namely, the NIR

(0.75− 5µm), MIR (5− 25µm), and FIR (25− 350µm). For the completion of

this thesis, I have used observations from the NIR with various instruments (see

Sect. 2.2) and this is the window I am now going to focus on.

Observing in the NIR window of the electromagnetic spectrum has great ad-

vantages in accessing the gas/dust physical conditions that otherwise could not

be accessible. However, these observations also have disadvantages and limita-

tions. One of the biggest is the atmosphere. Figure 2.1 shows the various NIR

observable windows open to ground-base telescopes, where the bands used in this

thesis are labelled, namely, the J, H, K, and M bands. The main atmospheric

absorption hampering IR observations is due to H2O. Also, OH emission is im-

portant in the ∼ 1− 2.5µm range introducing a wealth of spurious emission that

needs to be removed.

2.1.1 Spectroscopy and Imaging Strategies

The sky in the NIR is highly variable both in time and intensity and the longer the

wavelength the faster the variability. There is a strong sky background that needs

to be subtracted from the scientific observations. To account for sky variability

and background, there are a number of strategies used, depending on the nature

of the observations.

For imaging observations, dithering, jittering, and chopping are the standard
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Figure 2.1: Zoom-in in the NIR and MIR window, this time showing the transmit-
tance, i. e., the amount of light that passes through the atmosphere. Adapted from
Wikipedia. NIR bands JHK and M are labelled on top of each band.

observing techniques used in the NIR and MIR. Dithering and jittering are es-

sentially the same. They refer to a series of shifts (i. e. the telescope pointing

slightly changes), exposures, and co-adding of the various frames while the target

remains in the field-of-view (FoV). The difference between the two is that dither-

ing follows a given pattern and jittering is a random walk. Chopping is different

in the sense that it covers large portions of the sky. These techniques are also

used to mitigate detector imperfections (i. e. bad pixels, uneven illumination,

cosmic rays) or to map a large portion of sky.

In the case of spectroscopy, the most commonly used technique is nodding. It

consists of a series of exposures (usually named A and B) which are subtracted

from one another to remove the sky background. The spectra are then aligned

and summed to increase the signal-to-noise ratio. Usually, the cycle ABBA is

employed to maximise the efficiency of the observations. The subtraction of the

frames has the added advantage of removing the dark current, although with

current technology this is now very low.

For combined spectro-imaging observations, nodding is used to move alter-

natively between target and sky positions, as opposed to moving the target to

another position within the FoV (as in the case of pure spectroscopy).

In this thesis, I rely on spectroscopic observations (i. e. with the ESO/VLT

instruments CRIRES, ISAAC, and X-shooter, see Sect. 2.2.1) and use the stan-
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dard nodding ABBA technique. I also rely on IFU spectro-imaging observations

(i. e. with the ESO/VLT instrument SINFONI) and use nodding plus jittering

techniques.

2.1.2 Spectro-astrometry

A novel technique that I use in this thesis is spectro-astrometry which is used to

provide spatial information below the nominal spatial resolution of the observa-

tions. This technique is not unique to the NIR and was originally used in the

optical to detect young binary systems (Bailey 1998b,a). However, it has been

used to probe protostellar jets beyond the nominal resolution at both ends of

spectral masses, i. e., for brown dwarfs (Whelan et al. 2005) and for HMYSOs

(see Chapter 3 Sect. 3.3.1).

Spectro-astrometry is a reasonably simple technique to accurately find the

central position of an unresolved source. Therefore, in one sentence, spectro-

astrometry is the astrometric study of spectral images (see Whelan & Garcia

2008, for a extensive review in the technique). Although this technique has been

applied mainly to long-slit spectral images, it can also be applied to IFU data.

In the following, I will explain the technique for long-slit 1D spectral images.

I will start by assuming an ideal instrument that produces perfect spectral images

(see Sect. 2.1.2.1 for limitations). For each pixel, in the spectral direction, a Gaus-

sian profile (2D Gaussian profile in the case of IFU data) is fitted retrieving the

astrometric position, i. e., the centroid position is extracted at each wavelength.

In Figure 2.2 a sketch of spectro-astrometric results is shown.

In the top row of Figure 2.2 is presented the expected spectro-astrometric

signal for a point source without any other particularities. The point source is

observed as the Point Spread Function (PSF) of the observations and the spectro-

graph disperses the light (see first four panels). Then a Gaussian profile is fitted

at each wavelength (fifth panel), and finally the series of centroid measurements

is presented in a plot of centroid position versus wavelength (sixth panel). No

spectro-astrometric signal is expected in these cases. In fact, usually this tech-

nique is applied to telluric standard stars (point sources) to show that no signal
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Figure 2.2: Sketch outlining the spectro-astrometric technique for a point source (top
row) and for an asymmetric source (bottom row). Taken from Blanco Cárdenas et al.
(2014) that adapted from Whelan & Garcia (2008).

is retrieved and therefore the instrumental set up is correct (see Fig. A1 of Davies

et al. 2010).

In the bottom row of Figure 2.2 is shown the expected signal for an asymmetric

source such as, for example, a jet. In the last panel one can clearly see a strong

spectro-astrometric signal differentiating between the blue-shifted and red-shifted

emission, even if the two emitting regions are not spatially resolved and embedded

in the PSF.

In the previous example, we obtain information in one given direction. If one

wants to retrieve spatial information in two directions (and hence plot it on the

plane of the sky, for example) one needs to place extra orthogonal slit on the

system (but also antiparallel slits to remove artifacts, see Sect. 2.1.2.1) or, alter-

natively observe with an IFU. In this way, information on displacement direction

can be recovered. In the case of IFU observations, the actual displacement is

retrieved immediately, rather than the one projected along the slit PA.

It is important to note that with spectro-astrometry we are not spatially

over-resolving the emission for a specific spectral line, but we are measuring an

offset of the spectral line (at different wavelengths) with respect to the continuum

position. This is a common misunderstanding of the technique.

The accuracy of this technique is limited by two main observing parameters:

the seeing; and the signal to noise. Equation 2.1 relates these two, and gives an
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estimate of the expected accuracy in the centroid position. The seeing is given

by the Full Width at Half Maximum (FWHM) of the observations measured in

the continuum and Np is the number of photons arriving at the detector (which

is effectively the signal-to-noise ratio). As presented in Whelan & Garcia (2008),

observations under average seeing conditions of 1 arcsec and with Np ∼ 106 gives

an accuracy (i. e. effective spatial resolution) of about 1 milliarcsecond (mas).

σcentroid =
seeing

2.3548
√
Np

(2.1)

2.1.2.1 Artefacts and limitations

Special care has to be taken when working with spectro-astrometry. Even though

is a reasonably simple technique, it is easy to misinterpret it and contaminate the

signal. One particularly important is the subtraction of the continuum. When

working on the origin of a specific line-emitting region at sub-seeing spatial scales,

the first step is to have well characterised the position (or centroid) of the contin-

uum emission. Once this is done, one will be able to measure the displacement

of the line with respect to the continuum. However, the continuum will tend to

drag the line centroid towards the position of the continuum centroid (as it is

usually much brighter). One has then two options to remove the contribution of

the continuum in the data. First, subtract accurately the continuum from the

emission line. Second, if an accurate subtraction of the continuum is not possible,

one has to apply the weighting given by Equation 2.2 in order to correct for this

effect (Takami et al. 2001). Figure 2.3 shows the spectro-astrometric signal before

and after continuum subtraction.

W (λ) =
Iλ(line) + Iλ(cont)

Iλ(line)

, (2.2)

Other spurious contributions may appear in spectro-astrometric signals. Im-

perfections in the optics can introduce distortions in the PSF, and therefore spu-

rious signals. This is easily subtracted by fitting a polynomial function. Special

attention should also be taken when calibrating the data in wavelength, choosing
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Figure 2.3: Effect of continuum dragging in emission line [O i] λλ6300 in the T Tauri
star V536. Adapted from Whelan & Garcia (2008).

an instrument with sufficient spectral resolution, and ensuring high signal-to-noise

in the line of interest. In order to remove instrument artifacts, the observer should

consider anti-parallel slit positions. A real spectro-astrometric signals will flip for

an anti-parallel observation, but artefacts will not. The spectro-astrometric tech-

nique is used in Chapter 3 to retrieve information at au-scales for the jet driven

by the HMYSO IRAS 13481-6128.

2.2 Instruments

2.2.1 European Southern Observatory / Very Large Tele-

scope

In this thesis, I describe studies which rely on a selection of European Southern

Observatory (ESO) instruments mounted in one of the Unit Telescopes (UTs)

at the Very Large Telescope (VLT) in Chile. Figure 2.4 shows a collage of the

four ESO/VLT instruments used to carry out the work of this thesis. Panel e)

shows Cerro Paranal in Chile where the four 8.2 m UTs are located, also in the

background one can see the 1.8 m Auxiliary Telescopes (ATs). In the following,

I will briefly present the instruments used in my research project.
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a)

c) d)

b)

e)

Figure 2.4: Collection of instruments mounted in ESO/VLT used throughout this
thesis: a) CRIRES, b) X-shooter, c) ISAAC, and d) SINFONI. e) Cerro Paranal,
site of the Very Large Telescope. At the front, the four Unit Telescopes (UTs); in the
background, the four Auxiliary Telescopes (ATs). Credit image: a),b),c), and d) ESO
and e) John Colosimo.

CRIRES

CRIRES stands for CRyogenic high-resolution pre-dispersed InfraRed Echelle

Spectrograph (Kaeufl et al. 2004), see Figure 2.4 panel a. CRIRES was mounted

in the Nasmyth A focus of the UT1 (called Antu), until July 2014 when it was

removed, upgraded to CRIRES+ and installed in the Nasmyth B focus of the

UT3 (Melipal). Due to the high-spectral resolution (R ∼ 50 000), the wavelength

range available is very limited. It has good wavelength coverage (0.98− 5.2µm),

allowing one to observe atomic emission lines such as Paβ at 1.28µm, Brγ at
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2.16µm or Brα at 4.05µm, as used in this thesis. Specifically, CRIRES data was

used in the application of the technique of spectro-astrometry (see Sect. 2.1.2) to

retrieve jet information from IRAS 13481-6124 at au-scale (see Chapter 3). Given

the high sensitivity and high-spectral resolution, this instrument is ideal for this

kind of study.

X-shooter

Another instrument I used was the medium-resolution long-slit spectrograph, X-

shooter (Vernet et al. 2011). X-shooter is mounted in UT2 (Kueyen) Cassegrain

focus (panel b of Fig. 2.4). X-shooter observations are seeing-limited because

there is no adaptive optics (AO) in UT2. The spectral resolution depends on the

arm one is observing at. In the NIR the nominal spectral resolution is 11 000.

It was used for the modelling of the NIR CO disc emission (see Sect. 2.4.3 and

Chapter 5).

ISAAC

Now decommissioned, the Infrared Spectrometer And Array Camera (ISAAC,

Moorwood et al. 1998) was a medium resolution (R ∼ 10 000) spectrograph and

imager mounted in UT3 Nasmyth A focus. Due to the excellent wavelength

coverage of ISAAC (1.0− 5.0µm), one could observe all the useful emission lines

for star formation studies. ISAAC is used in this thesis to measure kinematic and

dynamic properties and to produce the so-called position-velocity (PV) diagrams

(see Figs. 3.6 and 3.7 in Chapter 3, and Fig. 4.2 in Chapter 4).

SINFONI

Spectrograph for INtegral Field Observations in the Near-Infrared (SINFONI,

Eisenhauer et al. 2003) is an integral field unit (IFU) mounted in the UT3

Cassegrain focus. It benefits from the AO system and could reach a spatial

resolution below 0.3′′. SINFONI operates in the JHK bands, i. e., 1.1− 2.45µm.

The IFU has the great advantage that for the same observations one has imaging
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Table 2.1: Main features of ESO/VLT instruments with the setup used in this thesis.

Instrument Spectral Resolution Spectral Coverage Slit width × length Adaptive Optics
(R) (µm) (′′ × ′′)

CRIRES 50 000 0.98–5.2 0.4× 40 YES
ISAAC 10 000 1.0–5.0 0.4× 120 NO
X-shooter 11 000 0.3–2.5 0.4× 11 NO
SINFONI 4000 1.1–2.45 IFU 8× 8 YES

and spectra at the same time. Actually, one has spectra for each pixel in the

image. Even though SINFONI spectral resolution is not very high (R ∼ 4000),

it is sufficient to generate jet velocity, excitation, and extinction maps. (See

Fig. 5.5 in Chapter 5 for the velocity map of HH 135-136.) It is also ideal to

study different regions of the system and investigate how the physical properties

change. SINFONI is suitable for spectro-astrometry studies as well (Davies et al.

2010, see, e.g.,). It was used for the study of the immediate circumstellar envi-

ronment of IRAS 13481-6124 (see Chapter 3) and to test the reflection scenario

of IRAS 11101-5829 (see Chapter 5).

2.2.2 Hubble Space Telescope and Very Large Array

Apart from the ground-based ESO/VLT instruments presented above, I also used

the Wide Field Camera 3 (WFC3) on board of the Hubble Space Telescope (HST).

The basic features are pixel scale 0.13′′/pix, FoV 136′′ × 123′′, and wavelength

coverage of 0.8 to 1.7µm. Observing from space has the advantage that the

atmosphere is no longer degrading the signal. In space, the spatial resolution

is not imposed by the atmospheric conditions, but it is dictated only by the

diffraction limit of the telescope.

Finally, in Chapter 4, I took a multi-wavelength approach to study at the

greatest detail the high-mass star-forming region G35.2-0.74N. To do so, I used

the radio telescope Very Large Array (VLA). In contrast with all previous instru-

ments, I was not involved in data reduction and calibration. This was carried

out by one of my co-authors and member of the DIAS star formation group.

Details on the antenna configuration, frequency used, and technical details are

reported in Chapter 4 Sect. 4.4.3. I analysed the data set to investigate the radio
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Figure 2.5: Top Left: Hubble Space Telescope. Top Right: Main Components of
the Wide Field Camera 3 on board on the HST. Image credit: ESA/NASA. Bottom:
Very Large Array in New Mexico. Credit: Contact Film / Warner Bros.

component of the protostellar jet driven by the HMYSO.

2.3 Emission lines as diagnostics of the circum-

stellar environment

As seen in Chapter 1, several emission lines are observed in the circumstellar envi-

ronment of HMYSOs, originating from different mechanisms and tracing different
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regions. For example, the protostellar jets show plenty, independently of the mass

of the central source (see, e.g., Ray et al. 2007; Frank et al. 2014; Bally 2016). In

particular, atomic forbidden1 emission lines such as [Fe ii], [N ii], [S i], [S ii], [C i],

[Si ii], [Ne ii], or [O i] are seen in the IR, along with molecular hydrogen emission

(H2). Meanwhile, atomic hydrogen (H i) is observed to trace both ejection and

accretion processes close to the star (see, e.g. Coffey et al. 2010). Furthermore, as

seen in Section 1.4, the NIR CO emission is a tracer of the inner gaseous disc, and

can be modelled to retrieve physical information of this region (see Sect. 2.4.3).

In this section, I will focus on the NIR regime and on the [Fe ii], H2, H i, and CO

emission lines which constitute the core work carried out in this thesis.

2.3.1 H2 molecule and [Fe II] atomic emission

Molecular hydrogen, H2, is a key tracer in the study of protostellar jets. H2

radiates only through quadrupole transitions because, being homonuclear, it does

not have a permanent dipole moment. The molecule is present in two states,

which are almost independent, i. e. ortho- and para- states. The former conforms

H nuclei with parallel spins whereas the latter conforms H nuclei with antiparallel

spins.

The selection rules for quadrupole transitions give the characteristic nomen-

clature, e.g. for the transition of H2 at 2.1218µm the nomenclature is 1− 0 S(1).

The selection rules for the vibrational (υ) and rotational (J) quantum numbers

are ∆υ = 0,±n and ∆J = 0,±2 respectively, where n is the principal quantum

number. The nomenclature is such that the change in vibrational number is writ-

ten first (e.g. 1−0), followed by the letter S, Q or O representing ∆J = −2, 0,+2

respectively, and lastly the number in parenthesis is the final rotational number

(see Fig. 2.6 left panel). In this way, the NIR H2 transition 1−0 S(1) at 2.1218µm

represents the transition from υ = 1 to υ = 0 and J = 3 to J = 1.

H2 is excited by two main mechanisms: i) radiative pumping by the pres-

ence of far-UV radiation e.g., photo-dissociation regions (PDRs); ii) collisions

produced in shocks. One can use line ratios to discriminate between these two

1Forbidden transition refers to very low density gas that on Earth does not occur, hence the
reason to be ‘forbidden’.
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mechanisms (see Sect. 2.3.1.1). The observed NIR H2 transitions have a large

spread over energy excitation, from ∼ 6000 to ∼ 40 000 K, allowing us to trace

the gas temperature using the H2 ro-vibrational diagrams (see Sect. 2.4.2).

Forbidden transitions of singly ionised iron, [Fe ii], are another key tracer in

the study of protostellar jets. Locked into dust grains in cold molecular clouds,

iron gas-phase emission is extremely low. However, in shocks, iron is released

from the dust grains via sputtering or photo-evaporation. Once neutral iron is

released, and due to its low ionisation potential (7.87 eV), it is easily ionised via

charge transfer reactions with ions (e.g., H+).

Iron emission lines are observed over a wide wavelength range, from UV to

MIR. In particular, in the NIR, prominent [Fe ii] emission lines come from the first

16 energy levels. The brightest lines constitute transitions from the fine structure

levels of the 4D term to 4F and 6D terms (see Fig. 2.6 right panel). Excitation

temperatures of these transitions are from 11 000 to 12 000 K and therefore the

ratio between these iron lines is not very sensitive to gas temperature. Nonethe-

less, [Fe ii] line ratio can be used to retrieve visual extinction and electron density

information (see Sect. 2.3.1.1 and Chapter 4 Sect. 4.4.5).

2.3.1.1 Emission line ratios

Emission lines ratios are a fundamental tool in spectroscopy to uncover a variety

of physical properties of the emitting gas, such as electron density and extinction,

depending on the species used. Furthermore, ratios can be used to differentiate

between models of the excitation mechanism.

For example, the [Fe ii] lines observed in the NIR can be used to measure the

electron density. Indeed, pairs of NIR [Fe ii] emission lines are used to retrieve

density information on protostellar jets. The most robust results are provided by

the ratios 1.533/1.644, 1.600/1.644, and 1.677/1.644µm. These lines very effec-

tively trace electron densities larger than 103 cm−3, as they need such densities to

be excited. As a consequence, these ratios cannot be used for low density jets, as

might be the case for those driven by low-mass protostars. The excitation con-

ditions traced by NIR lines are different to those traced by optical lines, such as
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Figure 2.6: Left: H2 energy level diagram for the ground electronic state. Adapted
from Burton (1992). Right: [Fe ii] energy level diagram originating from the 16 first
levels. Taken from Pesenti et al. (2003).

[S ii]λλ 6716, 6731 and [N ii]λλ 6583, 6548. NIR lines trace colder and denser gas,

which originates in a deeper layer to that compared to the optical (see Hartigan

2008; Nisini 2008).

Another example of a physical property derived from line ratios is visual ex-

tinction. Information on the visual extinction can be retrieved from the ratio

of two emission lines (Iλ1 , Iλ2) originating from the same upper level and with

a sizeable separation in wavelength. In particular, optically thin [Fe ii] lines fit

these requirements. This tool is particularly robust because the theoretical ratio

depends only on the Einstein Coefficients, Aλ1 , Aλ2 , i. e. the transition probabil-

ities, and so is independent of the gas physical conditions. It is then possible to

retrieve the colour excess, E(λ1 − λ2), from the emission line ratio as follows in

Eq. 2.3:
Iλ1

Iλ2

=
Aλ1λ2

Aλ2λ1

10−E(λ1−λ2)/2.5 (2.3)

The colour excess, E(λ1−λ2), then leads to a value for the visual extinction, AV,
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as follows in Eq. 2.4:

E(λ1 − λ2) = AVα
(
λβ1 − λ

β
2

)
(2.4)

where α and β have values dictated by the chosen extinction law. In this thesis,

I choose to use the extinction law of Rieke & Lebofsky (1985), which gives values

of α = 0.42 and β = −1.75.

Choosing appropriate lines to use in a ratio to obtain extinction is important.

For example, extinction estimates from the NIR H2 line ratio 1−0 S(i)/1−0Q(i+

2) are worse than those obtained from the [Fe ii] lines because the Q lines lie in a

part of the spectrum in theK-band which has poor atmospheric transmission, and

the ratio is not very sensitive to extinction variations due to the small separation

in wavelength (Nisini 2008).

Finally, the excitation mechanism can be tested through the ratio of

1−0 S(1)/2−1 S(1) at 2.1218 and 2.2477µm, respectively. Specifically, this ratio

can be used to differentiate between fluorescence associated with PDRs and shock

emission associated with jets and outflows (Burton 1992; Wolf-Chase et al. 2017).

Burton (1992) estimated a ‘shock’ value for the ratio of 10, however he raised a

word of warning indicating that if no other indicators are present, this ratio alone

should not be used to discriminate between these two mechanisms. However,

more modern calculations suggest that a value for the ratio as low as ∼ 3− 4 is

expected for shocks with typical values of ∼ 1.5− 3 for PDRs (Wolf-Chase et al.

2017).

2.3.2 Jet Kinematic and Dynamic Properties

Jet velocities can be estimated by combining measurements from multi-epoch

imaging (which reveal the jet proper motion and thus, assuming a distance, the

tangential velocity, v⊥) and spectroscopy (radial velocity, vrad). Given the large

distances to high-mass star forming regions, proper motions and thus v⊥ are

typically difficult to measure, unless long time-baselines are used. This difficulty

does not hamper measurement of the radial velocity component, which can rely

on high resolution (R ∼ 10 000, i. e. ∼ 30 km s−1) spectrographs. The Doppler

effect is used to measured this velocity component and is given by Equation 2.5,
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where c is the speed of light. Assuming that our emission line can be fitted with

a Gaussian profile, the centroid of the line is measured, λ1, and then compared

with the rest wavelength, λ0, to calculate the radial velocity:

vrad =
λ1 − λ0

λ0

c (2.5)

The total velocity, vtotal, is then defined as:

v2
total = v2

rad + v2
⊥ (2.6)

Combining measurements of the jet velocity with measurements of the jet

mass allows calculation of a number of critical constraints on jet models, including

momentum, kinetic energy and thrust.

To measure the mass, we can estimate column densities for example from

the ro-vibrational diagrams in the case of the H2 emission (see Section 2.4.2).

Combining the estimates of the column density with the area of the knot in the

sky from imaging, one can compute the mass of the knot, Mknot, in a given species.

In the case of the H2, this is given by (see also Chapter 4 Sect. 4.4.7):

Mknot = 2µmHN(H2)A (2.7)

where µ is mean atomic weight, mH is the mass of the hydrogen atom, N is the

column density, and A is the area of the knot.

From here, one can calculate values for the jet dynamics by combining the

mass of the knot with its velocity. The mass ejection rate is given by Equation 2.8,

whereas the momentum is given by Equation 2.9,

Ṁejec =
Mknotv⊥

l⊥
(2.8)

P = Mknotvtotal (2.9)

48



2.4. Local Thermodynamic Equilibrium Models

where l⊥ is the length of the knot on the plane of the sky. Knowing the mass

and the mass-loss rate of the knot, together with the total velocity, one can also

calculate the kinetic energy and the momentum rate (or thrust) of the knot, which

are given by the Equations 2.10 and 2.11, respectively.

K =
1

2
Mknotv

2
total (2.10)

Ṗ = Ṁejectvtotal (2.11)

Last, but not least, the dynamical time (τdyn) can be calculated by combining

the distance (d) of the knot from the central source, measured on the plane of the

sky, and the tangential velocity (Eq. 2.12). Kinematic and dynamic properties

are calculated in Chapters 3 and 4. For example, in Chapter 5 I estimate the

geometry of the jet by combining the velocity components of the H2 lines.

τdyn =
d

v⊥
(2.12)

Jet kinematic and dynamic properties were calculated in Chapters 3 and 4.

2.4 Local Thermodynamic Equilibrium Models

Three simple models (for atomic hydrogen, molecular hydrogen and CO) were

developed to retrieve physical information from our observations. The main as-

sumption was that the emission is in Local Thermodynamic Equilibrium (LTE).

The model of atomic hydrogen emission from the Brackett series was used in

Chapter 3 and the model of molecular CO emission was used in Chapter 5. Be-

low, I have given the full derivation for each model (repeating a few equations)

so in this way they can be read independently.
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2.4.1 Brackett decrement for NIR H I emission

This model is based on Spitzer (1978), Chapter 3, pages 32-38. Assuming LTE,

the line intensity is given by:

Iν = Bν(T )
(
1− e−τν

)
(2.13)

where τν is the optical depth for a particular frequency ν, and Bν(T ) is the Planck

function such that:

Bν(T ) =
2hν3

c2

1

ehν/(kT ) − 1
(2.14)

where h is Planck’s constant, c is speed of light, and k is Boltzmann’s constant.

The optical depth can be written as:

τν =

 2n2
level

ni=nmax∑
ni=1

2n2
i e
−E(ni)/(kT )

e−E(nlevel)/(kT )

N(H i)s(ν, T, f)φ(∆v, ν) (2.15)

where the term in square brackets is the Boltzmann distribution of the relative

populations of two levels, nlevel is the lower atomic level of the transition consid-

ered (in this model I used nlevel = 4), nmax is the maximum number of atomic

levels considered (in this model I used nmax = 26) and E(n) is the energy of the

level for the hydrogen atom given by E(ni) = 13.6 (eV)(1− 1/n2
i ); N(H i) is the

column density of neutral hydrogen; s is the absorption cross section given by

s(ν, T, f) = 2.654× 10−2f
(
1− e−hν/(kT )

)
, with f is the oscillator strength of the

transition (taken from Table 1 of Goldwire 1968); φ is the line profile function

given by φ(∆v, ν) = c/(∆vν); ∆v is the Doppler broadening.
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Emission line ratios

Our aim in using emission line ratios is to estimate the optical depth of a certain

region. In Chapter 3 Section 3.5, the Brackett decrement was used, to give the

intensity ratio of all Brackett lines with respect to a specific Brackett line, in this

case Brγ, i. e.,

IνBrγ

IνBrn

=
BνBrγ

(T )
(
1− e−τνBrγ

)
BνBrn

(T ) (1− e−τνBrn )
(2.16)

where n is the upper atomic level of the transition. For example, in the case of

Brγ, n = 7 or in the case of Br10, n = 10 (recalling that the lower level is always

4 for the Brackett series).

If one is interested in the optical depth of, for example, Brγ, and assuming a

column density of atomic hydrogen, one can write the optical depth of the rest

of the Brackett series in terms of that of Brγ:

τνBrγ
=

 2n2
Brγ

ni=nmax∑
ni=1

2n2
i e
−E(ni)/(kT )

e−E(nBrγ)/(kT )

N(H i︸ ︷︷ ︸
=

)s(νBrγ, T, fBrγ)φ(∆v, νBrγ)

τνBrn
=

 2n2
Brn

ni=nmax∑
ni=1

2n2
i e
−E(ni)/(kT )

e−E(nBrn)/(kT )

︷ ︸︸ ︷N(H i) s(νBrn, T, fBrn)φ(∆v, νBrn)

And finally we have an expression of the ratio in terms of τνBrγ
, given by

IνBrγ

IνBrn

=
BνBrγ

(T )
(
1− e−τνBrγ

)
BνBrn

(T )

(
1− e−

s(νBrn,T,fBrn)

s(νBrγ,T,fBrγ )

φ(∆v,νBrn)

φ(∆v,νBrγ )
τνBrγ

) (2.17)

I wrote a routine to fit the theoretical to observed line ratio, with τνBrγ
as

the parameter to be fitted. The result can be seen in Figure 3.9 of Chapter 3

Section 3.5.
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2.4.2 H2 ro-vibrational diagrams

Temperature and column density conditions of the molecular hydrogen compo-

nent of the jet can be inferred from the H2 ro-vibrational diagrams (also called

Boltzmann excitation diagram). The Boltzmann distribution relates the column

density N(υ, J) with υ, J the vibrational and rotational level of the H2, with

respect to the total H2 density, Equation 2.18 relates these two quantities.

N(υ, J)

N(H2)
=
gυ,J
Q
e
−E(υ,J)
kTex (2.18)

Column densities can be derived from the measured intensities at the various

levels as given by:

Iυ,J =
hν

4π
Aυ,JN(υ, J) (2.19)

Solving for N(υ, J) in Equation 2.19 and combining with Equation 2.18, one

can write:

ln
N(υ, J)

gυ,J
= ln

4πIυ,J
hνgυ,JAυ,J

= −E(υ, J)

kTex

+ ln
N(H2)

Q
(2.20)

One can fit a simple straight line to Equation 2.20 and estimate Tex as given by

the inverse of the slope and the total H2 column density as given by the intercept

of this fit. Examples of application of this technique can be found for example in

Nisini et al. (2002); Caratti o Garatti et al. (2015a).

2.4.3 The CO molecule in the NIR

The NIR 12C16O (hereafter CO) overtone bandhead emission at 2.29 − 2.5µm

is a tracer of the inner gaseous disc (Dullemond & Monnier 2010). Emitted in

a relatively warm (T ∼ 2000 − 5000 K) and dense (N(CO) ∼ 1014 − 1024 cm−2)

region, CO emission is expected to be located as close as a few au from the central
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2.4. Local Thermodynamic Equilibrium Models

Figure 2.7: Ro-vibrational diagram of the HH 240 A object in L1641. Different
symbols indicate the various vibrational levels. The red line represents the LTE fit at
a temperature of 3400 K. Adapted from Nisini et al. (2002).

source, depending on the mass and temperature of the central source (Ilee et al.

2013). Modelling the CO emitting region can reveal the main physical properties

of the inner gaseous disc. Our CO modelling is based on Kraus et al. (2000), and

was first used in Koutoulaki et al. (2019). We assume that the emission is coming

from a single ring undergoing Keplerian rotation in LTE. In this way, the levels

are populated following the Boltzmann distribution, i. e.:

Nυ,J =
N

Z
(2J + 1) e

−Eυ,J
kT (2.21)

where N is the total column density of the CO molecule, T is the temperature, J

is the rotational level (we have considered 100 levels), υ is the vibrational level,

k is the Boltzmann constant. The energy of the vibrational-rotational transition,

Eυ,J , is given by (Dunham 1932b,a):

Eυ,J = hc
∑
k,l

Yk,l

(
υ +

1

2

)k
(J2 + J)l (2.22)

where h is the Planck constant, c the speed of light, and Yk,l are the Dunham coef-

ficients for which k and l are the powers of the vibrational and rotational quantum

number, respectively, and Z is the partition function given by the product of the
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vibrational and rotational partition functions as shown in Eq. 2.23:

Z = Zυ · ZJ =
∑
υ

e
−Eυ
kT

∑
J

(2J + 1) e
−EJ
kT (2.23)

The intensity of the line is given by:

Iν = Bν(T )
(
1− e−τν

)
(2.24)

where Bν(T ) is the Planck function and τν is the optical depth for a given fre-

quency ν, which can be written as (but it is actually given by Eq. 2.27):

τν(υ, J ; υ′, J ′) =
c2Aυ,J ;υ′,J ′

8πν2

(
2J + 1

2J ′ + 1

Nυ′,J ′

Nυ,J

− 1

)
Nυ,J (2.25)

We assume that each J component has a Gaussian profile given by:

Φ(ν) =
1√

2π∆v
c
ν0

exp

−(ν − ν0

2∆v
c
ν0

)2
 (2.26)

where ν0 is the rest frequency of the J component. Applying this broadening one

would have a total optical depth given by:

τ(ν) =
J=100∑
J=0

τν(υ, J)Φ(ν) (2.27)

The way we select the model velocity grid generates a spectrum with a resolu-

tion of Rmodel ∼ 0.3 km s−1. Once the spectrum is generated and before compar-

ing with the observations, we reduced the resolution to the observed one using

a Gaussian convolution. The output of the model is the spectrum of the CO,

Figure 2.8, in which I have used a spectral resolution of 30 000 i. e., ∼ 10 km s−1.
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2.4.4 vK sin idisc in the CO modelling

Assuming that the CO is emitted in a ring in Keplerian rotation at a distance r

from the source, the rotational velocity is

vK =

√
GM∗
r

(2.28)

where G is the gravitational constant, M∗ the protostar mass, and r the disc

radius or distance from the central source. For a single element of the ring with

azimuthal angle θ ∈ [0, 2π], the projected velocity is given by the expression:

vproj = cos θ vK sin idisc (2.29)

where idisc is the inclination of the plane of the disc with respect to the plane of

the sky (i. e., idisc = 0◦ is a face-on disc and idisc = 90◦ is an edge-on disc). Note

that vproj takes both positive and negative numbers since cos θ ∈ [−1, 1]. This

fact determines the line broadening and is more evident the larger vK sin idisc gets.

Due to rotation, the frequency is Doppler shifted according to the expression:

νK = νint

(
1 +

vproj

c

)
(2.30)

where νint is the intrinsic frequency. This is the term responsible for the char-

acteristic ‘blue shoulder’ created in systems with large values of vK sin idisc and

therefore large vproj. Bottom panel of Figure 2.8 shows a zoom-in into the first

bandhead showing the influence of the Keplerian broadening. The green dashed

line shows the characteristic shoulder to the left of the peak of the that bandhead

for a value vK sin idisc = 150 km s−1.

2.4.5 The full disc CO model

The previous model can easily be improved by considering multiple rings (Nring)

forming the ‘full disc’. Usually Nring is between 50 and 100 rings. These rings are
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Figure 2.8: Top: Output of the CO ring model obtained for T = 4000 K, N(CO) =
5 × 1020 cm−2, vK sin idisc = 25 km s−1, and ∆v = 20 km s−1. Bottom: Zoom-in into
the first CO bandhead overtone with the same conditions. Also plotted for vK sin idisc =
150 km s−1 (green dashed line).

confined between the inner radius (Rin) and the outer radius (Rout) of the disc. In

this way, the temperature (T (r), Eq. 2.31) and column density (N(r), Eq. 2.32)

decrease in radius (r) with a power law index q and p, respectively, between Rin

and Rout, as follows:

T (r) = Tin

(
r

Rin

)p
(2.31)

N(r) = Nin

(
r

Rin

)q
(2.32)

where Tin and Nin are the temperature and column density at the inner radius,

56



2.4. Local Thermodynamic Equilibrium Models

Figure 2.9: Output of the CO disc model obtained for Tin = 4000 K, p = −1, Nin =
5 × 1020 cm−2, q = −1, idisc = 30◦, Rin = 1 au, Rout = 5 au and ∆v = 20 km s−1;
considering Nring = 50.

respectively. Introducing the terms Rin and Rout, and having a good estimate of

the mass of the central source, one can find the expected Keplerian velocity at each

ring (Eq. 2.28). This means that the term vK sin idisc becomes idisc. Theoretically,

this is the same principle as that described in Section 2.4.3, but in practice, one

has to iterate over Nring and then sum the contribution for each frequency. In

Figure 2.9, the output of a 50-ring disc model is presented. The conditions are

similar than those used for the ring model shown in Figure 2.8 but adding the

radius and the power law dependence to the temperature and column density.

One can see that there are some differences, however the main features remain.
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3
Parsec-scale jets driven by high-mass

young stellar objects. Connecting the au-

and the parsec-scale jet in

IRAS 13481-6124

“We had the sky up there, all speckled with stars, and we used to lay on

out backs and look up at them, and discuss about whether

they was made or only just happened”

– Mark Twain, The Adventures of Huckleberry Finn

This chapter is a modified copy of the paper published in Astronomy & As-

trophysics: Fedriani, R.; Caratti o Garatti, A.; Coffey, D.; Garcia Lopez, R.;

Kraus, S.; Weigelt, G.; Stecklum, B.; Ray, T. P.; and Walmsley, C. M. 2018,

A&A, 616, A126.

R.F. wrote the initial paper and carried out the full data reduction and anal-

ysis. A.C.G. and R.G.L. helped on the data reduction and analysis. C.M.W.,

T.P.R, D.R., A.C.G., and R.G.L, helped in the interpretation of the results.

A.C.G. and S.K. are the PIs of the ESO proposals. B.S., R.G.L., G.W., and S.K.

are coauthors of the proposals. All coauthors commented on the paper.
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Abstract

Context. Protostellar jets in high-mass young stellar objects (HMYSOs) play a

key role in the understanding of star formation and provide us with an excellent

tool to study fundamental properties of HMYSOs.

Aims. We aim at studying the physical and kinematic properties of the near-IR

(NIR) jet of IRAS 13481-6124 from au to parsec scales.

Methods. Our study includes NIR data from the Very Large Telescope instru-

ments SINFONI, CRIRES, and ISAAC. Information about the source and its

immediate environment is retrieved with SINFONI. The technique of spectro-

astrometry is performed with CRIRES to study the jet on au scales. The parsec-

scale jet and its kinematic and dynamic properties are investigated using ISAAC.

Results. The SINFONI spectra in theH andK band are rich in emission lines that

are mainly associated with ejection and accretion processes. Spectro-astrometry

is applied to the Brγ line, and for the first time, to the Brα line, revealing their

jet origin with milliarcsecond-scale photocentre displacements (11− 15 au). This

allows us to constrain the kinematics of the au-scale jet and to derive its position

angle (∼ 216◦). ISAAC spectroscopy reveals H2 emission along the parsec-scale

jet, which allows us to infer kinematic and dynamic properties of the NIR parsec-

scale jet. The mass-loss rate inferred for the NIR jet is Ṁejec ∼ 10−4 M� yr−1

and the thrust is Ṗ ∼ 10−2 M� yr−1 km s−1, which is roughly constant for the

formation history of the young star. A tentative estimate of the ionisation fraction

is derived for the massive jet by comparing the radio and NIR mass-loss rates.

An ionisation fraction . 8% is obtained, which means that the bulk of the ejecta

is traced by the NIR jet and that the radio jet only delineates a small portion of

it.

3.1 Introduction

In recent years, significant progress has been made in understanding the forma-

tion of high-mass young stellar objects (HMYSOs) (i. e. M∗ ≥ 8 M�, Lbol ≥
5 × 103 L�). The latest observational and theoretical studies present evidence
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that tips the balance of favour in a key debate over how high-mass stars form.

It now seems likely that HMYSOs are born in the same way as their low-mass

counterparts, via disc accretion, rather than through coalescence of lower mass

stars. The growing observational evidence to support this view includes i) dis-

covery of dusty discs around HMYSOs via near-infrared (NIR) interferometric

image reconstruction (Kraus et al. 2010, 2017) and mid-infrared (MIR) interfer-

ometry (Boley et al. 2016), ii) observations of HMYSO discs in Keplerian rotation

through modelling of CO band-head emission (Ilee et al. 2013), iii) direct detec-

tion of HMYSO discs in molecular tracers (Beltrán & de Wit 2016), iv) detection

of several parsec-scale collimated infrared jets (Caratti o Garatti et al. 2008,

2015a; Varricatt et al. 2010; Cesaroni et al. 2013), and v) discovery of the first

disc-mediated accretion burst in a 20 M� YSO (Caratti o Garatti et al. 2017).

If, as now appears likely, HMYSOs form through the accretion-ejection process,

then studies of the jet and outflow have the potential to provide valuable insights

into their accretion processes as well as how these processes scale with the mass

of the young stars.

As HMYSOs are deeply embedded in their parental cloud, jet and outflow

observations have traditionally relied on tracers at long wavelengths to minimise

the effects of extinction. For example, HMYSO molecular outflows have been well

studied in the molecular tracers of CO and SiO, observed in the sub-millimeter

and millimeter regime (see e.g. Beuther et al. 2002b; Maud et al. 2015). However,

these emission lines are generally considered tracers of the secondary outflow, that

is, ambient material swept-up by the faster primary jet. Meanwhile, the primary

jet has been well studied in radio emission (Guzmán et al. 2012; Masqué et al.

2015; Rosero et al. 2016; Purser et al. 2016). However, as radio emission traces

only ionised gas, it may not trace the bulk of the ejecta since it depends on the

degree of ionisation of the jet. Success in observing HMYSO primary jets at

shorter wavelengths has been achieved, despite extinction, by moving to the NIR

regime. The primary jet of HMYSOs has also been seen to emit in several NIR

atomic (H i, [Fe ii]) and molecular lines (H2) (Davies et al. 2010; Stecklum et al.

2012; Cooper et al. 2013; Caratti o Garatti et al. 2015a, 2016), which trace the

warm/hot gas of these shocked jets (T > 2000 K). The instantaneous efficiency

at which mass is accumulated is measured by Ṁejec/Ṁacc. Conceivably, this ratio

could vary not only with evolutionary phase, but also with the mass of the central
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object. In turn, this could give us clues as to the underlying ejection mechanism,

because massive jets could be a scaled-up version of their low-mass counterparts.

A limited number of kinematic studies of HMYSO primary jets exist in the

NIR, the majority focusing on a single object (Davis et al. 2004; Gredel 2006;

Caratti o Garatti et al. 2008, 2015a, 2016). Therefore, improving jet statistics is

crucial to facilitate conclusions on disc-mediated accretion in HMYSOs, because

the discs and stars themselves suffer high visual extinction, thereby hindering

access to direct observations.

In this paper we report our findings on IRAS 13481-6124 (G310.0135+00.3892),

an HMYSO located at 3.1 ± 1.1 kpc (Lumsden et al. 2013). This object has a

mass of ∼ 20 M� (Lbol = 5.7 × 104 L�), a spectral type of O9, and an age of

∼ 6 × 104 years (Grave & Kumar 2009). Detection of an accretion disc (incli-

nation ∼ 45◦, position angle ∼ 120◦) was achieved via IR interferometry (Kraus

et al. 2010; Boley et al. 2016). The central source drives a parsec-scale collimated

bipolar jet with an extension of ∼ 7 pc (Stecklum et al. 2012; Caratti o Garatti

et al. 2015a). The parsec-scale jet has a precession angle of ∼ 8◦ (Caratti o

Garatti et al. 2015a, see also Fig. 3.1). By means of NIR interferometry on the

Brγ line, Caratti o Garatti et al. (2016) detected ejecta very close to the source

(∼few au) that extended for a few tens of au, suggesting that Brγ is tracing the

inner jet and that the protostar is still accreting material. This system has also

been studied at radio wavelengths, and its radio jet dynamic properties have been

derived (Purser et al. 2016). A mass-loss rate of ∼ 1.8×10−5 M� yr−1 and momen-

tum rate of ∼ 1−2×10−2 M� yr−1 km s−1 were found (assuming vjet = 500 km s−1

and xe = 0.2, Purser et al. 2016), consistent with typical values determined for

a sample of HMYSOs. Here, we present the first detailed study of the NIR jet

of IRAS 13481-6124. We examine the jet on small and large spatial scales, we

compare it to the radio jet, and we thus present the first report on the kinematic

and dynamic properties of the parsec-scale jet.

This paper is structured as follows: in Sect. 3.2 we describe our observations

and in Sect. 3.3 we describe the data analysis. In Sect. 3.4 we present the results

on source and along the jet at different spatial scales, including the kinematic

and dynamic properties. Sect. 3.5 presents our local thermal equilibrium (LTE)

model. Sect. 3.6 discusses the results we obtained. Finally, in Sect. 3.7 our
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conclusions are presented.

3.2 Observations

Observations of IRAS 13481-6124 were obtained using three ESO-VLT (Very

Large Telescope) instruments: the spectrograph for integral field observations

in the near-infrared (SINFONI, Eisenhauer et al. 2003); the cryogenic high-

resolution pre-dispersed infrared echelle spectrograph (CRIRES, Kaeufl et al.

2004), and the infrared spectrometer and array camera (ISAAC, Moorwood et al.

1998). Details of the observations can be found in Table 3.1.

Each instrument was used to study different regions of the IRAS 13481-6124

system at different scales: SINFONI was used to analyse the source and its im-

mediate environment, and CRIRES and ISAAC were used to study the jet; the

former focusing on the au-scale jet using the technique of spectro-astrometry and

the latter focusing at the parsec-scale jet investigating its dynamic and kinematic

properties.

3.2.1 SINFONI data

VLT/SINFONI integral field unit (IFU) observations were obtained on 2011 April

27 (Program ID 087.C-0951(B)) in K band. The field of view of 8′′ × 8′′ was

centred on the source, with a position angle (PA) east of north (E of N) of zero

degrees. Spatial sampling was 125× 250 mas/pixel, with the smaller sampling in

the northern direction. Total integration time was 3 s. Spectral resolution was

R ∼ 4 000 (75 km s−1), and spatial resolution achieved using AO+NGS was 0.1′′.

The natural guide star used for the AO system was 2MASS J13513620-6138563

(V = 12.3, R = 12.6 mag and separation of 16′′ from the target).

Additional SINFONI data were obtained on 2012 February 21 and 22 (Pro-

gram ID 088.C-0575(C)) in H and H+K bands. The field of view of 3′′×3′′ was

centred on the source, with a PA of −31◦ in both bands. Spatial sampling was

50× 100 and 125× 250 mas/pixel for the H and H +K bands, respectively, with
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the smaller sampling in the jet direction. Total exposure time was 8 and 16 s for

the H band (both were coadded to increase the signal-to-noise ratio, S/N) and

2 s for H + K band. The spectral resolution was R ∼ 3 000 and 1 500 (100 and

200 km s−1), respectively. Spatial resolution of 0.5′′ (AO+NGS) was achieved for

the H band and 1.0′′ (seeing-limited) for the H +K band.

All data were reduced in the standard way, using dedicated instrument soft-

ware, GASGANO, and standard IRAF routines for SINFONI. A wavelength accuracy

of 0.31Å (or ∼ 4.2−5.6 km s−1 for the H and K bands, respectively) was achieved.

Flux calibration was performed using the photometric standard star Hip072690.

3.2.2 CRIRES data

VLT/CRIRES high spectral resolution observations were carried out on 2013

March 10, 15, and 16 in the L, K, and J bands, respectively (Program ID 090.C-

0371(C)). A long slit of 0.4′′ × 40′′ was centred on Brα (λvac = 4.05226µm), Brγ

(λvac = 2.16612µm), and Paβ (λvac = 1.28216µm). This set-up achieved a spec-

tral resolution of R ∼ 50 000 (6 km s−1). Spatial sampling was 86 mas/pixel. The

slit was placed first along the jet (204◦), and then perpendicular to the jet (114◦).

The slit was also placed at two anti-parallel PA values (24◦ and 294◦). This

observing strategy allows for the identification and removal of artefacts before

applying the technique of spectro-astrometry (see Sect. 3.3). Use of AO+NGS

achieved spatial resolutions of 0.35′′, 0.3′′, and 0.2′′ for the Paβ, Brγ, and Brα

lines, respectively. The NGS used in CRIRES observations was the same as in

SINFONI observations.

The data were reduced in the standard way using the GASGANO package, and

following the CRIRES data reduction cookbook. A wavelength accuracy of 0.22,

0.25, and 0.61 Å (or ∼ 5.1, 3.5, and 4.5 km s−1 for the J , K, and L bands,

respectively) was achieved. The telluric standard star used was HR5071 to re-

move atmospheric features, for the Paβ and Brγ spectra. In the case of the Brα

spectrum, due to the poor quality of the standard star in the L band, telluric fea-

tures were modelled and removed using templates of the Earth’s telluric features.

CRIRES spectra were not flux calibrated.
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3.2.3 ISAAC data

High-resolution long-slit spectra were obtained with VLT/ISAAC on 2011 April

18 in H and K bands (Program ID 087.C-0951(A)). High-resolution spectra

around the [Fe ii] (λvac = 1.6642µm), (from 1.4 to 1.82 µm), and around the

1 − 0 S(1) H2 (λvac = 2.12183µm), and Brγ (λvac = 2.16612µm) lines were ob-

tained. The 0.3′′ × 120′′ long slit was positioned at three orientations: on-source

(PA = −152.5◦; slit 1, see Fig. 3.1), along the jet (PA = 27.5◦; slit 2, see Fig. 3.1),

and on the terminal bow shock (PA = 167.5◦; slit 3, see Fig. 3.1). Spatial sampling

was 146 mas/pixel. Total integration time was 180 and 150 s for H and K band,

respectively. Spectral resolution wasR ∼ 10 000 and 8 900 (30−35 km s−1) for the

H and K bands, respectively. Spatial resolution was seeing-limited (0.8− 1.0′′).

The standard ABBA nodding strategy was used.

Data were reduced in the standard way using IRAF. Wavelength calibration

relied on the OH atmospheric lines in each frame. The spatial distortion and

curvature caused by the long slit were corrected using the calibration file STAR-

TRACE. A wavelength accuracy of 0.061Å (or ∼ 1.1 and 0.8 km s−1 for the H and

K bands, respectively) was achieved. Atmospheric telluric lines were corrected

for by observing the telluric standard star Hip058630. Additionally, the on-source

spectra were flux calibrated using the photometric standard star Hip058630.
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Table 3.1: Summary of the observations carried out with VLT/SINFONI, ISAAC,
and CRIRES.

Date of Obs. Telescope/ Wavelength DIT PA Resolution Target
(dd.mm.yyyy) Instrument (µm) (s) (◦) R

27.04.2011 VLT/SINFONI 2.2 3 0 4000 Source
21.02.2012 VLT/SINFONI 1.65-2.2 2 -31 1500 Source
22.02.2012 VLT/SINFONI 1.65 8 -31 3000 Source
22.02.2012 VLT/SINFONI 1.65 16 -31 3000 Source
18.04.2011 VLT/ISAAC 1.65 180 -152.5 10000 Knot D, F
18.04.2011 VLT/ISAAC 2.2 150 27.5 8900 Knot D, F
18.04.2011 VLT/ISAAC 2.2 150 167.5 8900 Knot A, B
18.04.2011 VLT/ISAAC 2.2 10 27.5 8900 Source
10.03.2013 VLT/CRIRES 4.05 5 24 50000 On source
10.03.2013 VLT/CRIRES 4.05 5 114 50000 On source
10.03.2013 VLT/CRIRES 4.05 5 204 50000 On source
10.03.2013 VLT/CRIRES 4.05 5 294 50000 On source
15.03.2013 VLT/CRIRES 2.16 20 24 50000 On source
15.03.2013 VLT/CRIRES 2.16 20 114 50000 On source
15.03.2013 VLT/CRIRES 2.16 20 204 50000 On source
15.03.2013 VLT/CRIRES 2.16 20 294 50000 On source
16.03.2013 VLT/CRIRES 1.28 90 24 50000 On source
16.03.2013 VLT/CRIRES 1.28 90 114 50000 On source
16.03.2013 VLT/CRIRES 1.28 90 204 50000 On source
16.03.2013 VLT/CRIRES 1.28 90 294 50000 On source
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Figure 3.1: SOFI1 H2 continuum-subtracted image of IRAS 13481-6124 showing the
blue-shifted jet knots, bow shock, and driving source. Knot positions are labelled A, B,
D, and F, following the notation of Caratti o Garatti et al. (2015a). ISAAC slit positions
(blue) are labelled SLIT 1, 2, and 3 for convenience, and correspond to observations on
the source, jet, and bow shock, respectively.

1Son OF Isaac is a low-resolution spectrograph and imaging camera on the ESO New Tech-
nology Telescope (NTT).
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3.3 Data analysis

To generate the SINFONI spectra, a region of 0.5′′× 0.5′′ (i. e., 1550× 1550 au at

a distance of 3.1 kpc) was extracted from the data cubes. ISAAC and CRIRES

spectra were extracted using specific IRAF tasks for long slit. The wavelength

calibration was carried out via two different methods: for ISAAC and CRIRES

spectra, atmospheric telluric lines were used; and for SINFONI spectra, calibra-

tion relied on arc lamp observations.

Radial velocities of the [Fe ii], Brγ, and H2 lines were measured from the

ISAAC spectra. These lines are used to compute kinematic and dynamic prop-

erties shown in Sect. 3.4. The emission lines were fitted by a Gaussian profile

with a typical error of 5− 6 km s−1, given the high S/N (∼ 100 for the brightest

lines). All velocities in ISAAC and CRIRES spectra are with respect to the local

standard of rest (LSR), and were corrected for the velocity of the parental cloud

(−37.9 km s−1, Lumsden et al. 2013).

3.3.1 Spectro-astrometry

Given the high spectral resolution of CRIRES and the excellent S/N of our ob-

servations, we are in a position to apply the technique of spectro-astrometry in

order to retrieve spatial information on scales below the effective resolution of

the observations (Bailey 1998a; Takami et al. 2001, 2003; Whelan et al. 2005).

The technique involves measuring the spatial offset of the emission centroid with

respect to that of the continuum as a function of wavelength. The accuracy, σ,

of the centroid position, well below the effective spatial resolution, is given by

Whelan & Garcia (2008), nonetheless, the error given by this formula is likely

underestimated:

σ =
seeing

2.3548
√

Np

, (3.1)

where the seeing is measured in the spatial direction and is determined by the

FWHM of the observations (i. e. the FWHM of the continuum). Np is the number
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of photons at the peak of the line. Given the spectral resolution and S/N in

our CRIRES observations, this equation provides an accuracy of up to ∼ 0.65

milliarcsecond (mas) in our case, which implies that we can probe our target on

au scales. Although the technique is powerful, it is prone to contamination by

artefacts (Bailey 1998a; Takami et al. 2001; Whelan & Garcia 2008). For example,

the spectro-astrometric signal is affected by a misalignment of the detector with

respect to the spatial direction, and therefore a second-order polynomial was

fitted to correct for this distortion. To remove artefacts, the parallel (p) and the

antiparallel (ap) slit measurements were subtracted from each other for each pixel

(x) (Brannigan et al. 2006), as shown in Eq. 3.2,

Y (x) = (Yp(x)− Yap(x))/2. (3.2)

A fitting of the continuum was not possible due to the very broad nature of

the lines, but instead we were able to estimate the continuum intensity level by

examining the small portion of the continuum to the left of the line. The measured

line displacement was corrected by multiplying by the following weight in order

to derive the offset of the line emitting region from the measured combined line

and continuum emission offset (see e.g. Takami et al. 2001):

W (λ) =
Iλ(line) + Iλ(cont)

Iλ(line)

, (3.3)

where Iλ(line) is the continuum-subtracted intensity in the line.

Finally, it is also important to correct for photospheric features. However,

IRAS 13481-6124 is probably an O9 star (see Grave & Kumar 2009), and the H i

photospheric contribution should be negligible. Nevertheless, we examined our

data for such features (see Sect. 3.4.1).

69



Connecting the au- and the parsec-scale jet in IRAS 13481-6124

3.4 Results

We have divided the results into three subsections, corresponding to the three

main regions of our target: the source and its immediate circumstellar environ-

ment; the base of the jet, that is, the au-scale jet; and the parsec-scale jet.

3.4.1 Source and its immediate environment

Several emission lines on source and in the immediate environment are detected in

both SINFONI and ISAAC data (see Table 3.2 and Fig. 3.2 upper and lower left

panels). These lines mainly trace circumstellar features. Although the observed

emission lines are not spatially resolved, they have different excitation energies

and therefore trace a variety of processes at distinct spatial scales. In the H

band, we detect the Brackett series lines (from Br26 1.4941 µm to Br10 1.7376

µm), which are mainly associated with accretion and ejection processes (Muze-

rolle et al. 1998; Garcia Lopez et al. 2006; Caratti o Garatti et al. 2015a). In

addition, permitted and forbidden atomic lines are also identified. In particular,

Fe ii (1.6811 µm), C i (1.6894 µm), and Mg i (1.7113 µm) are believed to origi-

nate from chromospheric activity (Hamann & Persson 1992a,b; Kelly et al. 1994).

However, in the early stage of HMYSOs, there is no clear evidence of the existence

of chromospheres. Hence, these lines may trace fluorescent emission. Indeed, OB

stars emit sufficient UV photons to pump those lines by fluorescence. The [Fe ii]

line traces the base of the jet very close to the central engine (Nisini et al. 2002;

Caratti o Garatti et al. 2006). In the K band, we detect the prominent Brγ line

at 2.1662 µm, as well as the Na i doublet at 2.2062/2.2089 µm, which originates

in the disc (Lorenzetti et al. 2011). Detected lines and corresponding fluxes are

listed in Table 3.2. Interestingly, no photospheric features were detected in any of

our spectra from all three instruments. This is probably due to the high veiling.

From our ISAAC spectra we estimate rK & 35. Therefore, expected photospheric

lines such as He i lines at 1.571, 1.691, and 1.700 µm in the H band (Blum et al.

1997), or He i lines at 2.058, 2.112, 2.113 µm, He ii 2.185 µm, Ne iii 2.115 µm,

and the C iv at 2.069, 2.078, 2.083 µm in the K band (Bik et al. 2005) cannot

be seen. As a consequence, we are not able to confirm the spectral type of the

central source.
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Figure 3.2: Top left: H -band SINFONI spectrum on source. Detected lines and
telluric features (⊕) are labelled. Bottom left: K -band SINFONI spectrum on source.
Top right: SED from the H and K spectra. Bottom right: Zoom-in of the Brγ line
of the ISAAC spectrum. Velocities are with respect to the local standard of rest (LSR).

Figure 3.2 (bottom right) zooms in on the Brγ line of the K band ISAAC spec-

trum. Notably, the Brγ line of IRAS 13481-6124 displays a P Cygni profile. Such

an asymmetric line profile is indicative of an absorbing blue-shifted outflow with

a measurable bulk velocity. We measure for the centroid of the blue absorption of

the P-Cygni profile for the Brγ vrad ∼ −290± 40 km s−1 (which corresponds to a

total velocity of vtot ∼ 410km s−1, considering an inclination angle of 45◦), which

is tracing the bulk of the material of the wind close to the star. This velocity is

likely very close to the terminal velocity of the jet. Velocities measured at large

scales (with H2 and [Fe ii] emission) are similar to the velocity found close to the

star. We also measure a radial velocity peak of ∼ 10± 5 km s−1 and a full width

at zero intensity (FWZI) of ∼ 900 km s−1.

Figure 3.2 (upper right panel) shows the spectral energy distribution (SED) of

IRAS 13481-6124 in the H and K bands. An increase in continuum flux towards

the longer wavelengths is observed. This IR-excess is due to the combined effect

of dust extinction and dust emission towards the source.
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Table 3.2: Observed emission lines on IRAS13481-6124.

Species Transition λvac Flux
(µm) (10−14 erg cm−2 s−1)

H i Br26 1.4941 2.0± 0.2
H i Br25 1.4971 2.4± 0.3
H i Br24 1.5004 3.0± 0.3
Na i 2D5/2 − 2F7/2 1.5026 4.0± 0.1
H i Br23 1.5043 4.3± 0.1
H i Br22 1.5086 4.4± 0.4
H i Br21 1.5137 5.8± 0.3
H i Br20 1.5196 6.6± 0.3
H i Br19 1.5264 6.9± 0.4
H i Br18 1.5346 7.8± 0.7
H i Br17 1.5443 7.2± 1.0
H i Br16 1.5560 8.8± 1.0
H i Br15 1.5705 10.0± 0.9

Fe ii ? 2F7/2 − 2D5/2 1.5768 3.8± 1.2
H i Br14 1.5884 14.6± 1.1
H i Br13 1.6113 13.4± 1.7
H i Br12 1.6411 16.0± 2.4

[Fe ii] a4D7/2 − a4F9/2 1.6440 9.1± 2.6
H i Br11 1.6811 21.9± 1.7

Fe ii z4Fo-c4F 1.6877 13.3± 1.6
C i 1D-1F0 2 - 3 1.6894 12.9± 1.6
K i 2S1/2,1/2 − 2P1/2,3−2 1.7010 3.7± 0.7

Mg i 1P1 − 1S0 1.7113 6.6± 1.0
H i Br10 1.7366 41.8± 4.6
H i Brγ 2.1661 192± 5.5
Na i 2S3/2 − 2Po1/2 2.2062 17.1± 3.2
Na i 2S1/2 − 2Po1/2 2.2089 24.5± 4.3

3.4.2 Jet base: H I emission lines and their spatial dis-

placements

CRIRES spectro-astrometry on the Paβ, Brγ, and Brα lines was performed to

retrieve photocentre shifts of the line with respect to the continuum on mas

scales (see Sect. 3.3). Figure 3.3 shows the spectrum of the Paβ line. Part of the

line is missing due to the wavelength coverage and the gaps between the chips.

Nonetheless, the shape of the line is clearly asymmetric, that is, the blue-shifted

wing is absent. This effect is produced by self-absorption along the flow caused by

the strong wind. The FWZI of the Paβ line is ∼ 900 km s−1, consistent with what

we find with ISAAC for the Brγ line. This would then suggest not just a similar

wind origin, but also that it is produced in the same region. Unfortunately, no
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Figure 3.3: CRIRES spectrum of the Paβ line. Intensity is normalised to the contin-
uum. Velocity is with respect to the LSR.

significant spectro-astrometric signal was detected on the Paβ line due to the low

S/N (∼ 7) of the Paβ line. The upper limit on the spectro-astrometric signal is

defined by the detection limit, which is ∼ 23 mas.

By contrast, the Brγ and Brα lines (S/N ratio ∼ 62 and ∼130, respectively)

show a significant spectro-astrometric signal. To improve the S/N of these lines,

emission was binned spectrally: 32 channels (or pixel columns) were binned in the

case of Brγ, and 16 for Brα, corresponding to a velocity resolution of 55 km s−1

and 38 km s−1, respectively. Centroid positions were measured for points above 3σ

of the continuum intensity, namely in the velocity ranges ∼ −110 to 250 km s−1

for the Brγ line and ∼ −100 to 160 km s−1 for the Brα line (Figs. 3.4 and 3.5

upper left panels).

The Brγ line offsets (continuum-compensated, as discussed in Sect. 3.3.1)

extend up to ∼ 4.5 mas (∼ 14 au) in the direction of the jet (i. e. parallel slit
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Figure 3.4: Left panel: CRIRES Brγ spectrum (top) along with the spectro-
astrometric signal (in mas) detected in the jet parallel (middle) and perpendicular
slit (bottom). The spectro-astrometric signal is continuum-corrected. Right panel:
Spectro-astrometric signal on the plane of the sky (north is up and east is to the left).
The red line is the linear fit to the points giving a PA for the line-emitting region of
190± 15◦. Error bars shown in both plots are 3σ. Velocities are colour coded and are
the same in both panels.

observations; Fig. 3.4 middle left panel) and up to ∼ 2.5 mas (∼ 8 au) in the

direction orthogonal to the jet (i. e. perpendicular slit observations; Fig. 3.4

bottom left panel). Figure 3.4 right panel shows the centroid offset in the plane

of the sky. The offset of the Brγ line emitting region with respect to the continuum

in the plane of the sky is ∼ 3.5 mas (∼ 11 au), which is a lower limit because with

spectro-astrometry one does not spatially resolve the emission. The red line is

the linear fit to the points. From the slope of the fit (m) one can derive the PA

of the jet (αPAjet
= arctan(m)). A value of αPAjet

≈ 190 ± 15◦ was found for the

Brγ line. This result is in good agreement with previously derived values for the

IRAS 13481-6124 jet (Kraus et al. 2010; Stecklum et al. 2012; Caratti o Garatti

et al. 2015a), confirming that the Brγ is displaced along the jet axis (Fig. 3.4

right panel).

Figure 3.5 shows the spectrum (upper left panel) and, for the first time in a

HMYSO, the centroid offsets of the Brα line (middle and lower left panel). The

line profile is clearly asymmetric, as seen in the previous H i lines. The FWZI of

the three H i lines investigated with CRIRES are identical and coincident with

the one obtained with ISAAC for the Brγ (∼ 900 km s−1). As with the Brγ line,

the Brα emission extends along the jet direction, up to ∼ 5 mas (∼ 15 au), which

is again a lower limit. The blue-shifted wing of the Brackett lines extend towards
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to the south-west, and the red-shifted wing extend towards to the north-east.

The magnitude of the centroid offset increases with increasing radial velocity;

the blue-shifted wing offset reaches ∼ 1.5 mas at ∼ −100 km s−1, while the red

shifted wing reaches ∼ 5 mas at ∼ 160 km s−1 (Fig. 3.5 right panel). These

spectro-astrometric features reveal the presence of a bipolar jet close to the star

(Takami et al. 2001), as previously detected through interferometric observations

of the Brγ line (Caratti o Garatti et al. 2016). The red line indicates the linear

fit to the Brα points. A PA of αPAjet
≈ 216 ± 5◦ is derived. Reassuringly, both

Brackett lines yield a similar jet PA and agree with previous studies, which relied

on different techniques (Kraus et al. 2010; Stecklum et al. 2012; Caratti o Garatti

et al. 2015a, 2016).

However, it is worth noting that our spectro-astrometric results show a shift

towards the north north-east with respect to the position of the central source,

namely position (0,0) in Figures 3.4 and 3.5. We would expect the red-shifted

and blue-shifted jet offsets to straddle the continuum position. The simplest

explanation is to consider that this effect is produced by a hypothetical binary

companion in the surroundings of IRAS 13481-6124. However, there is no indica-

tion of a close (mas-scale) companion from NIR interferometry data (Kraus et al.

2010; Caratti o Garatti et al. 2016). In addition, there is no evidence of a com-

panion in our SINFONI+AO observations, which achieved high spatial resolution

(hundreds of mas). Finally, neither ISAAC nor CRIRES data show detection of

a possible companion in the direction of the centroid offset. It would be detected

as a second continuum in the CRIRES spectral images, which is not the case.

Therefore, the spectro-astrometric offsets seem to have a different origin, such

as an asymmetric FOV-dependent continuum distribution. We note that while

the technique of spectro-astrometry cannot spatially resolve the emission, it does

give information on the flux distribution. Conversely, interferometry resolves the

jet at small (au) scales, but observes only a very small FOV around the star. As

a consequence, it may partially resolve out extended, asymmetric continuum flux

distribution. This explains why the AMBER Brγ emission is observed to be cen-

tred on the source, while the CRIRES spectro-astrometry reveals an offset. This

offset can be explain by a contribution of large-scale circumstellar nebulosity.

H2 1−0 S(1) emission is detected along the whole jet, as well as on the leading

bow shock (knots A and B), whereas a faint [Fe ii] emission is detected on knots
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Figure 3.5: Left panel: CRIRES Brα spectrum (top) along with the spectro-
astrometric signal (in mas) detected in the jet parallel (middle) and perpendicular
slit (bottom). The spectro-astrometric signal is continuum-corrected. Right panel:
Spectro-astrometric signal on the plane of the sky (north is up and east is to the left).
The red line is the linear fit to the points giving a PA for the line-emitting region of
216 ± 5◦. Error bars shown in both plots are 3σ. Velocities are colour coded and are
the same in both panels.

D and F along the jet (Fig. 3.6). No Brγ emission is detected along the parsec-

scale jet, nor is it associated with the leading bow shock (Figs. 3.6 and 3.7). In

addition to the 1− 0 S(1) transition, other H2 lines (i. e. 1− 0 S(10) 1.6665 µm,

2 − 1 S(3) 2.0734 µm, and 2 − 1 S(2) 2.1542 µm) are detected in knot D and in

the leading bow shock.

Figure 3.6 shows the position-velocity (PV) diagram for slit 2 encompassing

the source and the jet, namely knots F and D. In the left panel, the SOFI H2

continuum-subtracted image of the knots (taken from Caratti o Garatti et al.

2015a) is shown as a reference. We note that the H2 knots at positive x-offsets

extending to the south-east might belong to another outflow or be part of the

outflow cavity (Caratti o Garatti et al. 2015a). The central and right panels

of the figure display the spectral images of the [Fe ii] and H2 1 − 0 S(1) lines,

respectively. In both images the YSO continuum has been subtracted (at Y=0).

Additionally, in the [Fe ii] image an OH sky line was also subtracted, as evidenced

by the residual noise at positive velocities. In this PV diagram, both atomic and

molecular emission extend up to 70′′ (or ∼ 1 pc), which corresponds to the tip

of knot D. Along the F and D knots, the [Fe ii] radial velocities range from

∼ −60 km s−1 up to ∼ −200 km s−1. On source, the H2 radial velocity is close to

∼ 0 km s−1. Away from the source position (from 5′′ on) the radial velocity ranges
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from ∼ −20 km s−1 to ∼ −200 km s−1. In particular, for knot D in [Fe ii] and

H2, we identify a high-velocity component (HVC) and a low-velocity component

(LVC) (see Fig. 3.6 right panel for the spectral image and Fig. 3.8 for the line

profiles top panels). Additionally, we identify in the [Fe ii] spectral image a high-

and low-velocity pair at 2′′. The corresponding H2 emission is not detected, most

likely because this position is so close to the source that H2 would be dissociated.

The H2 emission close to the source (i. e. from ∼ 5′′ to 25′′, knot F) is in-

dicative of jet emission, with each velocity component originating in a separate

sub-structure (see Fig. 3.6, right panel). We note that the corresponding H2 line

profile (upper left panel of Fig. 3.8) has been integrated over the whole knot F.

In knot D, the H2 PV diagram clearly shows two velocity components at roughly

the same spatial location, suggesting a bow shock structure (see e.g. Hartigan

et al. 1987), where the HVC is more likely to have a jet origin and the LVC an

ambient material origin. However, the SOFI image of knot D does not show a

clear bow shock morphology (Fig. 3.6, left panel). Observations at higher spatial

resolution are required to fully disentangle the structure.

The PV diagram for slit 3 is shown in Figure 3.7, where the slit was placed

along the bow shock, encompassing both wing (knot B) and head (knot A). The

left panel shows the SOFI H2 continuum-subtracted image of the blue-shifted

bow shock (see Fig. 3.1). In the right panel, the emission of the H2 1 − 0 S(1)

line is shown. Inspection of Figure 3.1 reveals that A corresponds to the head

of the bow shock and B the wing in this precessing jet. This interpretation

is justified by the spectral image, which shows that A is mainly traced by the

high-velocity component and B is mainly traced by the low-velocity component.

The radial velocity ranges from a few km s−1 to ∼ −100 km s−1. Two velocity

components are identified at some positions for each of the H2 transitions (see

e.g. Fig. 3.7 right panel and Fig. 3.8 bottom panels), and are indicative of a bow

shock structure.

In order to calculate dynamic properties, we must first determine the jet radial

velocity. In the case of knot A+B and D, the two H2 velocity components are

likely due to a bow shock geometry. Therefore, the radial velocity (vr) reported in

Table 3.3 refers to the HVC. Meanwhile, in the case of knot F, an average radial

velocity along the knot was considered. This is because the jet mass to be used in
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Figure 3.6: PV diagram of slit 2. Left: SOFI H2 −K continuum subtracted image
(Caratti o Garatti et al. 2015a). Contours are from 3σ to 20σ in steps of 5σ. Centre:
[Fe ii] (1.644µm) line PV diagram tracing the atomic jet. Contours range from 3σ to
5σ in steps of 1σ. Right: H2 (2.12µm) line PV diagram tracing the molecular jet.
Contours are from 3σ to 20σ in steps of 5σ. Zoom-in panels of knots D (upper) and F
(lower) with contours from 3σ to 80σ in steps of 20σ and from 3σ to 20σ in steps of
5σ, respectively. Radial velocities are in the LSR frame.

our calculation relies on lower resolution observations, which do not resolve the

sub-structure (Caratti o Garatti et al. 2015a). Moreover, due to the disc geometry

of this object (i ∼ 45◦; Kraus et al. 2010), the radial and tangential velocities

of the jet can be assumed equal (i. e. vr = vt). This fact allows us to infer

both tangential and total velocities. By combining the velocities with distance,

length, and mass of each knot (by fitting several H2 transition intensities in a ro-

vibrational diagram, based on low-resolution spectral data Caratti o Garatti et al.

2015a), we can compute the main jet dynamic properties, reported in Table 3.3.

In particular, the mass-loss rate can be expressed as Ṁejec = Mknotvt/l, where

Mknot is the mass of the knot, vt is the tangential velocity, and l is the length of

the knot, which is given by l = D ·α, where D is the distance to the HMYSO and

α is the extension of the knot on the sky. Values of the order of ∼ 10−4 M� yr−1

were found for all the knots, within the error, suggesting that the mass ejection
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Figure 3.7: PV diagram of slit 3. Left: SOFI H2 −K continuum subtracted of the
blue bow shock. Right: H2 (2.12µm) line showing the two velocity components of the
bow shock. Contours are from 3σ to 20σ in steps of 5σ. Radial velocities are with
respect to LSR.

rate has been roughly constant, within a factor of two, in the history of this

source (see Table 3.3, column 4 for individual values of the various knots). A

rough estimate of the mass-loss rate for the atomic component using the [Fe ii]

1.644 µm line was made for the F knot (highest signal for this line, S/N∼ 6.5).

Using the same reasoning as Hartigan et al. (1994) (see their Eq. 5-10) and using

the atomic values and cosmic abundances for iron (Mendoza 1983; Nussbaumer

& Storey 1980), an expression for the mass-loss rate based on the iron line was

derived. The expression can be written as

Ṁ[Fe ii] = 1.9× 10−2

(
Ne

103( cm−3)

)−1(
L

L�

)
v⊥
l⊥

= 4.6× 10−6

(
Ne

103( cm−3)

)−1

M� yr−1, (3.4)

where Ne is the electron density, L = 0.04406L� is the luminosity of the knot

(after being dereddened using Rieke & Lebofsky 1985), v⊥ = 200 km s−1 is the

velocity of the knot, and l⊥ = 2.5′′ is the length of the knot. Assuming typical

electron density values from protostellar jets (Ne ∼ 5 × 104 cm−3), a mass-loss

rate for the atomic component of the order of ∼ 10−7 M� yr−1 is obtained.
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v (km s�1) v (km s�1)

Figure 3.8: H2 1-0 S(1) line profiles for the investigated knots. Top left: F knot, top
right: D knot, bottom left: A knot, and bottom right: B knot. Radial velocities
are with respect to the LSR.

On the other hand, the jet momentum is P = Mknotvtotal, where v2
total =

v2
r +v2

t = 2v2
r is the total velocity. Momentum values of 86, 44, and 80 M� km s−1

for the F, D, and A+B knots were found, respectively (see Table 3.3, column 5).

From the previous values, momentum rates can be also inferred, namely Ṗ =

Ṁejecvtotal. Values of the momentum rate do not significantly vary along the jet,

being of the order of 10−2 M� yr−1 km s−1 (Table 3.3, column 6).

Inferred kinetic energies of the knots (K = 1/2Mknotv
2
total) range from 1.1 ×

1047 to 1.8 × 1047 erg (see Table 3.3, column 7). Finally, we also derive the

dynamical time of each knot, that is, τdyn = d/vt, where d is the distance of

the knot from the central source. The dynamical time of the farthest bow shock

provides us with an upper limit on the timescale of the ejecta, and, in turn, with

an upper limit on the age of the central source. Values of the dynamical time
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range from 1800 to 26800 yr for the closest and farthest emission, respectively

(see Table 3.3, column 8).
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3.5. LTE model of the Brackett emitting region

3.5 LTE model of the Brackett emitting region

To model the physical conditions of the H i emission detected on source in our

SINFONI data, we used all the line fluxes from the Brackett series (Br26 to Brγ,

see Table 3.2). Therefore, the main atomic gas parameters (close to the source),

such as density, optical depth, and temperature can be derived. Homogeneous

and isothermal conditions were assumed in the LTE model. Moreover, under

LTE conditions, the kinetic temperature (Maxwell distribution) and excitation

temperature (Boltzmann distribution) can be considered equal, that is, Tkin =

Tex. Due to the high density and high temperature conditions expected, the LTE

assumption is plausible for the system. One expects LTE to be valid for electron

densities higher than ΣAul/ΣCul, where Aul is the spontaneous radiation rates

and Cul is the collisional de-excitation rates from level u to level l and the sum is

over lower levels, that is, when collisions are the main source of excitation. Case

B recombination can only reproduce our data when we set the density as high as

n = 108 cm−3, which means that the gas would be in LTE.

In LTE conditions, the intensity can be written as

Iν = Bν(T )
(
1− e−τ(ν,NH ,T )

)
, (3.5)

where Bν is the Planck function and τ is the optical depth. τ(ν,NH , T ) can be

calculated assuming a hydrogen column density (NH) and a temperature (T ) for

the system at a given frequency (ν). The line ratios among Brackett lines can be

used to infer physical conditions of the emitting gas and discern an approximative

size of the emitting region. The Brackett decrement was computed using the

ratio of the various Brackett lines with respect to the Brγ line and assuming

T = 10 000 K. Figure 3.9 shows the observed Brackett decrement (blue stars)

and the best fit (red dots) corresponding to an optical depth of τbest = 2.5 at

λ = 2.1662µm. The observed data were fitted using Eq. 3.5.

To estimate the size of the Brγ emitting region, we used Eq. 3.6 assuming, for

simplicity, a spherical geometry:
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r(T ) =

(
4D2F (Brγ)

Bν(T )∆ν(1− e−τbest)

)1/2

, (3.6)

where D = 3.1 kpc is the distance to the star, F (Brγ) = 8.60×10−12 erg s−1 cm−2

is the integrated flux of the Brγ line (corrected by extinction using the extinction

law of Rieke & Lebofsky 1985, and assuming a value of Av = 15 mag from Caratti

o Garatti et al. 2015a), and ∆ν = ∆v · ν/c is the line width, using the optical

depth obtained from the best fit. A value of ∼ 1 au for the radius of the Brγ

emitting region was inferred.

Using the estimated value of the radius of the Brγ emitting region, one can

derive the density

n(R) =
dM

dt

1

4πR2vµmH

, (3.7)

where dM/dt = Ṁ = 1.8× 10−5M� yr−1 is the mass-loss rate for the ionised jet

(Purser et al. 2016), R = 1 au is the radius of the Brγ region derived before,

v = 500 km s−1 is the velocity of the jet close to the star (Purser et al. 2016),

µ = 1.24 is the mean atomic weight, and mH is the mass of the hydrogen atom.

A value of ∼ 2.5×109 cm−3 for the density was found for the Brγ emitting region.

3.6 Discussion

3.6.1 Atomic au-scale jet

Different approaches were used to study the innermost part of the parsec-scale

jet of IRAS13481-6124. Examining the Brγ on source, the LTE model of the

Brackett emitting region, and spectro-astrometry allows us to study the jet down

to mas scales.

The P Cygni profile of the Brγ indicates the presence of a powerful ionised

wind at the base of the au-scale jet (Fig. 3.2 bottom right panel). As the other

84



3.6. Discussion

Figure 3.9: Best fit of the observed Brackett decrement using our LTE model (red
solid line). An optical depth of τ = 2.5 is inferred.

H i line analysed, the line is clearly asymmetric, with strong self-absorption in

the blue part of the line, produced by the outflow/wind, which reabsorbs the

emission. The terminal radial velocity of the wind is around −290 km s−1 (which

corresponds to vtotal ∼ 410 km s−1). The P Cygni profile is a peculiar feature that

is not present in all HMYSOs. Cooper et al. (2013) found only 13 YSOs (in a

sample of 195 objects) that also display a P Cygni profile, probably due to the

geometry of these objects. Usually, the Brγ line in emission can have different

origins: accretion of matter onto the star (Eisner et al. 2009; Tambovtseva et al.

2014), or ejected material in different manifestations -winds or jets- (Weigelt et al.

2011; Stecklum et al. 2012; Garcia Lopez et al. 2015, 2016; Caratti o Garatti et al.

2015b). See also Coffey et al. (2010) and Tambovtseva et al. (2016) for a detailed

discussion of the origin of Brγ emission. Nonetheless, one has to take into account

that the broad profile of the H i around the line peak can also be accounted for by

the significant contribution expected from the disc rotation motions very close to

the base of the jet (vkep ∼ 130 km yr−1, for M ∼ 20M� and R ∼ 10R�). It seems
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clear, however, for this particular object that Brγ is tracing outflowing material

and that the emission comes from the ionised jet (see also Caratti o Garatti et al.

2016).

The optical depth derived from the LTE model (τ = 2.5) suggests that the

Brγ line is optically thick. Therefore, we can derive the density conditions of

this region. A density of ∼ 2.5 × 109 cm−3 was found. In addition, a radius

of ∼ 1 au was inferred assuming a circular shape for the Brγ emitting region.

Using interferometric observations, Caratti o Garatti et al. (2016) found for the

Brγ emitting region an extension of 6.4 − 13 au, observing a conical jet with

an opening angle of ∼ 30◦. If the projected circular region from the model is

transformed into two projected cones with the same opening angle, an extension

of 4.8 au is found that matches the NIR interferometric observations reasonably

well. This shows that it is important to study the Brγ line to constrain jet

properties in YSOs, in particular of HMYSOs.

CRIRES spectro-astrometry shows a clear signature of well-collimated out-

flowing material close to the star for the H i Brγ and Brα lines. The increasing

photocentre offset with increasing velocity proves that the emission is coming

from ejected material (Takami et al. 2001; Whelan et al. 2005). For the first

time, spectro-astrometry was performed in the Brα line, which has similar prop-

erties (in size and orientation) as the Brγ line. Position angles of 190◦ and 216◦

(and displacements of 11 and 15 au) were found for Brγ and Brα, respectively,

suggesting that both lines might be tracing analogous regions. The good agree-

ment between our results with those found by Caratti o Garatti et al. (2016) using

interferometry on the Brγ line is quite remarkable. In both studies, the size of the

line-emitting region is almost identical. The PA found by Caratti o Garatti et al.

(2015a) for the parsec-scale jet (∼ 206◦) is consistent with the PA found in this

study for the au-scale jet (∼ 190−216◦). The difference between the position an-

gles might be due to the jet precession angle (∼ 8◦, Caratti o Garatti et al. 2015a).

The consistency in size and position angle between the spectro-astrometry and

the interferometry confirms the jet origin of the Brγ emission.

Summarising, these observations strongly suggest that the Brackett lines are

tracing the jet and its outflowing material. On the one hand, the Brackett emis-

sion cannot be explained as magnetospheric accretion (i. e. extension of the mag-
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netosphere). Nor can the H i emission originate from a Keplerian disc, as the

spectro-astrometric results would not show a clear alignment with the jet axis

and increasing velocity with increasing offset, but rather a displacement follow-

ing the disc and with Keplerian rotation where the red and blue emission would be

clearly differentiated with faster velocities closer to the star. On the other hand,

H i emission from UV pumping seems apparent, as we clearly detect lines (namely

C i, Mg i, etc.), that seem to be connected to a photodissociation region (PDR).

However, the Brackett line profiles show broad wings at high velocities. More-

over, one would expect a spherical shape in the distribution of PDR emission.

We do not discard that some contribution of the Brackett lines may come from

a PDR, but this seems negligible in comparison with the shocked emission. This

can be shown by calculating the Ströngrem radius for IRAS13481-6124 (Draine

2011):

RSO ≡
(

3Q0

4πn2
HαB

)1/3

= 9.77× 1018Q
1/3
0,49n

−2/3
2 T 0.28

4 cm, (3.8)

where Q0,49 ≡ Q0/1049 s−1, Q0 is the rate of emission of hydrogen-ionising pho-

tons, n2 ≡ nH/102 cm−3, T4 = T/104 K, and αB is given by

αB = 2.54× 10−13Z2(T4/Z
2)−0.8163−0.0208 ln(T4/Z) cm3 s−1 (3.9)

and Q0 is given by

Q0 = 7.58×26 SνD
2ν0.118

9 T−0.4933−0.0208 lnT4
4 s−1, (3.10)

where Sν is the radio flux, D distance to the object, and ν9 = ν/GHz is the

frequency of the radio flux.

The Q0 value was calculated using the radio flux on source from Purser et al.

(2016) (9.1 ± 0.07 mJy at 17.0 GHz). Considering logQ0 = 44.75, T = 10 000 K,

and n = 2.5× 109 cm−3 (from the LTE model, see Sect. 3.5) a value of ∼ 0.25 au

for the Strömgren radius was inferred. The Strömgren radius for this star is much

smaller than the extension of the Brackett lines found using interferometry (6.4-
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13 au, Caratti o Garatti et al. 2016), confirming that the H i Brackett lines are

most likely tracing the au-scale jet.

3.6.2 Molecular parsec-scale jet in context

As was seen in the previous section, atomic hydrogen lines mainly trace the au-

scale base of the jet. The composition of the NIR jet changes with distance

from the source, with a smooth transition from atomic to molecular. At parsec

scales, the observed jet becomes fully molecular, in the form of molecular hydro-

gen (H2). Close to the central engine, the molecular hydrogen cannot survive

since UV photons would dissociate the molecule and only atomic hydrogen would

survive. Therefore, there is a transition with distance between the atomic and the

molecular component. From our observations, the molecular component starts

at ∼ 5′′ − 10′′ (i. e., 15 000 − 30 000 au) and extends up to ∼ 170′′ − 180′′ (i. e.,

2.5− 2.7 pc).

Notably, very high radial velocities are found in the H2 emission lines along

the knots of the parsec-scale jet: the F, D, and A+B knots. These values are well

above the H2 velocity dissociation (∼ 50 km s−1, Smith 1994), which can reach

up to ∼ 80 km s−1 if a strong magnetic field is present (Le Bourlot et al. 2002).

This phenomenon has previously been reported in other studies of jets driven by

low-mass (Davis et al. 2000; Chrysostomou et al. 2000) and high-mass protostars

(Davis et al. 2004; Caratti o Garatti et al. 2008). Burton & Geballe (1986)

proposed various mechanisms to explain the large line-widths observed in the H2

lines, favouring the scenario that the shocked H2 gas is in a medium that has been

set in motion in fast-moving clumps. This scenario allows one to measure high-

velocity H2 components (Chrysostomou et al. 2000), as the measured velocity is

a combination of the medium and shock velocities. Davis et al. (2004) discussed

that a combination of magnetically mediated C-type shock and inclination of the

flow with respect to the plane of the sky, H2 line widths of up to 80− 100 km s−1

are plausible. In this context, the radial velocity found in terminal bow shock

(A+B knots; ∼ 95 km s−1) can be easily explained. The leading bow shock must

have moved in a steady medium and likely accelerated it as it propagated. This

view is supported by the increasing velocity measured towards the central engine.

88



3.6. Discussion

The radial velocity found in knot D (∼ 100 km s−1) is faster than the leading A+B

bow shock. The gas observed in this knot is probably moving into a medium that

has been set in motion before by the forward shocks. In addition, F is the fastest

knot found along the parsec-scale jet (∼ 200 km s−1), supporting the idea that

this emission is embedded in an accelerated medium. Devine et al. (1997) and

Chrysostomou et al. (2000) also reported a decrease in velocity with distance

from the central source, which supports our results. This interpretation is also in

agreement with the values of Ṗ, which slightly increase towards the central engine

(see Fig. 3.10 bottom panel).

The dynamical ages of the A+B knots are around ∼ 26800 yr, and they are

the farthest structure in the system of the blue-shifted NIR jet. This value is

consistent with the jet phase timescale of ∼ 4×104 yr suggested by Guzmán et al.

(2012). The dynamical age found for this knot is compatible, and might be even

more accurate for the age of the star, with the age derived from SED modelling

(∼ 6 × 104 yr, Grave & Kumar 2009). Another interesting result concerns the

roughly constant mass-loss rate value (∼ 10−4 M� yr−1) found along the various

knots (see Fig. 3.10 top panel, and Table 3.3). This suggests that the ejection,

and in turn, accretion of material has been constant in the formation history of

IRAS 13481-6124. The ejection-accretion processes are indeed closely related (see

e.g. Cabrit 2007; Cabrit et al. 2010). For lower-mass YSOs, the ratios between

the mass ejection rate (Ṁejec) and the mass-accretion rate (Ṁacc) are found to be

& 0.1 (Antoniucci et al. 2008). If one considers a similar relation for the high-

mass regime (0.1 . Ṁejec/Ṁacc . 0.3, Cabrit 2007), one obtains a mass-accretion

rate of 3.33 × 10−4 . Ṁacc . 10−3 M� yr−1. Then, one can estimate the mass

of the central object multiplying the mass-accretion rate by the dynamical age

giving rise to 12 . M∗ . 35 M�, consistent with the mass derived from SED

modelling (∼ 20 M�, Grave & Kumar 2009). Therefore it seems plausible that

Ṁejec/Ṁacc ratio for at least this HMYSO is similar to those found in low-mass

YSOs.
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3.6.3 Comparison between the NIR and the radio jet

Our knowledge about HMYSOs is largely determined by radio observations, and

fundamental dynamic properties, such as the mass-loss rate or mass-accretion

rate, are based on radio measurements where only the ionised component is con-

sidered (see e.g. Guzmán et al. 2012; Rosero et al. 2016; Sanna et al. 2016; Purser

et al. 2016). Physical properties derived from radio should be compared with

those obtained from NIR observations for a better understanding of the formation

of massive stars. To discern whether there is significant difference, we compared

the dynamical properties of the radio jet (Purser et al. 2016) with those of the

NIR jet.

We are in the position to estimate the ionisation fraction (x0) of the HMYSO

jet. Purser et al. (2016) give an ionised mass-loss rate of Ṁejec = (1.792±1.338)×
10−5 M� yr−1 assuming a jet velocity of 500 km s−1 and an ionisation fraction of

0.2. If we remove the velocity and ionisation fraction dependence from their Eq.

5, we can write x0Ṁejec/vjet = (7.168 ± 5.353) × 10−9 M� yr−1 (km s−1)−1 (see

Cesaroni et al. 2018). From our NIR observations we can assume that the mass-

loss rate close to the star is similar to the one derived along the parsec-scale jet

(Ṁejec ∼ (1.766±0.276)×10−4 M� yr−1, roughly constant in the formation history

of the star). Meanwhile, the PCygni profile of the Brγ gives a range of velocities

for the wind at the base of the jet close to the central source, that is, vjet =

400 − 1100 km s−1. Combining the above results, we obtain x0 ∼ 2 − 5% ± 3%.

Therefore, a conservative upper limit of x0 . 8% can be considered for the

ionisation fraction of IRAS 13481-6124, suggesting that only a small portion of

the whole jet is ionised. Notably, similar results have also been found in both high-

mass (Cesaroni et al. 2018) and low-mass (Ainsworth et al. 2013) regime. This

calculation should be considered tentative because of the underlying assumptions

and large uncertainties.

It is also worth pointing out that the low mass-loss rates of HMYSO radio

jets seem to be a frequent characteristic in all ionised jets. For example, Sanna

et al. (2016) find a mass-loss rate for the radio jet of ∼ 8 × 10−6 M� yr−1 in

a 20 M� protostar, and Purser et al. (2016) find a typical mass-loss rate of ∼
1.4 × 10−5 M� yr−1 for a sample of HMYSOs. This issue has previously been

considered by Guzmán et al. (2012). To explain the discrepancy between the
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Figure 3.10: Top panel: Inferred mass-loss rates versus distance for the various
knots. Bottom panel: Inferred thrust versus distance.

momentum of the radio jet and the molecular outflow, the authors suggested

that the jet is not entirely ionised, as we are now demonstrating. Moreover, if

one estimates the mass-accretion rate from the mass ejection rate of the radio jets

(by assuming 0.1 . Ṁejec/Ṁacc . 0.3), one obtains a very low mass for the central

object (assuming a typical age of few 104 yr). In particular, for IRAS 13481-6124,

we would derive a value of Ṁacc . 10−4 M� yr−1, which yields M∗ ∼ 3.5− 6 M�,

in complete disagreement with the estimate of the central mass (M∗ ∼ 20 M�).

Therefore, we conclude that the NIR jet is tracing the majority of the ejecta

and the radio jet just a small portion of it. This is truly important because

our mass-loss rate estimates for HMYSOs rely on radio measurements that trace

a small percentage of the whole ejection. Nevertheless, both are likely part of

the primary jet, as is revealed by comparing the thrust (Ṗ ) for the radio (∼
10−2 M� yr−1 km s−1 Purser et al. 2016) and the NIR (roughly constant to ∼
10−2 M� yr−1 km s−1, see Fig. 3.10 bottom panel and Table 3.3) regimes.
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3.7 Conclusions

We used three ESO-VLT instruments, SINFONI, CRIRES, and ISAAC, to study

the au- and parsec- scale jet as well as the immediate environment of the HMYSO

IRAS 13481-6124. Kinematic and dynamic properties were investigated at au and

parsec scales, including the connection between the two. A comparison between

the NIR jet and the radio jet was made. We summarise our main results and

conclusions in the following points:

• Several emission lines were detected on source that are mainly associated

with accretion and ejection activity (H i, [Fe ii]) with the presence of the

disc ([Na i]), and with UV-pumped emission (Fe ii, C i, K i, Mg i).

• The Brγ line was detected on source with a terminal radial velocity of

∼ −290 km s−1. From all three instruments, the characteristic P Cygni

profile was identified, suggesting that the line is tracing ejection from a

powerful bipolar wind very close to the central engine.

• The technique of spectro-astrometry was applied to the Brγ line and for

the first time to the Brα line, revealing the atomic nature of the au-scale

jet. The PA (∼ 190 ± 15◦ and ∼ 216 ± 5◦ for Brγ and Brα, respectively)

and the high collimation of the au-scale jet match the parsec-scale jet quite

well. The photocentre offset with respect to the continuum of the Brγ and

Brα emitting region is at least ∼ 11 au and ∼ 15 au, respectively.

• Molecular hydrogen (H2) emission lines were used to derive dynamic and

kinematic properties of the parsec-scale jet. Radial velocities were mea-

sured, and mass-loss rate, momentum, thrust, kinetic energy, and dynam-

ical time were computed for the various knots that form the jet. Roughly

constant mass-loss rates of the order of ∼ 10−4 M� yr−1 were found along

the parsec-scale jet. From this value, a mass-accretion rate of ∼ 3 ×
10−4 − 10−3 M� yr−1 was inferred. High H2 radial velocities (from 100 to

200 km s−1) were found likely due to the relative motion of the jet in an

already-moving medium.

• The ionisation fraction of the HMYSO jet driven was determined to have a
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tentative upper limit of x0 . 8%, suggesting that the radio jet traces only a

small fraction of the entire ejecta, whereas the NIR jet traces the majority.

In conclusion, the HMYSO jet of IRAS 13481-6124 is traced mainly by atomic

species at au-scales but molecular species at parsec-scales. Our derived ionisation

fraction implies that the NIR component traces the bulk of the ejecta.
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4
Measuring the ionisation fraction in a jet

from a massive protostar

“Cogito ergo sum”

– René Descartes

This chapter is a modified copy of the paper published in Nature Communi-
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al. 2019, Nature Communications, 10, 3630.
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Abstract

It is important to determine if massive stars form via disc accretion, like their

low-mass counterparts. Theory and observation indicate that protostellar jets are

a natural consequence of accretion discs and are likely to be crucial for removing

angular momentum during the collapse. However, massive protostars are typi-

cally rarer, more distant and more dust enshrouded, making observational studies

of their jets more challenging. A fundamental question is whether the degree of

ionisation in jets is similar across the mass spectrum. Here we determine an ion-

isation fraction of ∼ 5−12% in the jet from the massive protostar G35.20-0.74N,

based on spatially coincident infrared and radio emission. This is similar to the

values found in jets from lower-mass young stars, implying a unified mechanism

of shock ionisation applies in jets across most of the protostellar mass spectrum,

up to at least ∼ 10 solar masses.

4.1 Introduction

Although massive stars are rare, they play a fundamental role in the Universe,

synthesising most of the chemical elements and providing a major feedback into

the molecular clouds where stars are born (see Tan et al. 2014, and references

therein for a review). However, massive star formation and evolution are still

a matter of debate. An excellent tool to investigate massive star formation is

provided by protostellar jets. The detection of several jets driven by massive

protostars (Caratti o Garatti et al. 2015a; Fedriani et al. 2018; Sanna et al. 2015,

2019) and the discovery of dusty molecular discs around high-mass young stellar

objects (HMYSOs, M∗ > 8M�, Lbol > 5 × 103L�) through near-infrared (NIR)

interferometry (Kraus et al. 2010), strongly support the idea that HMYSOs form

in a similar way to low-mass young stars (Kraus et al. 2010; Ilee et al. 2013;

Beltrán & de Wit 2016; Caratti o Garatti et al. 2017; Cesaroni et al. 2018). Col-

limated jets associated with discs of few 100 au have also been observed at mm

wavelengths, supporting this scenario (Patel et al. 2005; Girart et al. 2018). The

jets themselves are thought to be launched centrifugally along magnetic field lines

(Pudritz et al. 2007) and thus the jet’s ionisation fraction (χe) is a key parameter

as determines the strength of the coupling of the magnetic field to the ionised
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gas. Often, when irradiated by a nearby OB star, the jet is considered to be

fully ionised or alternatively a somewhat arbitrary value is used (Bally et al.

2006; Purser et al. 2016; McLeod et al. 2018). In a number of cases for low-

mass young stars, χe has been measured using emission line diagnostics in the

optical/NIR regime (Podio et al. 2006). Determining χe is important if we are

to correctly deduce such parameters as the total (neutral plus ionised) mass-loss

rate in the jet (Ṁejec), which, in turn, is often compared with the mass-accretion

rate (Ṁacc). Since dynamical quantities are fundamental inputs in massive star

formation models, a good constraint on the ionisation fraction along massive jets

is critical. The radio continuum emission from protostellar jets is generally inter-

preted as thermal bremsstrahlung, and, since the radio emission does not suffer

from extinction due to dust, it is an excellent way of observing the ionised com-

ponent (Purser et al. 2016; Anglada et al. 2018; Sanna et al. 2018). However, no

velocity information can be inferred from these observations (unless we rely on

proper motion studies and we know the jet geometry) nor can the ionisation frac-

tion be directly derived. On the other hand, NIR spectroscopy directly provides

us with physical parameters and dynamical information for the (molecular and

atomic) jet through the study of emission lines (Caratti o Garatti et al. 2015a;

Fedriani et al. 2018). Therefore, radio and NIR observations of both line and

continuum emission allow for a complementary analysis of protostellar jets.

The well-known high-mass star-forming region G35.20-0.74 is located at 2.2 kpc

(Zhang et al. 2009) in the tail of the Aquila constellation. G35.20-0.74N (hereafter

G35.2N) is a main formation site of B-type stars, has a bolometric luminosity of

3× 104 L� and hosts two main cores, core A and core B. Both cores display discs

in Keplerian rotation (Sánchez-Monge et al. 2014; Beltrán et al. 2016). Core B

is a binary system which consists of two B-type protostars with masses of 11 and

6M� (Beltrán et al. 2016), sources 8a and 8b, respectively. The rotation axis of

the disc, i. e. the jet axis, of source 8a has an inclination angle of i ∼ 19 ± 1◦

with respect to the plane of the sky (Sánchez-Monge et al. 2013). Perpendicular

to this disc a radio jet close to the central engine has been detected (Gibb et al.

2003; Beltrán et al. 2016) as well as a molecular hydrogen (H2) outflow (Lee et al.

2012; Caratti o Garatti et al. 2015a). Source 8a is thought to drive one of two

parsec-scale bipolar outflows (Caratti o Garatti et al. 2015a; Beltrán et al. 2016)

in this region with an initial north (blue-shifted lobe) south (red-shifted lobe)
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orientation (see Fig. 3 of Caratti o Garatti et al. 2015a, for a complete view of

both parsec-scale jets). Here, we focus on the protostellar jet driven by source 8a

(see Fig. 4.1).

Here, we show a unique example of spatially coincident NIR and radio jet

emission. We use multi-wavelength observations, i. e. data from the Hubble

Space Telescope (HST), Karl G. Jansky Very Large Array (VLA), and Very Large

Telescope (VLT), of the outflow from G35.20-0.74N to determine the ionisation

fraction, χe, in a jet from a massive young star. The values found, ∼ 5−12%, are

similar to those found for solar mass young stars. Our observations confirm that

the ionising mechanism giving rise to the radio emission originates from shocks

seen in the NIR jet (Anglada et al. 2018).

4.2 Results

4.2.1 NIR imaging and spectroscopy in G35.2N

We performed high-resolution NIR imaging and long-slit spectroscopy of G35.2N

using the infrared spectrometer and array camera (ISAAC) at the VLT. We per-

formed imaging to study in detail the NIR jet and spectroscopy to measure its

kinematics and derive its physical and dynamic properties. We combine our ob-

servations with VLA and HST data to form the most complete view of a jet close

to its source to date (see Fig. 4.1, panel b). We observed the atomic jet in the

form of [Fe ii] and Brγ (hydrogen recombination line) in the NIR as well as the

ionised jet in the form of H ii (ionised hydrogen) in the radio. G35.2N, thus, rep-

resents a unique example because both the NIR and radio jet are visible and we

see that both atomic and ionised emission are spatially coincident. Therefore, we

can combine the information from both regimes and infer the ionisation fraction

in a HMYSO jet.

Figure 4.1, panel a shows an HST red-green-blue (RGB) image ([Fe ii], H, J ,

respectively) of the G35.2N central region obtained with the Wide Field Camera

3 (WFC3). Panel b shows a composite image of the inner few 10 000 au from

the central star revealing the various components of the jet emission of G35.2N.
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Figure 4.1: G35.2-0.74N star formation complex. a Three colour composite HST
image of the innermost region of the star-forming site G35.20-0.74N, revealing the jet
from the massive protostar. Red channel is the [Fe ii] 1.644µm narrow filter (F164N),
green channel is the H 1.600µm wide filter (F160W), and blue channel is the J 1.100µm
wide filter (F110W). b Composition of the HST/WFC3 (violet) image, VLT/ISAAC
(white contours), ALMA (cyan), and VLA (green) datasets. In both panels, north is
up and east is left. The position of the main cores in the region as well as the jet knots
are labelled. The field of view of panel b is indicated with a rectangle in panel a.
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The HST [Fe ii] continuum-subtracted image (F164N-F160W, which corresponds

to the [Fe ii] emission at 1.644µm) is shown in violet, and it is indicative of jet

shocked material (Nisini et al. 2002; Garcia Lopez et al. 2008; Fedriani et al. 2018).

White contours are ISAAC H2−K emission (corresponding to the H2 emission at

2.121µm), which mostly delineate the outflow cavity walls (Caratti o Garatti et al.

2015a). Green contours are VLA C-band emission at 6 cm (5.8 GHz), that comes

from the ionised radio jet. Notably, the radio data, not affected by extinction,

trace both the blue- and red-shifted lobes, whereas the NIR emission mostly

comes from the blue-shifted jet. The position of the radio source driving the jet

is labelled as Core B and the main knots of study are labelled as K1, K2, K3,

and K4. The cyan contours show the Atacama Large Millimeter Array (ALMA)

870µm emission from dust, which reveals the locii where dust and gas condense

into stars (Sánchez-Monge et al. 2013).

The spectral images of the protostellar jet close to the source are shown in the

position-velocity (PV) diagram (Fig. 4.2). Our spectroscopic slit, at a position

angle (PA) of −14.7◦, encompasses knots K2, K3, and K4. The velocities are

measured with respect to the Local Standard of Rest (LSR) and subsequently

corrected by the velocity of the parent cloud (vLSR ∼ 33 km s−1, Sánchez-Monge

et al. 2013, 2014). H2 emission, namely the 1− 0 S(1) transition at 2.121µm and

the 2−1 S(2) transition at 2.154µm, is observed towards the outflow (see Fig. 4.2,

panel f for the spectral image of the 1− 0 S(1) line). The radial velocity (vrad) of

the H2 lines peaks at red-shifted velocities of ≈ 5 km s−1, corresponding to a total

velocity of vtot ≈ 15 km s−1 (vtot = vrad/ sin i, where i is the inclination of the jet

axis with respect to the sky), which might be an indication of slow oblique shocks

against the cavity walls. [Fe ii] emission is also detected along the jet (see Fig. 4.2,

panels b, c, and d). Blue-shifted radial velocities range from few km s−1 to

−200 km s−1, which correspond to a total velocity of vtot ≈ −600 km s−1. We also

observe Brγ emission at 2.166µm (hydrogen recombination line transition from

nup = 7 to nlow = 4). This emission is observed to be extended up to ∼ 8′′ from

the central source (i. e. ∼ 17 600 au at a distance of 2.2 kpc; see Fig. 4.2, panel

e). This emission covers the same velocity range of the [Fe ii] emission, consistent

with proper motions given by Beltrán et al. (2016). Emission from [Fe ii] and Brγ

is, thus, indicative of shocked material (Garcia Lopez et al. 2008; Fedriani et al.

2018). This atomic emission is spatially coincident with the radio jet emission
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towards the north (blue-shifted lobe) where the visual extinction (AV ≈ 25 mag,

Fuller et al. 2001) allows the detection of NIR lines. Conversely, towards the south

(red-shifted lobe), the visual extinction reaches up to ∼ 41 mag (increasing up

to ∼ 170 mag towards the driving source and its immediate surroundings, Fuller

et al. 2001) hindering any NIR jet-detection, although the red-shifted radio jet

is still visible (Fig. 4.1, panel b). To investigate the possibility that some of

the Brγ emission is due to scattered light, we have thoroughly checked the PV

diagram of Figure 4.2. Brγ emission close to 0 km s−1 is likely scattered emission

from the central source. But, there is also material moving radially at more

than −150 km s−1 (which corresponds to vtot ≥ −500 km s−1). Moreover, the

full width at zero intensity (FWZI), which gives an estimate of the jet shock

velocity (Hartigan et al. 1987), is larger than 500 km s−1. This value is consistent

with the total velocities derived above, supporting the jet geometry. Finally,

the [Fe ii] emission spatially coincides with that from Brγ and their velocities

are similar. This evidence suggests that the Brγ line is likely tracing shocked

material as [Fe ii] does. This is also confirmed by the fact that all Brγ emission

is blue-shifted which is consistent with the lobe being directed towards us. Thus,

the Brγ emission likely comes from a combination of scattered light and from

directly visible shocked material. Notably, the radio continuum, which traces

ionised gas, emits co-spatially with the atomic emitting region implying that the

ejected material is partially ionised.

4.2.2 Determination of ionisation fraction and dynamic

properties

We can determine the degree of ionisation of the jet from the massive protostar

by directly comparing the total number density (ntot) with the electron number

density (ne). The ionisation fraction is defined as χe = ne/ntot. On the one hand,

the ntot can be derived from the properties of the [Fe ii] emission line at 1.644µm

(among the brightest transitions in the NIR). The product of the total number

density times the volume emitting region (ntotV ) can be written as the ratio

between the observed luminosity of the line and the emissivity per particle for the

line calculated theoretically (Podio et al. 2006), i. e., ntotV = L[Fe ii]/ε[Fe ii]. The

radius and the length of the jet are resolved in our HST and ISAAC observations,
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therefore the [Fe ii] emitting volume is known. In this way we can have an estimate

of the total number density, given by ntot = L[Fe ii]/ε[Fe ii]/V (see Methods for

more details). On the other hand, the ne can be derived from the ratio of the

[Fe ii] lines (Nisini et al. 2002; Takami et al. 2006) or from the properties of the

radio emission (Mezger & Henderson 1967), see Methods. Interestingly, both

independent methods provide us with the same electron density estimates within

the errors. As the radio regime here provides us with smaller errors, we then

adopt these electron density estimates. We are able to give a direct measurement

of the ionisation fraction in a HMYSO jet for knots K1 (12± 6%), K3 (7± 1%),

and K4 (5± 1%). Additionally, in the case of K2 (< 17%) we are able to set an

upper limit due to the non-detection of radio emission. Figure 4.3 shows a plot of

the variation of the ionisation fraction with distance where there is not a strong

indication that the χe changes with distance as the inferred values are the same

within the error bars. It is worth noting that the uncertainty in the knot sizes

does not significantly affect the ionisation fraction measurement of knots K3 and

K4, whereas in the case of K1, the uncertainty in the knot size represents half

of the error of the ionisation fraction. Finally, we would like to stress that the

determination of the ionisation fraction rests under a few reasonable assumptions,

namely i) all Fe is ionised, ii) the Fe abundance is solar, and iii) there is no Fe

dust depletion (see Methods for a detailed discussion of these assumptions).

Now, using the mass of each knot, its velocity, and its length, we can also

determine the total mass-loss rate using the [Fe ii] emission line at 1.644µm

(see Methods). We obtain a mass-loss rate of (4.7 ± 0.3) × 10−5M� yr−1 and

(4.9 ± 0.4) × 10−5M� yr−1 for knots K3 and K4, respectively. In the case of

knot K1 there is no velocity information, because our spectroscopic slit does not

encompass it, and in the case of knot K2 just an upper limit on ne could be

inferred, therefore no dynamic properties were derived. The momentum rate is

0.018± 0.001M� yr−1 km s−1 and 0.011± 0.001M� yr−1 km s−1 for knots K3 and

K4, respectively.

The total mass-loss rate can also be calculated using the properties of ra-

dio emission for these knots in combination with the ionisation fraction derived

above. In an analogous way, we combine the size of the radio knots, the electron

density, the tangential velocity from our spectroscopic observations (i. e. vtan =

vrad/ tan(i)), and the ionisation fraction, to calculate the total mass-loss rate for
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Figure 4.3: Ionisation fraction versus distance. Evolution of the ionisation fraction
along the jet with distance to the source. The source of uncertainties is coming from
the error propagation calculated from the ionisation fraction equation and the errors
are 6% (K1), 1% (K3), and 1% (K4), K2 being an upper limit.

knots K3 and K4 (see Methods). It results in Ṁejec = (1.6± 1.0)× 10−5M� yr−1

for knot K3 and Ṁejec = (2.0 ± 1.0) × 10−5M� yr−1 for knot K4. Remarkably,

these values match very well, within a factor of 2 to 4, with those obtained in

the NIR regime. Such a small variation is caused by the slight difference in the

size of the NIR and radio emitting regions, with the latter being smaller. This

is not unexpected as the jet is supposed to have an onion-like structure (see e.g.,

Machida 2014; Agra-Amboage et al. 2014), and the more ionised component is

expected to be confined to the innermost region (i. e., closest to the jet axis). The

ionised mass-loss rate (Ṁionised) of the considered radio knots is ∼ 10−6M� yr−1

being a factor of ∼ 10 smaller than what we get in the NIR, as expected from

the ionisation fraction values obtained here. This is in excellent agreement with

the ionised mass-loss rate calculated on source (core B) following Reynolds’ for-

mulation (Reynolds 1986), which provides a value of (1.8± 0.3)× 10−6M� yr−1,

consistent with Beltrán et al. (2016), see Methods.
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The mass-accretion rate can also be estimated assuming that the ratio Ṁejec/Ṁacc

is between ∼ 10% and ∼ 30% (Cabrit 2007; Antoniucci et al. 2008). Considering

a mass-loss rate of ∼ 4 − 6 × 10−5M� yr−1, we obtain a mass-accretion rate of

1.3 × 10−4 . Ṁacc . 6 × 10−4M� yr−1 consistent with (Zhang et al. 2013; De

Buizer et al. 2017). A typical jet phase timescale in HMYSOs is ∼ 2 × 104 yr

(Guzmán et al. 2012; Fedriani et al. 2018), which gives a lower limit of the age

of the star, and, in turn, an estimate of the mass of the central source being

2.6 . M∗ . 12M�, which agrees with previous estimates using other methods

(Zhang et al. 2013; Sánchez-Monge et al. 2013; Beltrán et al. 2016).

4.3 Discussion

In the case of jets from low-mass young stars, the ionisation fraction is typically

found to be around 10% or less (Hartigan et al. 1994; Garcia Lopez et al. 2008).

Recent studies of two jets from HMYSOs, tentatively derive similar values in

an indirect manner and under different assumptions than used here (∼ 10% in

IRAS13481-6124 Fedriani et al. 2018, and . 14% in S255IR NIRS3 Cesaroni

et al. 2018). In the case of IRAS13481-6124, the authors assume that the mass-loss

rate calculated along the parsec-scale jet, traced by the H2, has remained roughly

constant for the formation history of the star and, thus, should be similar very

close to the star where the actual mass-loss rate could not be calculated. Then,

they compare this value with the ionised mass-loss rate inferred from the radio

regime very close to the star. With this comparison of mass-loss rates, they give a

rough estimate of the ionisation fraction. In the case of S255 NIRS3, the authors

estimate the mass-accretion rate from the NIR regime and assume that at least

10% of the accreted material should be ejected. This provides an upper limit to

the ionisation fraction by comparing to the ionised mass-loss rate calculated from

the radio continuum emission. In any case, these previous estimates were made

without a direct evidence of spatially coincident atomic and ionised jet emission.

In any event, our result is consistent with these indirect findings, i. e., that the

ionisation fraction is low and similar to what is found in the low-mass regime.

Additional studies of this kind however are warranted to determine whether this

is the norm amongst outflows from HMYSOs.
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In the regions of the jet of G35.2N probed by our observations -i. e. knots

K1, K2, K3 and K4- we see a similar ionisation degree as found in low-mass

YSOs, suggesting a mechanism of shock ionisation, rather than photo-ionisation,

for setting the ionisation degree. However, towards the later stages of massive

star formation the protostar is expected to contract close to a zero age main

sequence (ZAMS) structure and emit copious UV radiation, which would then

set a higher ionisation degree, closer to unity (Hosokawa & Omukai 2009). This

stage might not have been reached yet by G35.2N and at current high accretion

rates, dust would quench the full ionisation of the disc surface, therefore keeping

its wind mostly neutral. Another possible scenario to explain the low χe is that

if the central engine is accreting at high rates, then the protostar is still swollen

and too cool to photo-ionise much. Both scenarios are in agreement with the fact

that the ionised mass-loss rate on source is very similar to the ionised mass-loss

rate on the studied knots. This implies that the χe should not be much higher

very close to the star or that the total mass-loss rate has dramatically changed

(1 order of magnitude) in the past few 100 years with respect to the knots K3

and K4. This reasoning also strengths the idea that the UC/HC H ii region, if

present, must be very small and confined within 100 au (Beltrán et al. 2016).

Anyway, in extreme cases, some jets from HMYSOs are even observed to emerge

from hypercompact H ii regions (Guzmán et al. 2016). Our results do indicate

that ionising photons from the protostar are confined to a small region, which

constrains models of both evolutionary state and feedback of this source. Thus,

application of these methods to a larger sample can help probe these processes

more generally during massive star formation.

Finally the wider implications of our findings should be mentioned. The high

collimation, velocities and momentum injection rate observed in HMYSO jets

suggest that they must be (magneto-)centrifugally launched from very deep in

the star’s gravitational well. Coupling of magnetic fields to the gas requires a

sufficient level of ionisation: the values we observe are high enough for efficient

coupling (Pudritz et al. 2007) and are an important constraint for theoretical

models of these jets and outflows (Staff et al. 2018; Kölligan & Kuiper 2018),

which are likely to be the dominant feedback mechanism even in massive proto-

stellar cores (Tanaka et al. 2017). The measurements that we present here are

relevant to conditions at locations that are away from the disc and jet launching
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region. These results are important for the dynamics of outflows at distances of

few 1000 to few 10 000 au from the protostar, where processes of jet collimation

and outflow-core interaction are likely to be occurring. However, observations at

higher spatial and spectral resolution would be required to probe the immedi-

ate jet environment close to the young star, where the jet launching mechanism

could be revealed. Simulations at high resolution have been able to differentiate

between a magneto-centrifugally launched highly collimated jet and a slow wide

angle magnetic-pressure driven tower flow (Kölligan & Kuiper 2018), but our

observations cannot discriminate between them. If we accept that indeed jets

from HMYSOs are magneto-centrifugally driven, then it should be noted that

earlier magnetohydrodynamical (MHD) simulations estimate lower jet velocities

than those observed here, at small scales (Commerçon et al. 2011; Hennebelle

et al. 2011; Seifried et al. 2012) and at large scales (Peters et al. 2011). However,

more recent MHD simulations obtained velocities of several 100 km s−1 for their

magneto-centrifugal jets (Kölligan & Kuiper 2018), consistent with our results.

In terms of mass ejection and momentum rates, MHD simulations reproduce a

wide range of values depending on the magnetic and rotational energies (Seifried

et al. 2012; Kölligan & Kuiper 2018), being difficult to discriminate between the

different simulations. Staff et al. (2018) provides dynamical estimates remark-

ably close to our observations, in particular, the authors obtain mass-loss and

momentum rates of the order of ∼ 10−5M� yr−1 and ∼ 10−2M� yr−1 km s−1,

respectively, for an 8M� protostar. Nevertheless, simulated outflow properties

are highly dependent on resolution (see Kölligan & Kuiper 2018, for an overview

of convergence aspects and numerical resolution problems in previous simulation

works).

4.4 Methods

4.4.1 NIR VLT/ISAAC imaging and spectroscopy

NIR imaging was obtained on 2013 July 7 in the K and H2 bands with the

ISAAC instrument on VLT (ESO, Chile). This observational strategy allows us to

subtract the continuum emission of the nebulosity to obtain the H2 emission line
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of the system (see Fig. 4.1 panel b, white contours). We correct the narrow band

image (H2) by subtracting the continuum in the broad band image (K), after

first having normalised using the counts of the field stars. Additionally, high-

resolution long-slit spectra were obtained with VLT/ISAAC on 2013 September

14 in the H and K bands. The 0.3′′ × 120′′ slit was positioned at the brightest

point in the NIR with a position angle of −14.47◦ (see Fig. 4.2 panel a, green

lines). The spatial sampling was 146 mas pixel−1 and the spectral resolution was

R ∼ 10 000 and 8 900, corresponding to a velocity resolution of 30−35 km s−1, for

the H and K bands, respectively. Total integration time was 1440 s for each band.

The spatial resolution was seeing-limited at ∼ 0.8 − 1′′. The standard ABBA

nodding technique was applied and the data were reduced in the standard way

using the Image Reduction and Analysis Facility software (IRAF, http://ast.

noao.edu/data/software). Observations were conducted under programs ID

290.C-5060(A) and 290.C-5060(B), PI: A. Caratti o Garatti.

4.4.2 NIR HST/WFC3 imaging

HST data were taken on 2016 March 7, proposal identifier: 14465, PI: J. Tan.

Imaging was obtained in the J (F110W), H (F160W) wide filters, and in the

[Fe ii] (F164N) narrow filter using the WFC3. Total exposure time was 400, 350,

and 900 s for the J , H, and [Fe ii] filters, respectively. We retrieved the pipeline-

calibrated images from the HST archive. Figure 4.1 panel a is a three colour

composite image, red is [Fe ii], green is H, and blue is J . The image [Fe ii]-H

shown in panel b of Figure 4.1 has been generated in a similar way to the H2-K

image explained in the previous section.

4.4.3 Radio VLA imaging

VLA observations were carried out on 2012 December 29, at 5.8 GHz, with the

VLA in the A-configuration (θbeam ∼ 0.3′′) and utilising a total bandwidth of

2 GHz. Flux/bandpass and gain calibrators used were 3C286 and J1824+1044,

respectively. Data reduction was performed in the usual way using the CASA

software package (https://casa.nrao.edu/) together with the CASA pipeline
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Table 4.1: Radio fluxes and spectral indexes in the various knots. The source of
uncertainties is coming from measurement uncertainties.

Knot Ipeak
5.8 S5.8

∗Ipeak
23.0

∗S23.0 α

(mJy/beam) (mJy) (mJy/beam) (mJy)

K1 0.25± 0.01 0.4± 0.03 0.15± 0.03 0.15± 0.03 −0.35± 0.15
K2 < 0.19 < 0.19 < 0.10 < 0.10 · · ·
K3 0.42± 0.01 1.01± 0.03 0.28± 0.03 0.60± 0.05 −0.29± 0.09
K4 0.61± 0.01 2.13± 0.14 0.40± 0.03 1.10± 0.07 −0.29± 0.09

∗Fluxes taken from Beltrán et al. (2016)

(version 4.7.2). After several rounds of phase-only self-calibration, an RMS noise

level in the image of σ = 6.4µJy beam−1 was achieved. Flux densities can be

found in Table 4.1, which are taken from Purser (2017). Observations were con-

ducted under program ID 12B-140, PI: M. Hoare.

4.4.4 Optical depth

In order to investigate the optical depth of the knots under study, we calculate

their spectral indexes. To do so, we used the radio peak intensities in the C band

(ν1 = 5.8 GHz) in A-configuration (Purser 2017) and K band (ν2 = 23.0 GHz)

in B-configuration (Beltrán et al. 2016). This combination of bands and array

configurations allows us to compare similar emission (see Table 4.1 for radio

properties of the knots).

Additionally, we calculate the optical depth of the knots. For C band we

obtain τK1
5.8 GHz = (2.1 ± 0.4) × 10−2 τK3

5.8 GHz = (2.6 ± 0.2) × 10−2 and τK4
5.8 GHz =

(2.5±0.3)×10−2 for knots K1, K3, and K4, respectively, showing that the emission

in these knots is optically thin.

4.4.5 Electron density

The electron density can be estimated through the ratio of the [Fe ii] lines us-

ing a non-local thermodynamic equilibrium model (NLTE) that considers the 16

fine-structure levels (Nisini et al. 2002; Takami et al. 2006). In our H band spec-
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Table 4.2: [Fe ii] lines observed in the various knots. The source of uncertainties is
coming from measurement uncertainties.

Knot F1.644 F1.664 F1.677

(×10−14 erg s−1 cm−2)

K1∗ 1.03± 0.10 · · · · · ·
K2 0.18± 0.01 < 0.02 < 0.02
K3 1.46± 0.04 0.17± 0.03 0.33± 0.05
K4 2.90± 0.10 0.39± 0.10 0.79± 0.14

∗ The flux was taken from the HST image because our ISAAC slit did not encompass

knot K1.

troscopic ISAAC observations we detect three [Fe ii] lines, the so-called a4D7/2−
a4F9/2 at 1.644µm, a4D1/2−a4F5/2 at 1.664µm, and a4D5/2−a4F7/2 at 1.677µm

(see Table 4.2 for the fluxes of the various knots). The ratio of the fluxes at 1.664

and 1.644µm, i.e. F1.664/F1.644, provides a good estimate of the electron density

whereas the ratio between the fluxes at 1.644 and 1.677µm, F1.644/F1.677, provides

a less accurate estimate because this ratio is less sensitive to the electron density

at values higher than few 104 cm−3.

The electron density can also be computed using the radio properties of the

knots following Equation (7) of Mezger & Henderson (1967):

( ne
cm−3

)
=u1 · 6.884× 102 ·

(
Te

104K

)0.175

·
(
S5 GHz

Jy

)0.5

·

·
(
D

kpc

)−0.5

·
(

θG
arcmin

)−1.5

(4.1)

where u1 = 0.857 is the density model II (cylinder) conversion factor for comput-

ing electron density, Te is the electron temperature, S5 GHz is the flux density at

5 GHz, D is the distance to the source, and θG = (θmin ·θmaj)
0.5 is the deconvolved

Gaussian width of the knot. This equation is valid if the emission is optically

thin, which is the case of the knots under consideration (see previous section).

Using Equation 4.1 and considering Te = 104 K, D = 2.2 kpc, the flux density

(from Table 4.1, assuming α = −0.1), and the size of each knot (from Table 4.5);
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Table 4.3: Electron density (ne) for the various knots. The source of uncertainties in
Column 2 is coming from the error propagation calculated from Equation 4.1, whereas
in Columns 3 and 4 from the error propagation of the ratio of the lines together with
the NLTE model.

Knot nradio
e n

F1.664/F1.644
e n

F1.644/F1.677
e

(×104 cm−3) (×104 cm−3) (×104 cm−3)

K1 1.8± 0.1 · · · · · ·
K2 < 0.35− 0.6 < 0.65 < 1.0
K3 2.1± 0.1 2.3± 0.1 3.0± 2.0
K4 1.6± 0.1 3.0± 2.0 6.0± 5.0

values of the order of 104 cm−3 were obtained for the various knots (see Table 4.3,

Column 2). As we obtain spectral indices of ∼ −0.3 in our knots, there might

be some mixture between thermal and non-thermal emission. To remove any

non-thermal contribution, we assume α = −0.1 and extrapolate the flux density

from the 23 GHz data. Anyhow it is worth noting that the flux dependence is to

the power of 0.5 and, therefore, there is no significant change (less than a factor

of 1.5) in the electron number estimates.

It is worth mentioning that in the case of knot K3, where we are able to

detect the [Fe ii] lines with enough S/N ratio (see Table 4.2) to estimate a reliable

electron density, the estimates for the electron density from the NIR and the radio

coincide within the errors (see Table 4.3). The same applies for knot K4, but here

the uncertainties are much larger because of the low S/N ratio (see Table 4.2).

Therefore, the two independent methods provide us with the same result. In the

case of knot K4, however, the S/N ratio in the [Fe ii] lines is quite low to estimate

a reliable electron density from the NIR as is evidenced by the larger errors in this

knot. We could still calculate a more precise electron density with smaller errors

from the radio regime. For knot K1 no information about the electron density

could be retrieved from the NIR because our slit did not encompass this knot

and only radio emission could be used to calculate the electron density. Finally,

for knot K2, only upper limits for the electron density could be given because

the fluxes of the lines 1.664µm and 1.677µm are below 3σ (see Table 4.2). For

consistency, we then adopt the electron density derived from the radio for the

four knots.
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4.4.6 Ionisation fraction

In the following the derivation of the ionisation fraction is outlined (the justifi-

cation for our assumptions is given below). The ionisation fraction is defined as

Equation 4.2:

χe = ne/ntot (4.2)

where ntot is the total number density and ne is the electron number density. On

the one hand, the number electron density is calculated following the previous

section. On the other hand, the total number density can be derived following

the next steps. Firstly, the product ntotV , where V is the volume emitting region,

can be expressed as the ratio between the observed luminosity of the line and the

emissivity per particle for the line calculated theoretically (Podio et al. 2006).

That is, ntotV = Lline/εline = Lline

(
hνAifi

Fe+

Fe

[
Fe
H

])−1

where Ai and fi are the

radiative rates and fractional population of the upper level of the considered

transition and Fe+

Fe
is the ionisation fraction of the iron having a total abundance

with respect to hydrogen of
[
Fe
H

]
(Nisini et al. 2005; Garcia Lopez et al. 2008).

Here, we have used the [Fe ii] line at 1.644µm. We have assumed that all iron

is ionised and solar abundance of 2.8 × 10−5 under the hypothesis of no dust

depletion (Asplund et al. 2005). Secondly, both the radius and the length of the

knots are resolved in our HST and VLT/ISAAC, therefore we can calculate the

precise value of the volume. Considering that the volume of the knot is a cylinder

with radius rjet = D · tan(θmin/2) ' D · θmin/2, where θmin is the deconvolved

diameter of the knot (see Fig. 4.4 and Table 4.4 Column 6), and with length

l⊥ = D · tan(θmaj) ' D · θmaj where θmaj is the deconvolved length of the knot

(see Table 4.4 Column 5), we can write V = πr2
jetl⊥, being D the distance to the

source. Finally, solving for ntot, we can derive the total number density of the

region given by Equation 4.3:

ntot = Lline/εline/V (4.3)

From a theoretical point of view, iron is easily ionised (Eion = 7.9 eV) in mild
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J-shocks (vshock ∼ 25−50 km s−1, see e.g., McCoey et al. 2004; Koo et al. 2016); in

the case of G35.2N we are dealing with much faster shocks (vshock ≥ 500 km s−1).

The assumption that all iron is ionised is also supported by our observations

where both [Fe ii] and ionised hydrogen (Eion = 13.6 eV) emissions are co-spatial.

Moreover, no [Fe i] emission has ever been detected in protostellar jets driven by

HMYSOs. Indeed, [Fe i] has seldom been observed in protostellar jets driven by

low-mass YSOs. For example, Lahuis et al. (2010) observed in the mid-infrared

(less affected by the visual extinction) 61 low-mass embedded sources. This study

reports [Fe ii] emission (at 17.94 and 25.99µm) in 13 out of 61 sources, whereas

[Fe i] emission (at 24.04µm) is only detected in one source where no [Fe ii] is

observed. The assumption of no dust depletion is sustained by the fact that the

faster the shock velocity, the higher the fraction of the dust-forming elements

transferred into the gas-phase (Jones 2000). Indeed, shocks with velocities ≥
400 km s−1 completely destroy the dust (Draine 2003) and release the Fe grains

into gas-phase. We certainly measure jet velocities > 500 km s−1.

On the other hand, it should be noted that Podio et al. (2006) found that Fe

depletion can reach up to ∼ 90% for the HH 34 jet, driven by a low-mass YSO.

However, the jet we are analysing here is driven by a HMYSO, and therefore more

energetic shocks are measured. Indeed, the line profile of less energetic jets such

as HH 34 is very narrow up to large distances from the source (see e.g. Fig. 3 of

Garcia Lopez et al. 2008). In the case of our Figure 4.2 panel b, it is clear that the

line profile is different, resembling that of a bow-shock. In addition, later studies

on HH 34 and other low-mass jets (see Podio et al. 2009; Nisini et al. 2016) show

that [Fe ii] is mostly detected in the low-velocity component close to the source

whereas the high-velocity component shows very low or no dust depletion. In

any case, if the scenario of high depletion were in place in our study, this would

imply that ntot is underestimated by an order of magnitude and, therefore, that

the ionisation fraction is also overestimated by an order of magnitude.

For knots K3 and K4 we are able to provide with a good estimate of the

ionisation fraction. However, for knot K2 only an upper limit for the electron

density could be obtained and therefore an upper limit for the ionisation fraction

is given. Finally, for knot K1 the uncertainty is quite large due to that the knot

geometry is not very clear in our NIR images and we have considered larger errors.
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4.4.7 Mass-loss and momentum rate

The mass-loss rate was computed following the equation:

Ṁejec =
Mv⊥
l⊥

(4.4)

where M is the mass of the knot, v⊥ the tangential velocity of the knot, and l⊥

the length of the knot in the plane of the sky. The mass of the knot is not a

direct measurement, but it can be written as M = µmHntotV where µ = 1.24 is

the mean atomic weight, mH = 1.67×10−27 kg is the mass of the hydrogen atom,

ntot is the total number density of the hydrogen (both neutral and ionised) of the

flow, and V is the volume of the emitting region (assumed to be a cylinder). We

derived above that the product ntotV can be expressed as the ratio between the

line luminosity and the line emissivity of the [Fe ii] line at 1.644µm. Therefore,

the Equation 4.4 can be written as Equation 4.5:

Ṁejec = µmHL[Fe ii]1.644

(
hνAifi

Fe+

Fe

[
Fe

H

])−1

v⊥
1

l⊥
(4.5)

The luminosity of the line is expressed as L = 4πD2F , where D is the distance

to the source from Earth and F the dereddened flux using the Rieke & Lebofsky

extinction law (Rieke & Lebofsky 1985) considering AV = 25 mag (Fuller et al.

2001). The input parameters values and the mass-loss rates can be found in

Table 4.4.

The mass-loss rate can also be calculated using the radio emission properties

of the various knots. In this case, the mass of the knot is calculated as M =

V · ne · µ/χe, where V is the volume of the knot (considered to be a cylinder

as in the case of the NIR) ne is the number electron density calculated in the

previous section, µ is average atomic weight, and χe is the ionisation fraction (see

previous section). The ejection time, which is the period of time that the jet lobe

was ejected over, is equal to τejec = D · tan(θmaj)/v⊥. See Table 4.5 Columns 2

and 3 for the deconvolved dimensions of the emission lobes. Finally, the mass-

loss rate is then given by Ṁejec = M/τejec, see Table 4.5 for input parameters
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Figure 4.4: Gaussian fitting to the jet width using the HST [Fe ii] 1.644µm continuum-
subtracted image. Black data points are the data, red data points are the best Gaussian
fit, and the blue dots are residuals from the fit. Best fit values for the jet width are
indicated in the figure legend for the K2, K3, and K4 knots in panels a, b, and c,
respectively.

and mass-loss rates estimates (Column 5 for ionised mass-loss rate where χe was

simply considered equals to 1, Column 6 for total mass-loss rate considering the

ionisation fraction calculated above).

The mass-loss rates for knots K1 and K2 are quite uncertain. In the case of

K1, no reliable velocity could be measure; and in the case of K2, the electron

density could not be retrieved, just an upper limit.

Finally, the momentum rate (or thrust) is given by Ṗ = Ṁejecvtot (see Column

9 of Table 4.4 for the momentum rate of NIR jet, and Column 7 of Table 4.5 for

the momentum rate of the ionised radio jet, Ṗionised).

4.4.8 Ionised mass-loss rate on source

The ionised mass-loss rate can be calculated following the Reynolds’ formulation

(Reynolds 1986, see also Anglada et al. 2018). For a canonical jet (α = 0.6) the

ionised mass-loss rate is given by Equation 4.6:
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(
Ṁionised

10−6M� yr−1

)
= 0.139

[(
Sν

mJy

)( ν

10 GHz

)−0.6
]0.75

×
( vj

200 km s−1

)( θ0

rad

)0.75

(sin i)−0.25

×
(
D

kpc

)(
T

104 K

)−0.075

(4.6)

where Sν is the flux density, ν is the frequency, vj is the jet velocity, θ0 is the

jet opening angle, i is the inclination of the jet, D is the distance, and T the

temperature. From our observations we obtain the following parameters for core

B: S5.8 = 0.794±0.03 mJy, ν = 5.8 GHz, vj = 600±100 km s−1, θ0 = 52.3◦±4.4◦,

D = 2.2 kpc, T = 10000 K, the resulting ionised mass-loss rate is 1.81 ± 0.33 ×
10−6M� yr−1, consistent with Beltrán et al. (2016). This value is very similar to

those found along the knots (see Table 4.5, Column 5). This indicates that has

not been a great variation in the ionised mass-loss rate between the knots located

up to ∼ 18 000 au and the jet very close to the massive protostar.
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4.5. Featured Image in Nature Communications

4.5 Featured Image in Nature Communications

A modified version of Figure 4.1 was selected as the first astronomy featured

image of Nature Communications for the front page of their website https:

//www.nature.com/ncomms/.

NASA, ESA/Hubble (R. Fedriani et al)

Figure 4.5: Panel a of Figure 4.1 was selected as the first astronomy featured image
in Nature Communications front page.
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5
Mirror, mirror, on the outflow cavity

wall. The NIR CO overtone disc emission

of the high-mass YSO IRAS 11101-5829

“Stars don’t disappear, they keep blazing
Even when the night is over

That’s how I find the light”

– Jamie Hartman / Justin Stein

Kyrre Gorvell-Dahll / Stuart Crichton

This chapter is a modified copy of the paper published in Astronomy & As-

trophysics: Fedriani, R.; Garatti, A. Caratti o; Koutoulaki, M.; Garcia-Lopez,

R.; Natta, A.; Cesaroni, R.; Oudmaijer, R.; Coffey, D.; Ray, T.; and Stecklum,

B. 2020, A&A, 664, A128.

R.F. wrote the initial paper. R.F. carried out the full data reduction and

analysis. A.C.G. helped on the data analysis and interpretation. M.K. and A.N.

developed the LTE CO model. M.K. wrote the original LTE CO model python

script and R.F. helped on making the code more efficient. R.F. and R.O. are the

PIs of the ESO proposals. A.C.G., R.G.L.,T.P.R., D.C., R.C., B.S., and B.S. are

coauthors of the proposals. All coauthors commented on the paper.
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Mirror, mirror, on the outflow cavity wall

Abstract

Context. The inner regions of high-mass protostars are often invisible in the

near-IR, obscured by thick envelopes and discs. Here, we aim at investigating the

inner gaseous disc of IRAS 11101-5829 through scattered light from the outflow

cavity walls.

Methods. We observe the immediate environment of the high-mass young stel-

lar object IRAS 11101-5829 and the closest knots of its jet, HH135-136, with

the integral field unit VLT/SINFONI. We also retrieve archival data from the

high-resolution long-slit spectrograph VLT/X-shooter. We analyse imaging and

spectroscopic observations to discern the nature of the near-IR CO emission.

Results. We detect the first three bandheads of the υ = 2 − 0 CO vibrational

emission for the first time in this object. It is coincident with continuum and

Brγ emission and extends up to ∼ 10 000 au to the north east and ∼ 10 000 au

to the south west. The line profiles have been modelled as a Keplerian rotating

disc assuming a single ring in LTE. The model output gives a temperature of

∼ 3000 K, a CO column density of ∼ 1×1022 cm−2, a projected Keplerian velocity

vK sin idisc ∼ 25 km s−1, consistent with previous modelling in other high-mass

protostars. In particular, the low value of vK sin idisc suggests that the disc is

observed almost face-on, whereas the well-constrained geometry of the jet imposes

that the disc must be close to edge-on. This apparent discrepancy is interpreted

as the CO seen reflected in the mirror of the outflow cavity wall.

Conclusions. From both jet geometry and disc modelling, we conclude that all

the CO emission is seen through reflection by the cavity walls and not directly.

This result implies that in the case of highly embedded objects, as for many

high-mass protostars, line profile modelling alone might be deceptive and the

observed emission could affect the derived physical and geometrical properties,

in particular the inclination of the system can be incorrectly interpreted.
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5.1 Introduction

Both theoretical and observational studies support the idea that high-mass young

stellar objects (HMYSOs, M∗ > 8M�, Lbol > 5 × 103L�) might be born as a

scaled-up version of their low-mass counterparts (see, e.g., Beuther et al. 2007a;

Tan et al. 2014). A particularly important piece of the puzzle has been the

discovery of accretion discs around HMYSOs (e.g., Patel et al. 2005; Kraus et al.

2010). Structures in Keplerian rotation have been observed in a wide range of

massive protostars and they have been associated with accretion discs or toroids

(see, e.g., Beltrán & de Wit 2016, and references therein). These structures are

mainly composed of gas and dust with a variety of atoms and molecules (see

Henning & Semenov 2013, for a review). In the sub-mm, mm, and radio regimes,

one is able to analyse the molecules forming further away in the disc and the dust

continuum (Cesaroni et al. 2005, 2006, 2007; Motogi et al. 2019). However, if one

wants to probe the inner gaseous disc within a few au from the central source,

namely where accretion and ejection take place, one needs to observe in the near-

infrared (NIR). An excellent tracer to study the inner gaseous disc is the NIR
12C16O overtone bandhead emission (hereafter CO emission) at 2.29 − 2.5µm

(Dullemond & Monnier 2010). Indeed, this emission has been observed in a

number of HMYSOs (Scoville et al. 1983; Bik & Thi 2004; Bik et al. 2006; Davies

et al. 2010; Cooper et al. 2013) as well as in intermediate- and low-mass YSOs

(see, e.g., Connelley & Greene 2010; Ilee et al. 2014; Koutoulaki et al. 2019).

Even though the CO emission has been observed in several YSOs in different

mass regimes, the detection rate is very low, around 20% (e.g., Carr 1989; Ishii

et al. 2001; Connelley & Greene 2010; Cooper et al. 2013). A plausible reason for

this low detection rate, at least in the case of HMYSOs, is that the CO emission

seems to be sensitive to the mass accretion rate (Ṁacc) of the system, being a

moderate value of Ṁacc ∼ 10−5M� yr−1 the best to produce the most prominent

CO emission (Ilee et al. 2018). Therefore, adding objects with CO detection

represents both a challenge and an important contribution. The CO emitting

region is usually modelled as a disc in Keplerian rotation (see, e.g., Kraus et al.

2000; Ilee et al. 2013) and, thus, can give us important constraints on the physical

properties of the inner gaseous disc and the geometry of the system.

IRAS 11101-5829 (also known as G290.3745+01.6615) is a HMYSO of Lbol ∼
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104 L� located in the Eastern Carina star-forming region and is driving the

Herbig-Haro (HH) objects HH 135/136 (Ogura & Walsh 1992; Tamura et al.

1997; Ogura et al. 1998). Unlike many other HMYSOs, this object does not

lie in the plane of the Milky Way and consequently has not been observed in

major IR or mm surveys (Spitzer, Herschel, or Atlasgal), although it was ob-

served in MSX and IRAS. The distance to this object has been associated with

the distance to the open cluster Stock 13 (Ogura & Walsh 1992) which has a

photometric distance of 2.65 kpc (Steppe 1977). There are GAIA DR2 distance

measurements for this open cluster, but they have large uncertainties, although

consistent (d = 2.625+2.52
−1.40 kpc; Bailer-Jones et al. 2018) with the photometric dis-

tance. Here, we adopt a distance of 2.7 kpc, as in Ogura & Walsh (1992) and

Gredel (2006). The parsec-scale bipolar jet has been studied in atomic ([S ii],

[Fe ii]) and molecular (H2) tracers (Gredel 2006) and a strong helical magnetic

field has been revealed through circular polarimetry (Chrysostomou et al. 2007).

The geometry of the jet is well-constrained and its axis lies almost in the plane

of the sky (ijet ∼ 5◦, Ogura et al. 1998), therefore its disc must be seen close to

edge-on (idisc ∼ 85◦). Notably, no CO bandhead emission, nor any evidence of

circumstellar disc, has been previously reported for this object.

Here, we report on the spectro-imaging results of the first 20 000 au of IRAS 11101-

5829. In particular, we investigate the CO emission, observed for the first time

in this object. The observations and data reduction are presented in Sect. 5.2,

the results in Sect. 5.3, the discussion Sect. 5.4, and the conclusions in Sect. 5.5.

5.2 Observations and data reduction

5.2.1 VLT/SINFONI data

IRAS 11101-5829 was observed with the Very Large Telescope (VLT) spectro-

graph for integral field observations in the near-infrared (SINFONI, Eisenhauer

et al. 2003) on 2018 June 15 (Program ID 0101.C-0317(A)) in the K band

(1.95−2.5µm). The field of view (FoV) of 8′′×8′′ was centred on the source, with

a position angle (PA) east of north (E of N) of zero degrees. Spatial sampling was

125× 250 mas pixel−1, with the smaller sampling in the northern direction. The
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total exposure time was 360 s. Spatial resolution achieved using Adaptive Optics

+ Natural Guide Star (AO+NGS) was 0.3′′ − 0.4′′ and spectral resolution was

R ∼ 4000 (75 km s−1). The NGS used for the AO system was 2MASS J11121780-

5846425 (B = 14.4, J = 13.9 mag and separation of 22′′ from the target). Data

were reduced in the standard way, using dedicated instrument software, GASGANO,

standard IRAF routines, and python custom scripts. A wavelength accuracy of

0.11Å (or ∼ 1.5 km s−1) was achieved. Flux calibration and telluric correction

were performed using the photometric standard star Hip 053018.

5.2.1.1 Spectra extraction

Spectra at various locations of the IRAS 11101-5829 system were extracted. For

this purpose, boxes of different sizes and positions were extracted from the cube

(see Fig. 5.1). Two different sets of boxes were considered. One of the sets

comprises three boxes with a size of 1.75′′ × 1.75′′, which are shown as red (NE),

black (central), and blue (SW) rectangles in Figure 5.1 and the spectra are shown

in Figure 5.2. The purpose of these boxes is to measure the flux and discern

whether or not there is large scale variation in the shape of the spectrum. The

other set has a size of 0.625′′×0.625′′ and consists of a total of 15 boxes distributed

along the system (numbered whites boxes in Fig. 5.1). The purpose of these boxes

is to discern if there is any line profile variation with distance and/or location

from the source (see Fig. 5.4).

5.2.2 VLT/X-shooter archival data

High-resolution long-slit spectra using the VLT/X-shooter (Vernet et al. 2011)

were also retrieved (Program ID 098.C-0636(A), observed on 2017 January 31).

From the full data set, we only used a small portion of the NIR arm and thus only

technical details for this arm are given. The 0.4′′×11′′ long slit was positioned at

the brightest point of the NIR nebula with a PA of −45◦ E of N, perpendicular

to the jet (see Fig. 5.1). Total exposure time was 560 s. The spectral resolution

achieved was R ∼ 7000 (∼ 43 km s−1) and the seeing-limited spatial resolution

was ∼ 1.0′′. A wavelength calibration accuracy of 0.3Å (or ∼ 4.2 km s−1) was
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Figure 5.1: Boxes extracted from the cube to generate the spectra shown in Figures
5.2 and 5.4 overlaid in the continuum image at 2.085µm in arbitrary units. White boxes
are 5 pix×5 pix = 0.625′′×0.625′′ whereas red, black, and blue boxes are 14 pix×14 pix =
1.75′′ × 1.75′′. Brown lines show the X-shooter slit position centred on the NIR peak
emission.

achieved. We retrieved the pipeline-calibrated spectra from the ESO Archive Sci-

ence Portal. The spectrum was corrected for telluric absorption features using the

telluric standard Hip 058859. The X-shooter and SINFONI CO bandhead profiles,

extracted from the same region, are consistent with each other (see Fig. 5.10).

5.3 Results

5.3.1 Spectra extracted along the IRAS 11101-5829 sys-

tem

The main advantage of integral field unit observations is that one has both imag-

ing and spectra for each single pixel in the image, providing us with spectral and

spatial information of the system. In this section, we first present the spectra
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5.3. Results

Figure 5.2: VLT/SINFONI spectra in three different regions (see Fig. 5.1 for the
boxes correspondence). On the top, the detected lines are indicated.

extracted at various locations and then we show the emission maps of the central

source and its immediate environment.

Our data show a plethora of prominent emission lines, namely H2, Brγ, He i,

Na i, and CO (see Fig. 5.2 and Table 5.1). Here, we focus on the results related

with the CO emission and use the H2 lines only to determine the jet structure and

kinematics (see Sect. 5.3.4). For the first time, the NIR CO bandhead emission

at 2.29−2.4µm, associated with active accreting discs, is observed in this source.

In particular, the first three bandheads and a hint of the fourth (υ = 2− 0, υ =

3 − 1, υ = 4 − 2, υ = 5 − 3 transitions), are detected in both X-Shooter and

SINFONI spectra. In the case of SINFONI spectra, the emission is more intense

at the centre of the nebula (Fig. 5.2 central panel, see also Fig. 5.3), but it is

also observed in the north-east (NE) and south-west (SW) outflow cavity walls

extending more than 10 000 au (Fig. 5.2 top and bottom panels).

Similarly, the Brγ at 2.1662µm, Na i doublet at 2.2062/2.2089µm, and He i at

2.2437µm lines show an analogous behaviour, being more intense at the central

brightest region and weaker in NE and SW. Interestingly, all these lines are

expected to form in the disc or in its proximity (Lorenzetti et al. 2011). However,
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the large spatial extent (thousands of au) and its spatial coincidence with the

continuum emission from the central source, tracing the outflow cavity walls,

indicate that this emission is reflected. The line profile of the CO bandheads

does not change significantly along the emitting area (see Fig. 5.1 and Fig. 5.4)

suggesting that the geometry of the outflow cavity walls does not change much

(see, e.g., Davies et al. 2010).

5.3.2 Emission maps of the first 10 000 au of IRAS 11101-

5829

Our SINFONI FoV covers 21 600 au× 21 600 au at a distance of 2.7 kpc. The left

top panel of Figure 5.3 shows the emission map of the first bandhead CO (υ =

1 − 0) line at 2.2932µm, with the contribution of the continuum at 2.0855µm

represented in black contours. The continuum emission is very bright at the

centre of the image and extends smoothly to the NE as well as towards the SW,

where it becomes weaker. The continuum is tracing the emission of the central

engine and its circumstellar environment being the extended emission reflected

light. The right top panel of Figure 5.3 shows the continuum-subtracted emission

map of the CO (υ = 1 − 0) line extending more than 10 000 au, mimicking both

the shape and distribution of that of the continuum. This indicates that the

CO emission, which comes from the circumstellar disc, is reflected in the outflow

cavity walls (as for the continuum), and does not represent real extended emission

directly observed from the disc.

In the middle panels, the emission maps of the Brγ line (line+continuum

and continuum-subtracted, left and right, respectively) are presented. It is clear

that the morphology of both CO and Brγ emitting regions is remarkably simi-

lar, suggesting that both are reflected in the outflow cavity walls. This idea is

strengthened by the fact that these transitions have different excitation energies

and trace different gas conditions. Indeed, it should be noted that CO and Brγ

emission should come from different regions/layers of the disc (see, e.g., Dulle-

mond & Monnier 2010). In addition, the Brγ could also be emitted from the base

of a wind (see e. g. Tambovtseva et al. 2016) or from a collimated jet close to the

disc (Caratti o Garatti et al. 2016; Fedriani et al. 2019).
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Table 5.1: Observed emission lines on IRAS 11101-5829. The fluxes have been mea-
sured towards the three regions indicated in Figure 5.1.

Species Transition λvac Flux
(µm) (10−14 erg cm−2 s−1)

NE region SW region central region

H2 1− 0 S(3) 1.95755 5.10± 0.12 2.69± 0.05 · · ·
H2 1− 0 S(2) 2.03375 1.78± 0.06 0.89± 0.02 · · ·
H2 2− 1 S(3) 2.07351 0.47± 0.04 0.18± 0.02 · · ·
H2 1− 0 S(1) 2.12182 5.19± 0.02 2.71± 0.01 3.87± 0.14
H2 2− 1 S(2) 2.15422 0.17± 0.02 0.15± 0.01 · · ·
H i Brγ 2.16612 2.94± 0.37 0.77± 0.13 17.2± 0.31
H2 3− 2 S(3) 2.20139 0.22± 0.05 0.14± 0.03 · · ·

Na i 2S3/2 − 2Po1/2 2.20624 0.37± 0.05 · · · 1.50± 0.02
Na i 2S1/2 − 2Po1/2 2.20897 0.44± 0.07 · · · 1.42± 0.02
H2 1− 0 S(0) 2.22330 1.24± 0.02 0.84± 0.01 1.34± 0.17
He i 1S1 − 1Po0 2.24373 0.14± 0.01 0.07± 0.01 1.03± 0.06
H2 2− 1 S(1) 2.24772 0.59± 0.01 0.32± 0.01 1.24± 0.04

COa υ = 2− 0 2.29320 4.48± 0.45 2.47± 0.25 41.0± 4.10
COa υ = 3− 1 2.32320 4.09± 0.41 3.21± 0.32 46.5± 0.47
COa υ = 4− 2 2.35320 2.55± 0.26b 3.60± 0.36b 41.4± 4.14b

COc υ = 5− 3 2.38350 · · · · · · · · ·
H2 1− 0Q(1) 2.40659 4.30± 0.15 2.49± 0.09 · · ·
H2 1− 0Q(2) 2.41343 1.61± 0.16 1.01± 0.08 · · ·
H2 1− 0Q(3) 2.42372 3.67± 0.14 2.04± 0.09 · · ·
H2 1− 0Q(4) 2.43749 1.15± 0.16 0.64± 0.08 · · ·

a Since no Gaussian profile could be fitted, the flux has been obtained
integrating over the curve in the specific wavelength and the error considered to
be 10%. b Affected by poor atmospheric transmission and telluric subtraction.

c Emission too faint to measure the flux.
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In contrast, the continuum-subtracted H2 emission map, corresponding to the

1 − 0 S(1) transition at 2.1218µm, clearly delineates the molecular jet (bottom

panels of Fig. 5.3), which has an orientation of NE to SW (see Fig. 7 of Gredel

2006, to see the full extent of the molecular jet). It should be noted, though,

that some H2 emission might also represent scattered light in the cavity walls.

Towards the NE (which corresponds to the red-shifted lobe, see Fig. 5.5) there is

an evident bow-shock structure. Similarly, towards the SW (which corresponds

to the blue-shifted lobe) there is also a hint of bow-shock like structure.

5.3.3 Line profile variation

The line profile variations of the first two CO bandheads, the 1− 0 S(1), Brγ and

the H2 extracted from the 15 selected regions in SINFONI FoV (see Fig. 5.1), are

shown in the top, middle, and bottom panels of Figure 5.4, respectively.

The CO emission is detected in all the small white boxes, with the exception of

box 13. Notably, there is no significant change in the line profile, therefore there

is no variation in the geometry of the outflow cavity walls. The same happens for

the Brγ line profiles with radial velocity peaks around 0 km s−1. This indicates the

bulk of the Brγ emission is seen in scattered light. There is, however, an extra

blue-shifted component in the line profiles shown in boxes 3, 5, 7 and 10 that

cannot be explained in terms of scattered light as it is not present in the other

boxes. This blue-shifted component might possibly trace a wind. Finally, there

is a notable change in the line profile of the molecular hydrogen line 1 − 0 S(1)

(Fig. 5.4 bottom panel). In this figure, one can clearly see that both the FWZI

and the line peak vary depending on where the spectrum was extracted. On the

one hand, the FWZI varies from ∼ 200 to 400 km s−1. On the other hand, it is

also evident the difference between the red- and blue-shifted lobes. Namely, the

boxes located towards the NE (i. e., boxes 1− 10) display line profiles peaking at

red-shifted radial velocities, whereas those located towards the SW (i. e., boxes

11− 15) display lines profiles peaking at blue-shifted radial velocities delineating

the jet (see Section 5.3.4 and Figure 5.5 for more details on the velocity structure

of this system).
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Figure 5.3: VLT/SINFONI emission maps for CO (top), Brγ (middle), and
H2 (bottom). The black contour lines in the left panels are the contin-
uum emission at 2.08559µm, the levels are (5, 10, 20, 40, 80, 160) × σ where
σ ∼ 0.1 erg s−1 cm−2 µm−1 sr−1. Right panels are continuum-subtracted emission
maps. The red circle represents the star in the GAIA DR2 catalogue (Source ID:
5339406246100053888, RA(J2000) = 11h12m18.24s, Dec(J2000) = -58d46m22.5s) used
for accurate astrometry of our cubes (the circle around it represents the uncertainty
∼ 0.3′′). The cyan star represents the suggested position of the star given by Tamura
et al. (1997) (the circle around it represents the uncertainty ∼ 1.7′′). The grey star
represents the position of the central source as given by our kinematic study (see
Sect. 5.3.4). In all panels north is up and east is left.
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Figure 5.4: Top panel: VLT/SINFONI spectra showing the profile variation of the
two firsts CO bandhead lines along the cube. Middle panel: Same as top panel for
the Brγ line at 2.16µm. Bottom panel: Same as top panel for the H2 line 1− 0 S(1)
at 2.12µm. The box numbering corresponds to that given in Figure 5.1. Velocities are
with respect to the local standard of rest.
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5.3.4 The H2 jet to probe the geometry of the system

Twelve H2 lines were detected (see Table 5.1). The brightest line corresponds to

the 1− 0 S(1) transition exceeding a signal-to-noise ratio of 100. This emission is

a clear tracer of jet shocked material.

Figure 5.5 shows the 1 − 0 S(1) velocity map tracing the protostellar jet of

IRAS 11101-5829. To construct the map, we have only considered pixels with

signal-to-noise ratio greater than 10 in the H2 line. The radial velocities shown in

Figure 5.5 are with respect to the local standard of rest (LSR) and corrected by

the velocity of the parent cloud (vcloud
LSR = −24 km s−1, Walsh et al. 1997). There

is a clear distinction between the red-shifted lobe (towards the NE) and the blue-

shifted lobe (towards the SW). In the red-shifted lobe the radial velocities go up

to 30 km s−1, whereas in the blue-shifted lobe they reach up to −30 km s−1.

Figure 5.5: Velocity map (LSR) of molecular hydrogen obtained from the 1−0 S(1) line
at 2.12µm. The cyan star marks the position of the star given by Tamura et al. (1997)
(the circle around it represents the uncertainty ∼ 1.7′′). The grey star indicates our
suggested position of the central engine (the circle around it represents the uncertainty
∼ 0.4′′).

Hartigan et al. (1987) demonstrated that the full width at zero intensity

(FWZI) of emission lines tracing jet shocked material is similar to the shock

velocity. From our data, we measure the FWZI of the 1 − 0 S(1) line at various

133



Mirror, mirror, on the outflow cavity wall

locations obtaining a shock velocity (vtot) of ∼ 200−400 km s−1 (see Fig. 5.4, bot-

tom panel). The radial velocity (vrad) was also measured to be ∼ 15− 30 km s−1

(see Fig. 5.5). Hence, knowing (vtot) and (vrad), the inclination angle of the

jet can be estimated as ijet = arcsin
(
vrad

vtot

)
. We obtained a range of values of

ijet ∼ 2.1◦ − 8.6◦ at a distance of 1′′ − 4′′ (2700 − 10 800 au) from the central

source. This result is consistent with Ogura et al. (1998), who obtain ijet ∼ 5◦

at a distance of 20′′ − 60′′ (54 000 − 162 000 au), utilising optical atomic lines

(Hαλλ6562 and [N ii]λλ6584).

As the jet is orthogonal to the disc and its precession is modest (see Fig. 5.3

and Figs. 6 and 7 in Gredel 2006), its geometry allows us to infer that of the

disc, and vice versa.

As just shown, HH 135/136 is nearly in the plane of the sky and therefore

the IRAS 11101-5829 disc must be near to edge-on (see e.g. the case of HH 30 or

HH 111, where the jets lie also almost in the plane of the sky, Ray et al. 1996;

Reipurth et al. 1997).

5.3.5 The physical conditions of the NIR CO bandhead

overtone emitting region

We have developed a local thermodynamic equilibrium (LTE) model (see Koutoulaki

et al. 2019) to explain the CO emission. The details of the model are given in

the Appendix 5.A, and the main results are reported below. We have assumed

a single ring in LTE at temperature T , CO column density N(CO), turbulence

velocity of the molecule ∆v, and projected Keplerian velocity vK sin idisc where

idisc is the inclination of the plane of the disc with respect to the plane of the

sky (i. e. idisc = 0◦ is face-on and idisc = 90◦ is edge-on; note that the latter case

corresponds to the jet laying in the plane of the sky, i. e., ijet = 0◦). We model

both SINFONI and X-shooter spectra, reproducing both spectra with very similar

conditions. However, given the higher spectral resolution of X-Shooter, we only

consider this spectrum for our modelling. Interestingly, at the spectral resolution

of the X-shooter observations, several individual J−components of the rotational

ladder are spectrally resolved. This is clearer in the first two bandheads. This

fact, together with the sharp blue part of the spectrum to the left of the peak of
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Table 5.2: Inner disc properties from the LTE CO model.

Parameter Value

Temperature (K) 3000+500
−500

CO column density (cm−2) 1+0.2
−0.4 × 1022

vK sin idisc (km s−1) 25+5
−10

∆v (km s−1) 10+2
−3

Figure 5.6: VLT/X-shooter spectrum of the NIR CO overtone emission (black) and
LTE model (red) obtained for T = 3000 K, N(CO) = 1 × 1022 cm−2, vK sin idisc =
25 km s−1, and ∆v = 10 km s−1.

the bandheads, allows us to accurately constraint vK sin idisc (see Appendix 5.A).

Figure 5.6 shows the first four bandheads of the CO emission overplotted with our

best model. The model parameters giving the best results are T = 3000+500
−500 K,

N(CO) = 1+0.2
−0.4 × 1022 cm−2, vK sin idisc = 25+5

−10 km s−1, and ∆v = 10+2
−3 km s−1

(see Table 5.2). These physical conditions are consistent with previous studies

modelling the CO emission around HMYSOs (Ilee et al. 2013).

5.4 Discussion

5.4.1 CO disc emission reflected in the outflow cavity wall

Our CO model gives reasonable parameters of a warm (T = 3000 ± 500 K) and

dense (N(CO) = 1+0.2
−0.4× 1022 cm−2) gas consistent with previous results for other
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sources (Ilee et al. 2013). In fact, the high CO column density suggests that this

emission originates close to or from the midplane of the disc. Indeed, there is a

factor of 10−4 between the CO column density and the total gas column density,

implying a gas column density of Ntotal ∼ 1026 cm−2. This indicates that the gas

is optically thick and that behaves approximately as a black body emitting at a

temperature T (see below).

As suggested by the jet geometry, the circumstellar disc of IRAS 11101-5829

should be almost edge-on. Such geometry should be very evident in our CO

line profiles as the projected Keplerian rotation term (vK sin idisc) is expected

to be large in edge-on discs and therefore form a prominent ‘shoulder’ to the

left of the bandheads (see, e.g., Figs. 3 and 4 of Ilee et al. 2013, to see the

prominent ‘shoulder’ in a spectrum with large vK sin idisc; see also Appendix 5.A

for an explanation of the formation of the ‘shoulder’). However, no indication of

large vK sin idisc (= 25 ± 5 km s−1) is evident in our observations (see Figure 5.9

for a zoom-in in the first bandhead). This term is well constrained because no

‘shoulder’ is present and the low-J components are spectrally resolved, which

allow us to match the expected wavelength. There are two possible explanations

for the low value of vK sin idisc.

If sin idisc ∼ 1 (hence idisc ∼ 90◦, i. e., edge-on disc) means that vK sin idisc ≈
vK ≈ 25 km s−1. However, this velocity would locate the CO emitting region at

more than 10 au in a disc in Keplerian rotation (vK = (GM∗/d)0.5, with G the

gravitational constant, M∗ the mass of the source, and d the distance from source)

around a massive protostar of 10−20M� (see dashed red line and solid red, green,

and blue lines of Fig. 5.7). Simple estimates of expected disc temperature (Tdisc =

(L∗/(4πσR
2
disc))

1/4, with L∗, Rdisc, σ the luminosity of the star, the distance from

the central source, and the Stefan-Bolztmann constant, respectively; based on

Eq. (1) of Dullemond & Monnier 2010) show that the temperature at more than

10 au drops to few hundred K (see solid and dashed black lines), which disagrees

with our modelling (range of values in Tdisc shown in light blue area). Both

the large distance and low temperature are also in disagreement with previous

studies (Ilee et al. 2013). On the other hand, our observations suggest that idisc

is low (∼ 10 − 15◦, almost face-on disc) since the CO bandhead line profile is

characterised by a very sharp or non-existent ‘shoulder’ (see Figs. 5.6 and 5.9).

A low value of idisc implies that vK sin idisc ≈ 100− 150 km s−1 (green dotted and
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blue dash-dotted lines in Fig. 5.7, respectively), which agrees better with the

expected distance of the CO disc emitting region, i. e., a few au. At this distance,

the temperature of the disc (Tdisc) is consistent with the results obtained in our

modelling and with previous results. Nevertheless, this geometry of the disc

strongly disagrees with that of the jet, which is well-constrained.

We suggest a reflection scenario to reconcile the disc-jet geometries. In the

proposed scenario, the disc of IRAS 11101-5829 is indeed edge-on in the plane of

the sky), but what we are observing is the reflected light in the mirror of the

outflow cavity walls, from which the disc is ‘seen’ close to face-on. In Figure 5.8

we present our proposed reflection scenario highlighting the main components.

Direct observations of the circumstellar disc is blocked by obscuring material,

most likely the thick envelope of the system. This prevents us from observing the

characteristic ‘shoulder’ of edge-on discs. The light from the disc is then reflected

in the outflow cavity wall and observed at a different angle. The large scale jet

is still visible beyond the envelope and allows us to establish the geometry of the

system.

Finally, it is worth mentioning that reflected CO emission has been observed

in another HMYSO, W33A, also with IFU observations (Davies et al. 2010). The

authors observed extended CO and extracted the spectrum at 5 representative

positions. They were able to observe changes in the CO line profile and discussed

the possibility that they were observing the system from different viewing angles.

There, at variance with IRAS 11101-5829, the NIR continuum peak matches the

real position of the object.

5.4.2 The position of the central source

Another interesting result from our spectroscopic and kinematic analysis is that

the position of the driving source in the NIR FoV might be misinterpreted. It is

natural to think that its position coincides with the peak of the NIR continuum

emission. However, our analysis shows that the CO emission at this position

can be modelled with the same disc conditions as in other parts of the outflow

cavities. Therefore, also the NIR continuum peak is seen in scattered light. This

is also supported by JHK polarimetric observations (Tamura et al. 1997). These
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observations reveal high degree of polarisation (30−75%) with a centro-symmetric

pattern owing to scattered light (see their Fig. 3). The authors proposed that the

scattered polarisation originates from the nebulosity associated with the outflow

cavity walls. The authors also proposed a position of the central source from

the centro-symmetric pattern of the polarimetric observations in the K-band,

although with a large uncertainty given by their low spatial resolution (∼ 1.7′′;

see Figure 5.3). With our observations we can narrow down the uncertainty

on the position of the central engine using kinematic maps (see Fig. 5.5). The

driving source of HH 135/136 should lay in the geometrical centre between the

blue- and red-shifted lobes of the jet. Therefore, we suggest a position for the

driving source of RA(J2000) = 11h12m18.03s, Dec(J2000) = -58d46m21.4s. We

estimate an uncertainty of 0.4′′ based on our AO-assisted observations (see grey

star and circle around it of Fig. 5.5).

5.5 Conclusions

In conclusion, we argue that the reflection scenario might be more common than

previously expected in other HMYSOs, preventing us from retrieving the true

geometry and, ultimately, the right parameters. Combining simultaneous studies

of jet-disc systems can usher us to better discern the geometry and nature of these

massive protostars. Likewise, it is fundamental to observe at both high spatial and

spectral resolution at the same time to resolve the immediate environment of the

central engine. Future ALMA observations will reveal the true geometry of the

circumstellar disc of IRAS 11101-5829. At these wavelengths one could penetrate

the obscuring material hindering direct observations of the system in the optical

and NIR, reveal the dusty disc, and set strong constraints in its geometry (see,

e.g., Sánchez-Monge et al. 2013).

Our main findings are summarised in the following:

• We have observed, for the first time, NIR CO overtone bandhead emission

in IRAS 11101-5829 indicative of an active accretion disc.

• We have modelled the CO emission with an LTE model retrieving relatively
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Figure 5.7: Top Panel: Keplerian rotation versus distance from the central source
for a 10M� (blue), 15M� (green), and 20M� (red solid curve) protostar. Different
dashed lines show the expected Keplerian velocity for i equals 10◦, 15◦, and 90◦ (blue,
green and red dashed line, respectively). Bottom Panel: Disc temperature versus
distance from the central source for L∗ equal 103 (black dashed curve) and 104 L�
(black solid curve). Observed gas temperature range is in purple. Vertical lines at
0.4 au (dashed) and 2.5 au (solid) are drawn for reference in both plots.

warm (T = 3000 ± 500 K) and dense (N(CO) = 1+0.2
−0.4 × 1022 cm−2) condi-

tions. The high density indicates that this emission is coming from the

midplane of the inner gaseous disc.

• We have also observed the protostellar jet close to the source in the form of

H2. We have estimated the geometry of the jet close to the source, which

lies in the plane of the sky (consistent with previous results).
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Figure 5.8: Suggested configuration of the first 20 000 au of the IRAS 11101-5829
system. There is some obscuring material blocking direct observation of the central
source and its immediate environment. The system is reflected in the outflow cavity
walls.

• Both imaging and spectroscopic analysis indicate that the CO (and the bulk

of the Brγ) emission is reflected in the outflow cavity walls and thus the

inner gaseous disks appears to be seen close to face-on.

• The NIR continuum emission is seen through scattered light and, as a con-

sequence, the position of the central source does not coincide with the NIR

peak.
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Appendix of Chapter 5

5.A The LTE NIR CO overtone disc model

Our CO modelling is based on Kraus et al. (2000) and first used in Koutoulaki

et al. (2019). It has been explained in detail in Chapter 2 Section 2.4.3. Here I

give the details related with this study.

The way we select the model velocity grid generates a spectrum with a resolu-

tion of Rmodel ∼ 0.3 km s−1. Once the spectrum is generated and before compar-

ing with the observations, we reduced the resolution to the observed one using a

Gaussian convolution (in the case of X-shooter to R ∼ 7000, i. e., ∼ 43 km s−1).

Even though an accurate and fully constrained fit is not possible with the

resolution of our observations (R ∼ 7000), important information can still be

retrieved. In particular, the term vK sin idisc can be very well constraint without

the high spectral resolution (R & 30 000) needed for an accurate and proper fit

(see, e.g., Ilee et al. 2013, 2014). Fixing a set of T , N(CO), and ∆v, a small

variation in vK sin idisc completely changes the shape of the CO emission. To

prove this, we ran our code for the values that best reproduce our observations

(Fig. 5.9, top panel) and for the same conditions, adopting values of vK sin idisc,

that are large but still reasonable, vK sin idisc = 100 − 200 km s−1 (see Ilee et al.

2013, for observations reproduced with large values of vK sin idisc). One can see

that with a large value of vK sin idisc, the characteristic blue ‘shoulder’ appears

(see above). In addition to that, this term produces a ‘shift’ of the spectrum to

the left or to the right, and therefore affects all the J−components. In Figure 5.9

bottom panel, it is clear that, by applying a large value of vK sin idisc, the low-J

components are missed as well as the high-J components in the creation of the

blue ‘shoulder’. In conclusion, using the shape of the left part of the peak of the

bandhead together with the shape of the low-J components in the observations,

one can have a good estimate of vK sin idisc in the model. Model parameters are

given in Table 5.2.
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Figure 5.9: Top panel: VLT/X-shooter spectrum of the first CO bandhead emission
(black) and the LTE model spectrum (red) obtained for T = 3000 K, N(CO) = 1 ×
1022 cm−2, vK sin idisc = 25 km s−1, and ∆v = 10 km s−1. Bottom panel: Same as top
panel but with vK sin idisc = 100 km s−1 (red solid line) and 200 km s−1 (green dashed
line).

Figure 5.10: VLT/X-shooter spectrum (black) in the CO emission range plotted over
the VLT/SINFONI spectrum (blue). The resolution of the X-shooter spectrum was
downgraded to 4000 to match that of SINFONI.
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6
Conclusions and Future Work

“High-mass stars are the Rock Stars of the Universe, they live short but

intense lives, and their death continues to resonate for generations to come”

– Rubén Fedriani

Massive stars have a profound impact in astrophysics from their birth to

their death. However, their formation remains poorly understood. The study

of massive protostars is highly challenging and, from an observational point of

view, this challenge is even more evident. The work presented in this thesis

further expands our understanding in the field of high-mass star formation, in

particular, regarding the ejection and accretion processes. With the main goal of

answering the question is the formation of HMYSOs a scaled-up version of their

low-mass counterparts?, I study the physical, kinematic and dynamic properties

of a number of HMYSO jets. I also discuss the implications for the launching

mechanism. I identified inner gaseous disc emission that revealed that most of

the emission very close to the massive protostar may be reflected off the outflow

cavity walls.

This chapter summarises the main findings and conclusions of this thesis, and

their potential consequences for the big picture of star formation. Also, future

avenues for study are presented.
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6.1 Conclusions

In this thesis, significant strides have been made towards the understanding of

high-mass star formation. Despite the fact that there is still a lot of work to

do, Chapters 3, 4, and 5 have furthered our knowledge on ejection and accretion

processes in HMYSOs. In light of the three studies in this thesis, there seems

to be mounting evidence that protostellar jets scale with mass, and that the

formation of stars up to, at least 20M�, proceeds in a similar fashion.

Kinematic and dynamic properties in HMYSOs

Kinematic and dynamic properties have been derived for a number of massive

jets, a valuable addition to the statistics of the short list of kinematic studies in

HMYSOs.

In Chapters 3 and 4, I measured mass-loss rates on the order of ∼ 10−4 −
10−5M� yr−1 and momentum rates of ∼ 10−2M� yr−1 km s−1. These values are

larger, by several orders of magnitude, than those found in low-mass YSOs. I

found that these properties scale with mass, suggesting a common mechanism of

ejection and hence also a similar accretion mechanism.

Since there are only a handful of studies on jet kinematics in the high-mass

regime, more studies of this kind are needed to set the foundations of a common

formation mechanism, independent of mass (see Sect. 6.2.1).

Ionisation fraction measured for the first time in a jet

driven by a HMYSO

In Chapter 4, I went a step further in the question are jets really a scaled-up

version? analysing the unique case of the jet driven by G35.2-0.74N.

I have measured, for the first time, the ionisation fraction from a jet driven by

a HMYSO. The value found is similar to those found in jets driven by low-mass

protostars. This was done by analysing the spatially coincident atomic NIR and
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ionised radio jet emission.

Remarkably, this implies that a common launching mechanism is in place for

these jets, independent of mass. In particular, these results point to a magneto-

centrifugal launching mechanism as in the case of the low-mass case. If this is the

case, an accretion disc should be responsible for launching the jet. This confirms

in a more direct way that found in previous studies.

With this study, I have demonstrated that the ionisation fraction in the case

of HMYSOs can also be measured, opening the way for other similar studies to be

done. This is the first time where the mass and mass ejection rate can be properly

estimated in such massive jets, without relying on an assumption of ionisation

fraction or any predefined value, as is usually the case in the radio regimes.

Is it just a reflection?

In Chapter 5, when looking for more NIR jet emission and its connection to the

radio jet emission, I serendipitously found NIR CO overtone disc emission, for

the first time, in the driving source of HH 135-136.

I combined high angular resolution imaging with spectroscopic modelling to

probe the circumstellar environment around the HMYSO. Through the compar-

ison of jet and disc geometries, I have suggested that most, if not all, of the

emission from the circumstellar environment, and the star itself, is seen via the

outflow cavity walls.

This has profound implications such as that if only spectroscopy is used, the

properties determined from the modelling can be wrongly derived and interpreted.

This implies that to retrieve unbiased geometries, both imaging and spectroscopic

observations should be considered. Also, extra care should be taken when trying

to find the location of the central star in the NIR, it might be wrongly interpreted

as the NIR peak.
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6.1.1 Conclusions in a wider context

The debate on whether HMYSOs form as a scaled-up version of their low-mass

counterparts is still open. Theoretical models and simulations are furthering our

knowledge of what should be expected or not. No model is still able to explain

the formation of all massive protostars in all regions successfully. Certain models

are able to explain better the formation of HMYSOs in a given region that is

not very successful in other region. In any event, more observational studies are

needed to discern what are the realistic scenarios for the formation of HMYSOs.

The results shown in this thesis support the idea that HMYSOs form as scaled-

up versions of low-mass stars. However, we need statistically significant studies

to draw solid conclusions about the formation of such protostars. These studies

are expensive in terms of both telescope and analysis time. Nonetheless, more

studies like the ones shown in this thesis are needed to generate more confidence

in our understanding of the nature of these objects. With the next generation of

observatories and instruments, we will be in a good position to confirm or refute

some of the results found in the last years (see Sect. 6.2).

It is important to note that more than 90% of massive stars are in binary sys-

tems or in multiple systems (Chini et al. 2012; Peter et al. 2012; Sana et al. 2012).

This is not surprising as massive protostars are formed in clustered environments.

However, it is very challenging to observe such massive binary systems at birth.

In fact, only handful number of studies have been done in this respect up to now:

IRAS 20126+4104 (Sridharan et al. 2005), G35.2-0.74N (Beltrán et al. 2016),

NGC 7538IRS1 (Beuther et al. 2017a), IRAS 17216-3801 (Kraus et al. 2017), and

the latest IRAS 07299-1651 (Zhang et al. 2019). These few observational studies

do not seem to constrain the models unambiguously of how they are born.
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6.2 Future work

6.2.1 Kinematic and dynamic surveys of protostellar jets

driven by HMYSOs in the NIR

HMYSO molecular outflows have been well-studied, for example, through CO

observed at sub-mm and mm regime (Beuther et al. 2002a,b). However, these

are generally considered secondary outflows i. e. swept-up ambient material (see

Sect. 1.3). Meanwhile, the primary thermal jet has been well-studied in radio

continuum emission (Guzmán et al. 2012; Masqué et al. 2015; Rosero et al. 2016;

Purser et al. 2016).

In order to further our understanding on the connection between the radio

and NIR jet component, I applied for observing time with ESO/SINFONI (P101,

PI: Rubén Fedriani) for a modest survey of HMYSOs (seven targets). In this

thesis, I have paved the way on this connection and the results show that only

a small fraction (∼ 10%) of the ejected material is ionised. This means that

the NIR regime is fundamental to tracing the bulk of the ejecta and, in turn, to

constraining the mass accretion rate onto the central source, as Ṁacc and Ṁejec

are strictly related (Ṁacc/Ṁejec ∼ 0.1, Cabrit 2007).

This project aims at providing the first steps for a statistically significant

sample (i. e. 10) of kinematic and dynamic properties of jets driven by HMYSOs

(Fedriani et al. in preparation). I will compare the mass loss rates from the NIR

and radio to elucidate what is the dominant component in the case of this larger

sample. Does the dominant component depend on the mass or evolutionary stage

of the central source?

Another important issue resides in understanding the structure of the inner

gaseous disks in HMYSOs. This can be only be studied in the NIR regime, which

traces gas at higher excitation with respect to the sub-mm or mm regime seen

by ALMA (see also Sect. 6.2.2). Of our sample, three objects display NIR CO

emission associated with discs. In this way, we can further test our hypothesis

presented in Chapter 5 as a proof of concept. Figure 6.1 shows a sub-sample of

the P101 SINFONI survey.
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Figure 6.1: Sub-sample of the P101 survey. Emission maps for the H2 1− 0S(1) line
at 2.1218µm (left panels) and CO (υ = 1 − 0) line at 2.2932µm (right panels) for the
HMYSOs IRAS 18151-1208 (top panels) and IRAS 18117-1753 (bottom panels)

6.2.2 NIR interferometry to shed light on the dark side

of HMYSOs

NIR interferometry is the next big step in high spatial resolution to resolve the

closest environment in HMYSOs. Caratti o Garatti et al. (2016) has pioneered

the study of the base of jets with the VLTI/AMBER. With the next generation

interferometer at the VLT, GRAVITY, one is able to combine the light of the

four 8.2 m telescopes providing us with a spatial resolution of 1 mas. Moreover,

combined with the use of CIAO, the new NIR wavefront sensor, allows us to

track, and thus observe, much more embedded sources with respect to its optical

predecessor MACAO, since HMYSOs are usually invisible at optical wavelengths.

GRAVITY will investigate what up to now has been dark to us, the circum-

stellar material at mas resolution and with much higher sensitivity. Fundamental

emission lines, such as the Brγ line and CO overtone emission, are covered by
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GRAVITY. As seen in Chapter 1, these lines mainly trace the inner gaseous disc

(Dullemond & Monnier 2010), but also might trace winds or outflowing material

(Kraus et al. 2000; Caratti o Garatti et al. 2016).

The PI (Rebeca Garcia-Lopez) of the GRAVITY YSO team is in the DIAS

star formation group and I am currently helping her in the scientific exploitation

of the GTO data. I am working on the analysis of interferometric observables.

In particular, the fit of visibilities to retrieve the sizes, inclinations and position

angles of the gas emitting region of protoplanetary discs from low- to high-mass

protostars (Garcia-Lopez, Fedriani, et al. in preparation; Caratti o Garatti, Fedri-

ani et al. in preparation; Koutoulaki, Garcia-Lopez, Natta, Fedriani, et al. in

preparation). Also, I am co-author of a recent accepted ESO proposal for observ-

ing time with GRAVITY investigating a sample of HMYSOs (P104, PI: Alessio

Caratti o Garatti).

The analysis of the so-called interferometric observables, i. e., visibilities, dif-

ferential phases, and closure phases can help us to model such emission with

respect to the continuum and discern its origin (Weigelt et al. 2007; Gravity Col-

laboration et al. 2017). For example, visibilities give us an estimate of the size of

the emitting region (continuum or line). To retrieve geometrical properties, one

has to assume a certain shape, usually a Gaussian profile.

Equation 6.1 assumes that the emission is coming from a 2 dimensional Gaus-

sian. A simple routine could be written to fit the parameters in Equation 6.1,

e.g., non-linear least square. However, this fitting routine might end up in a local

minimum. To overcome this problem, I have developed a Markov Chain Monte

Carlo (MCMC) approach to retrieve the parameters involved in Equation 6.1 (see

Fig. 6.2 bottom panel). This approach gives the most likely parameters and one

can investigate the occurrence probability over the full parameter space.

V (u, v, ξ, i, θ) = exp

[
π2

4 ln(2)
ξ2
(
(u sin θ + v cos θ)2 + cos2 i(v sin θ − u cos θ)2

)]
(6.1)

where u, v are the points in the uv plane, ξ (or FWHM) is the size of the emitting

region, i is the inclination of the system, and θ is the position angle. Figure 6.2
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shows the fit of the visibilities for the CO overtone emission of the HMYSO

NGC2024-IRS2 (Caratti o Garatti, Fedriani et al. in prep). The fit is performed

in 3 dimensions and then projected in 2 dimensions for plotting purposes (Fig. 6.2

top panel). In the bottom panel of Figure 6.2 is shown the corner plot for the

most likely parameters. This kind of analysis will be performed for the GTO

targets (> 50) and for the open proposal HMYSO targets (∼ 10).

6.2.3 The SOFIA Massive (SOMA) Star Formation sur-

vey

The Stratospheric Observatory for Infrared Astronomy (SOFIA) is a modified

Boeing 747SP aircraft with a telescope of effective diameter of 2.5 meters (Gehrz

et al. 2009). SOFIA is particularly suitable for star formation studies due to

its FIR coverage. The SOMA survey (PI: Jonathan C. Tan) is studying more

than 50 targets to sample a range of protostellar masses, evolutionary states, and

environments (De Buizer et al. 2017). The main goal of the SOMA project is to

complete a survey to test star formation theories (see Sect. 1.2.1).

Data at various wavelengths have been taken to probe the multiple evolution-

ary stages. SOFIA/ FORCAST imaging from 10 to 40µm is being taken (De

Buizer et al. 2017; Liu et al. 2019). Also, radio counterpart observations have

been taken for the SOMA sample (Rosero et al. 2019). Some of the targets of

the SOMA surveys have (or are) been observed with ALMA and/or HST. This

includes the extraordinary case of IRAS 07299-1651 where the dynamics of a

massive binary at birth were revealed with ALMA (Zhang et al. 2019); and the

case of G35.2-0.74N where ALMA, FORCAST, VLA, HST, and VLT data were

available (see Chapter 4).

Despite the great wavelength coverage of SOMA targets, there is a key regimen

unexplored, the NIR. Only a few targets have been observed with the HST (in part

because some objects are very embedded and thus invisible to the NIR). In fact, no

NIR spectroscopic observations have been taken so far. This is key in retrieving

kinematic and dynamic properties for the survey. I will soon start working in

the SOMA survey as a new post-doc in Chalmers University of Technology in

Jonathan Tan’s star formation group.
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Figure 6.2: Future work with GRAVITY for the HMYSO NGC2024-IRS2 (Caratti o
Garatti, Fedriani, et al. in preparation). Top: Visibilities of the CO emission in the uv
plane in colour code overplotted with the best fit using Equation 6.1. Bottom: Corner
plot showing the posterior marginal distributions of the three parameters involved in
the model using Eq. 6.1. Vertical dashed lines show the 16th, 50th, and 84th percentiles.
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6.2.4 Rotation of massive jets

In striving to solve the famous ’Angular Momentum Problem’, I hope that the

arrival of new instrumentation will allow me to extend studies of jet rotation

to HMYSOs. So far, the majority of measurements of jet rotation have been

performed in the low mass regime (see, e.g., Coffey et al. 2004, 2007; Lee et al.

2018). This is mostly due to the large distance of HMYSOs and their high-visual

exctinctiom. One needs very high spatial resolution in the IR to resolve the jet

width and very high spectral resolution to differentiate between the blue and red

part of the rotation. Indeed, with the advent of ALMA, one could reach these

observing conditions for HMYSOs.

The only measurement in a high-mass jet/outflow has been recently presented

by Hirota et al. (2017). Nevertheless, there is no measurement done in the NIR

for the high-mass regime so far. Improving the number of observations in the

high-mass regime becomes then mandatory to be able to draw some statistical

results on the jet launching mechanism independent of mass of the central source.

Forthcoming VLT/CRIRES+ (under commissioning in Paranal) will be an

excellent instrument to carry out this kind of project due to the its great wave-

length range that covers fundamental jet emission lines, such as, Brγ. Moroever,

given its very high spectral resolution, R ∼ 50 000 − 100 000, which translates

into ∼ 3− 6 km s−1 velocity resolution, CRIRES+ will allow to spectrally resolve

both blue- and red-shifted sides of the rotating massive jets.

6.2.5 James Webb Space Telescope

James Webb Space Telescope (JWST) will revolutionise our understanding of the

Universe, in particular in the field of star formation at an unprecedented spatial

resolution and sensitivity. It will open a window previously closed, i. e. the MIR

regime, which is poorly or not accessible from ground. JWST will be a hundred

times more powerful than the HST and it has been optimised for observations in

the IR. Massive star formation will particularly benefit from its capabilities.

More specifically, pure rotational H2 emission lines will be accessible allowing
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us to explore the colder, and arguably more massive, component of massive jets.

It will also allow us to penetrate further into the obscuring cloud thanks to

the longer wavelength coverage. With its larger mirror (6.5 m), we will observe

fainter and more distant objects increasing the list of HMYSOs. In turn, JWST

will increase the number of known massive protostars and their jets.

It will be also instrumental in probing discs around HMYSOs. Even though

mm observations have revealed disc-like structures (Beuther et al. 2007a; Cesaroni

et al. 2007; Sánchez-Monge et al. 2013), the MIR regime covered by JWST will

trace unexplored parameters of discs, such as vertical structure or the nature of

flaring discs. Disc fragmentation, which is expected for massive discs, is a key

point that JWST may unveil.

6.2.6 Square Kilometre Array

Square Kilometre Array (SKA) will be the next big radio facility with unprece-

dented sensitivity (Hoare et al. 2015). Adding to this the dynamic observations

range and the high angular resolution expected in the SKA, we will be able to

shed light on the earliest stages of high-mass star formation through the study

of H ii regions (Umana et al. 2015). In particular, the HC H ii can be as small

as 103 au. The SKA will be ideal to study non-thermal emitters as is the case of

radio jets driven by massive protostars (see, e.g., Carrasco-González et al. 2010).

Indeed, SKA will be able to measure magnetic fields in protostellar jets, the Holy

Grail of studies in ejection processes in star formation (Anglada et al. 2015).

SKA1-MID and SKA2-MID will have expected angular resolutions of 45 and

14 au, respectively. This should be sufficient to resolve the smallest knots in the

ionised jet component and their widths. With this, for example, we will be able

to compare with better accuracy up to what extent the atomic NIR and radio jet

components are spatially coincident. At this resolution, we will also constraint

the jet launching radius, which can help us in discriminating between models.
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Sánchez-Monge, Á., Cesaroni, R., Beltrán, M. T., et al. 2013, A&A, 552, L10

(Cited on pages 30, 31, 97, 100, 105, 138, 153).

169



BIBLIOGRAPHY
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