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 L. Tychoniec, M. Gangi, J.M. Alcalá, H. M. J. Boffin, B. Nisini, M. Robberto, C. Briceno,

J. Campbell-White, A. Sicilia-Aguilar, P. McGinnis, D. Fedele, Á. Kóspál, P. Ábrahám, J.
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Summary

In this thesis, I present the results of a number of studies using high-resolution obser-

vations from world-class telescopes. The aim of these studies is to investigate protostellar

jets and their role in star formation.

In a case study of the bipolar jet from the T Tauri star DO Tau, we observe significant

asymmetries in the morphology and kinematics of the jet and counterjet. The collimation

of the jet supports the idea that magnetic fields collimate the jet, rather than pressure

from the infalling envelope. If magnetic fields are responsible for jet collimation, then

they may also drive jet launching. By measuring the radial velocities across the jet, we

can calculate an upper limit on the jet launching radii. Our results support an X-wind

or narrow disk wind model. Jet axis wiggling is also observed and is consistent with jet

precession, which may be caused by an unseen companion in the disk or by launching the

disk wind.

In a study of four Class 0/I jets (HH 1, HH 34, HH 46 and HH 111) using high-

resolution HST images, we were able to detect the inner knots of the red-shifted lobes in

all four sources in more detail than previous studies. We compare these images to archival

data to measure the proper motions in each jet. Jet axis wiggling is observed in three of

these sources and the wiggling pattern in the HH 111 jet is consistent with jet precession

and the presence of a companion in the disk. We also measure the extinction in each jet,

which is quite high close to the star but decreases further out along each jet. Extinction

measurements are important in the interpretation of emission line ratios, which reveal

plasma conditions along the jet and hence the mass and momentum transfer.

These two case studies illustrate the power of high resolution observations in differen-

tiating between models of jet launching, and also reveal that protostellar jet trajectories

could be a useful tool in identifying newly forming substellar companions close to the star.

Finally, a survey of over 100 stars was conducted using high-resolution X-Shooter

spectra. This study examines He I line profiles which vary between the two star forming

regions examined in the sample, suggesting a trend with age. We also find that the

maximum absorption velocity appears to be correlated with the source inclination and

with the accretion rates of the sources. Our study confirms the results of past works

(Edwards et al., 2006; Kwan et al., 2007; Fischer et al., 2008) and supports the idea that

these winds are accretion powered. This survey gives context to our two case studies, by

examining the link between accretion and ejection.

High resolution observations are critical to advance understanding of the role of proto-
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stellar jets in star formation, as illustrated by the contribution of this thesis. The recently

launched JWST facility marks the start of an era which will see exciting progress in this

field, as its near-IR instruments peer deep into the embedded accretion-ejection engine.
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5.7.5 He I λ10830 Å profiles in Class III sources . . . . . . . . . . . . . . 136

6 Overall Conclusions 142

Bibliography 146



List of Figures

1.1 Schematic showing the main classes of protostellar evolution. The earliest

stage, i.e. youngest systems, is on the left with age increasing towards the

right. Grey regions show the circumstellar envelope, orange is the proto-

planetary disk and blue represents the protostellar jets. Image adapted

from Persson (2014). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Schematic showing the various scales and structures inside a star-forming

molecular cloud (Pokhrel et al., 2018) . . . . . . . . . . . . . . . . . . . . . 5

1.3 Schematic view of the protostar and inner disk regions showing accretion

flows along magnetic field lines from the inner disk to the protostar (Hart-

mann et al., 2016) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Image of HH 30 from the HST WFPC2 instrument. The star is surrounded

by a thin dark disk (shown in orange/red), and a bipolar jet (shown in

green) is observed emerging from the star-disk plane (Image credit: Bur-

rows et al. 1996, the WFPC2 Science Team and NASA/ESA) . . . . . . . 7

1.5 Schematic view of a protostellar system showing the presence of both a

low-velocity outflow likely launched from the disk and a high-velocity jet

launched from closer to the star at the disk truncation radius (Machida,

2017) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1 Fluid dynamical structure of a strong, radiative shock wave showing the

temperature T, density ρ and velocity v (with respect to shock velocity vs.

ρ1 is the preshock density and T2 is the temperature immediately behind

the shock front (Draine and McKee, 1993) . . . . . . . . . . . . . . . . . . 18

2.2 Radial velocities in the DG Tau jet showing clear jet rotation (Bacciotti

et al., 2002) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

xii



LIST OF FIGURES xiii

2.3 Schematic of the protostellar system with the stellar wind model and the

disk wind model. The stellar wind is launched from the surface of the

star following the stellar magnetic field, while a disk wind is ejected along

magnetic field lines in the disk (Zanni and Ferreira, 2013). . . . . . . . . . 24

2.4 Schematic of the X-wind model for jet launching from a typical protostellar

system (Shu et al., 1994). The arrows show the direction of the outflow in

the X-wind, and of accreting material onto the star via funnel flows. . . . . 26

2.5 Schematic of the spectra used for continuum subtraction, including inter-

mediate steps and the final continuum-subtracted spectrum. Panels (a)

and (b) show the initial science and the reference spectra. Panel (c) shows

the linear fit used to measure the slope of the continuum, while (d) shows

the scaled continuum which is subtracted from the science spectrum to

produce the residual spectrum shown in panel (e). The vertical dashed line

in each panel marks the position of the [Fe ii] 1.64 µm line in the spectra. . 29

3.1 Deconvolved image of the DO Tau receding (left) and approaching (right)

jet in Fe ii 1.64 µm line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2 Jet FWHM versus deprojected distance from the source . . . . . . . . . . . 41

3.3 Position-velocity diagram of the DO Tau bipolar jet along PA=160◦ in a

pseudo-slit of width 0.′′3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4 Jet deprojected velocities as a function of their time of launch . . . . . . . 45

3.5 Centroid velocity map of the DO Tau bipolar jet, derived from Gaussian

fitting the Fe ii 1.64 µm line profile at each spaxel . . . . . . . . . . . . . . 46

3.6 Radial velocity profiles across the jet at various distances, z, from the star 47

3.7 Top: Blue-shifted jet centroid velocities with 3σ errors. Bottom: Electron

number density, ne, derived from the line ratio [Fe ii] 1.53µm/1.64µm at

various distances along the blue-shifted jet. [Fe ii] 1.53µm emission close

to the source was contaminated by residuals from continuum subtraction. . 49

3.8 Top panel shows the Fe ii 1.64µm line luminosity per unit length for the

blue-shifted jet. Bottom panel shows the jet mass flux calculated using the

two methods described in the text. . . . . . . . . . . . . . . . . . . . . . . 52

3.9 Parameter space of the magnetic lever arm parameter, λφ, and jet launching

radius, r0, predicted for steady magneto-centrifugal disk winds . . . . . . . 55

3.10 Wiggle in the jet axis of DO Tau: Black dots with associated error bars

show the jet axis displacement, measured with respect to the blue-shifted

jet PA. Fitted red and cyan curves show the orbital and precession solutions

(respectively) fitted to the DO Tau jet axis wiggling. . . . . . . . . . . . . 58



LIST OF FIGURES xiv

3.11 Maps of velocity corrections required as a result of uneven slit illumination,

for both PA 160 ◦(left) and PA 340 ◦(right). . . . . . . . . . . . . . . . . . 65

4.1 [Fe ii] 1.64µm continuum subtracted image of the HH 1/2 region. The

bottom panel is an enlarged view of the inner HH 1 jet region, marked by

a green box in the top panel. Contour levels are at 1, 2, 3, 4, 6, 8, 10, 15

and 20×10−19 erg s−1 cm−2. . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.2 The same as Fig. 4.1 for the HH 34 region. Contour levels are at 1.2, 2, 4,

5, 7, 10, 20 and 40×10−19 erg s−1 cm−2. . . . . . . . . . . . . . . . . . . . 73

4.3 The same as Fig. 4.1 for the HH 46/47 region. Contour levels are at 1.3,

2.6, 4.9, 7.0, 10, and 15×10−19 erg s−1 cm−2. . . . . . . . . . . . . . . . . . 74

4.4 The same as Fig. 4.1 for the HH 111 region. Contour levels are at 0.2, 0.5,

0.8, 1.5, 2.5, 3.5 and 4.5×10−19 erg s−1 cm−2. . . . . . . . . . . . . . . . . . 75

4.5 [Fe ii] 1.64µm line+continuum image of the HH 111 jet and cavity. [O1]

contours are overplotted in black (levels are 0.2 and 1 ×10−19 erg s−1 cm−2),

showing that at optical wavelengths the jet is observed only at large dis-

tances from the source (marked by the black circle). The red-shifted jet is

not detected in the optical. . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.6 Comparison of the HH 34 knot positions in [Fe ii] with contour levels at

0.05, 0.08, 0.19, 0.67, 2.5 and 9.9 ×10−18 erg s−1 cm−2 (top) and [S ii] with

contour levels at 0.6, 0.63, 0.74, 1.2, 2.9 and 9.9 ×10−16 erg s−1 cm−2 (mid-

dle) images with an eleven year baseline. The circle marks the driving

source position. The bottom panel shows the subtraction image for [Fe ii]-

[S ii] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.7 Same as Fig. 4.6 for the HH 46 outflow. [Fe ii] contour levels are 0.2, 0.23,

0.35, 0.8, 2.6 and 9.9 ×10−19 erg s−1 cm−2. [S ii] contour levels are 0.9, 0.94,

1.1, 2.5 and 9.9 ×10−16 erg s−1 cm−2. . . . . . . . . . . . . . . . . . . . . . 77

4.8 Same as Fig. 4.6 for the HH 111 outflow. [Fe ii] contour levels are 0.55,

0.58, 0.75, 1.7 and 7 ×10−19 erg s−1 cm−2. [S ii] contour levels are 0.1, 0.12,

0.25, 0.9 and 5 ×10−15 erg s−1 cm−2. . . . . . . . . . . . . . . . . . . . . . . 78

4.9 Comparison of HH 1 [Fe ii] (top) and [S ii] (bottom) images with an eleven

year baseline. Only one star is present in both images so it was not possible

to accurately align the images to create the subtraction image. However, we

still see the jet in the [Fe ii] image is detected much closer to the star than

in [S ii]. [Fe ii] contour levels are 0.07, 0.08, 0.1, 0.25, 0.8 and 3 ×10−18

erg s−1 cm−2. [S ii] contour levels are 0.4, 0.42, 0.5, 0.8, 2 and 7 ×10−15

erg s−1 cm−2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78



LIST OF FIGURES xv

4.10 Tangential velocities for HH 34 (top), HH 46 (middle) and HH 111 (bot-

tom). The black markers show literature values, while the blue markers

are the values found from the [Fe ii] knot positions in this work. . . . . . . 79

4.11 Top: Binned flux along the jet. Bottom: Jet FWHM from 1D Gaussian

fits at each pixel. Errors are 3σ. In HH 34, we measure the opening angle

with a linear fit over the regions in the jet marked by red and green solid

lines. In HH 46, the opening angle is measured at every point along the jet

up to approx 1000 au, marked by the solid red line. For HH 1 and HH 111,

the opening angle is measured by fitting all points with a 3σ smaller than

30 au (dashed red lines). The grey points in for HH 1 and HH 111 are

those with 3σ larger than 30 au, which are not fitted when measuring the

opening angle. The dashed grey line is the instrumental FWHM of 0.′′153. . 81

4.12 Left: Comparison of the brightness profile and 1D Gaussian fits for two

sample positions along the HH 1 jet. The dim profile (black) shows how the

jet width may be overestimated by the presence of low intensity emission,

leading to the undulating pattern of the jet width seen in Figure 4.11.

Right: Comparison of the brightness profile and 1D Gaussian fits for two

sample positions along the HH 34 jet which does not appear to be affected

by residual low intensity emission. . . . . . . . . . . . . . . . . . . . . . . . 82

4.13 Position of the 2D photocentres of knots along the jets with respect to

the jet axis and the plane perpendicular to it passing through the source

(horizontal and vertical grey dashed lines, respectively). Error bars are 1σ. 84

4.14 Extinction curves for all four sources. Extinction values calculated from

averaged flux values of the [Fe ii] 1.25 µm and 1.64 µm lines, assuming a

theoretical ratio value of 1.1 (Giannini et al., 2015). Upper limits were

calculated at points where the SNR of the 1.25 µm line was less than 3. . . 85

4.15 Comparison of Class 0/I jet widths derived in this paper with the widths

measured for several T Tauri jets in the literature. The horizontal dashed

line is the instrumental FWHM (0.153.′′) in our measurements. . . . . . . . 87

4.16 Offsets of the knots in the HH 34 jet (blue) and counter-jet (red) with re-

spect to the jet axis originating from the VLA driving source. The counter-

jet knot positions have been folded to be superimposed on the jet distance

scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89



LIST OF FIGURES xvi

4.17 A model fit to the observed photocentre offset positions of the HH 111 inner

knots as a function of distance from the exciting source. Blue boxes indicate

the measured offsets. The solid green line is the best fit of the internal knots

wiggle produced by an orbital motion of the jet source around a companion. 91

4.18 The HH 1 jet imaged in [Fe ii] 1.25µm (top) and [O1] 6300Åemission (bot-
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10837.8 Å) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141



List of Tables

4.1 Properties of the four targets . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2 Summary of HST WFC3 observation dates and exposure times for each

filter used. We also include the central wavelength and FWHM of each filter. 70

4.3 Opening angles for each target measured over various distances along the jet 82

4.4 Extinction (Aν) values along each of the four jets. The error is 14%. . . . . 86

4.5 Parameters of the orbital motion model for the inner knots. . . . . . . . . 91

4.6 Proper motions and tangential velocities for the knots in the HH 34 jet

compared to velocities reported by Raga et al. (2012). Velocities are cal-

culated assuming d=383 pc and Raga et al. (2012) values were corrected

to d=383 pc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.7 Proper motions and tangential velocities for the knots in the HH 46 jet com-

pared to velocities reported by Hartigan et al. (2005), assuming a distance

of 450 pc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.8 Proper motions and tangential velocities for the knots in the HH 111 jet

compared to velocities reported by Hartigan et al. (2001). Velocities are

calculated assuming d=400pc and Hartigan et al. (2001) values were cor-

rected to d=400pc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.9 [Fe ii] lines falling within the HST filters . . . . . . . . . . . . . . . . . . . 99

5.1 Observed profile types, emission centroid velocity and absorption centroid

velocities in the Lupus sample. . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.2 Observed profile types, emission centroid velocity and absorption centroid

velocities in the Upper Scorpius sample. . . . . . . . . . . . . . . . . . . . 130

5.3 Stellar, disk, and accretion properties for the targets in the Lupus region

from Alcalá et al. (2019). Information on the presence of winds or jets is

from optical emission lines analysed in Natta et al. (2014) and Nisini et al.

(2018) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

xx



LIST OF TABLES xxi

5.4 Stellar, disk, and accretion properties for the targets in the Upper Scorpius

region from Manara et al. (2020) . . . . . . . . . . . . . . . . . . . . . . . 133



List of Acronyms

ALMA Atacama Large Millimeter/submillimeter Array

AU Astronomical Unit

CCD Charge Coupled Device

FEL Forbidden Emission Line

FWHM Full Width Half Maximum

GMC Giant Molecular Cloud

HH Herbig Haro

HST Hubble Space Telescope

IFU Integral Field Unit

IRAF Image Reduction and Analysis Facility

ISAAC Infrared Spectrometer And Array Camera

ISM Interstellar Medium

JWST James Webb Space Telescope

MHD Magnetohydrodynamic

MUSE Multi Unit Spectroscopic Explorer

NIFS Near-Infrared Integral Field Spectrometer

NUV Near Ultraviolet

PA Position Angle

SED Spectral Energy Distribution

SINFONI Spectrograph for INtegral Field Observations in the Near Infrared

STIS Space Telescope Imaging Spectrograph

VLT Very Large Telescope

WPFC Wide Field Planetary Camera

YSO Young Stellar Object

xxii



1
Introduction to Star Formation

Observing the stars and contemplating our place in the Universe has driven philosophical

and scientific discussions since the times of ancient Greek philosophers, making obser-

vational astronomy one of the oldest sciences. Yet, despite studying the Universe for

centuries, we still grapple with the same questions as astronomers past - ”Are we alone

in the Universe?”, ”What is the origin of our Sun and the planets?” - and like our pre-

decessors we look to the stars to search for these answers.

1.1 The birth of young stars

Stars account for a large part of the Universe, yet the exact details of how stars are formed

remain unclear. The current idea of star formation dates back to the 18th century, when

Laplace proposed his Nebular Hypothesis in 1796, which explains how stars are formed

when gaseous clouds (nebulae) collapse and flatten under their own gravity. The cloud

collapse leads to a spinning up of the cloud resulting in the formation of a disk around the

star, from which the planets form. However, Laplace’s theory could not explain why the

planets contain most (99%) of the angular momentum in the Solar System, thus his theory

was disregarded until later in the 20th century. Other theories, such as the planetesimal

theory by Chamberlin and Moulton in 1905, Jeans’ tidal model in 1917, the accretion

1
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model of Schmidt in 1944, McCrea’s protoplanet theory from 1960, or Woolfson’s capture

theory in 1964, were proposed in the early 20th century but still couldn’t solve the angular

momentum problem (Woolfson, 1993). In the second half of the 20th century, Laplace’s

theory of star formation was revisited by Prentice (1978) and now informs our current

understanding of star formation theory.

Star formation begins when large clouds of molecular gas and dust undergo gravita-

tional collapse, possibly triggered by a number of processes such as an interaction with

another cloud, a nearby supernova, or stellar winds from pre-existing stars (Chevance

et al., 2020, and references therein). As gravitational collapse continues, the density, tem-

perature and pressure in the cloud increases, and gravitational energy is converted into

gas pressure causing the collapse of the cloud to slow down. Eventually, however, the gas

and dust begin to condense and form protostars - the first step in forming a solar system.

The physical properties of these clouds vary widely, with masses ranging from 10 to

107 solar masses (M�) and radii between 0.5 to 200 parsecs (pc) (Miville-Deschênes et al.,

2017). The timescale for cloud collapse can vary between ' 0.1 up to a few million years

(Myr), with the densest regions collapsing quicker than less dense regions. The density

in the collapsing cloud ranges from 10−19 to 10−10 g cm−3 (Gerin et al., 2017), with a

protostar forming when a clump of gas in the cloud becomes hot enough (2000-3000 K)

that it emits infrared radiation.

1.1.1 Classifying protostars

Upon formation of the protostar, the star and surroundings continue to condense and

accrete material from the cloud over the next few million years before becoming a main

sequence star - where the outward pressure from hydrogen burning in the core balances the

inward gravitational collapse and prevents any further collapse. During their evolution,

protostellar systems can be divided into a number of classes with different observational

properties. The classification of a protostar is based on the spectral energy distribution

(SED) (Lada et al., 1984; Adams et al., 1987). Since the material in the disk is cooler than

the material accreting onto the star, it radiates at longer wavelengths (between 2 and 25

µm) thus producing excess infrared emission (Adams et al., 1987). The amount of excess

emission can be used to classify the protostars into different classes - Class 0, I, II and III

protostars - with the younger stages generally being brighter at longer wavelengths (Lada

et al., 1984; Lada, 1987).

Figure 1.1 shows a schematic picture of the components of a protostellar system,

throughout the main phases of protostellar evolution. Protostars are surrounded by cloud

material (grey regions in Figure 1.1), which flattens during collapse to form an accretion
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Figure 1.1: Schematic showing the main classes of protostellar evolution. The earli-

est stage, i.e. youngest systems, is on the left with age increasing towards the right.

Grey regions show the circumstellar envelope, orange is the protoplanetary disk and blue

represents the protostellar jets. Image adapted from Persson (2014).

disk (marked in orange). Narrow columns of emission originating in the star-disk plane,

known as protostellar jets (marked in blue in Figure 1.1; see Section 1.2 for further

description), are often observed in bipolar pairs throughout the evolution of the protostar.

The youngest systems, Class 0 protostars, are still deeply embedded but over time, as

more material accretes onto the star and the envelope is cleared, it becomes possible to

observe closer to the central regions and to observe the star at optical wavelengths (Class

II protostars). As we move through panels (a) to (d) in 1.1, we can see the accretion disk,

which rotates at Keplerian velocities (Pringle and Rees, 1972) and flattens as the cloud

collapses. A bipolar jet is present as early as the Class 0 stage (panel (a)) and lasts until

the Class II stage (panel (c)) of protostellar evolution.

Class 0 protostars are the first evolutionary phase of a protostar. These sources are still

highly embedded in the collapsing cloud and the protostars mass is still much lower than

the envelope mass (Andre et al., 1993) which dominates the SED. Protostellar disks with

Keplerian rotation velocities are already observed in this phase (Beckwith and Sargent,

1993; Choi et al., 2011; Tobin et al., 2012; Murillo et al., 2013), but these disks are generally

small (r < 60 au; Maury 2019). Given that the clouds in which Class 0 protostars form

are incredibly dense, these protostars are difficult to observe, so instead we often study

the phenomena related to star formation such as protostellar jets and outflows. Molecular

outflows from Class 0 sources are often observed in CO, SiO and SO (André, 1994; Downes

and Cabrit, 2007; Arce et al., 2007b; Duarte-Cabral et al., 2013; Hara et al., 2021) and

they appear to have higher outflow rates than their more evolved counterparts (Caratti o

Garatti et al., 2012) which implies that outflows play a significant role in the early stages

of star formation.

Class I protostars are still very embedded so the inner regions remain undetectable or
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very faint in optical wavelengths (Prato et al., 2009), but a large portion of the envelope

mass has been removed, either after accreting onto the star or into the disk (André,

1994), or after being ejected by an outflow (Ray and Ferreira, 2021). Jets and outflows

are also observed at Class I sources, but in atomic lines often visible in optical and infrared

wavelengths (Bally, 2016; Lee, 2020).

Class II systems are characterised by optically visible stars surrounded by a protostellar

disk. Low mass protostars in this class are also known as classical T Tauri stars (CTTSs),

which were first observed by Joy (1945) and identified as YSOs by Ambartsumian (1957).

The disks observed around these stars often appear with gaps and rings (Andrews et al.,

2018; Andrews, 2020) which likely indicates ongoing planet formation. The disks are

generally less massive than the disks of younger systems. Optically visible jets are most

commonly observed in this phase, since much of the surrounding envelope has previously

been cleared.

The final class of protostellar systems are Class III systems, which have very little or

no disk mass remaining and are no longer accreting material onto the star (McKee and

Ostriker, 2007). These stars are referred to as weak-line T Tauri stars or wTTSs (Herbig

and Bell, 1988). In contrast to their younger counterparts, wTTSs do not appear to show

evidence of jets (Edwards et al., 1989). It is the last stage before the star moves onto the

main sequence and forms a planetary system similar to our own.

1.1.2 Components of a protostellar system

Stars form within large (' 1-200 pc), dense (' 103 cm−3), and cold (' 10-20 K) molecular

clouds (Miville-Deschênes et al., 2017; Rosen et al., 2020). At these temperatures, the

gas clumps together resulting in high densities, obscuring visible light so these clouds are

best studied in infrared or radio wavelengths. These clouds are traced by H2, since most

of the material in the ISM is hydrogen. Other molecules, such as CO, are also frequently

observed in molecular clouds (see, for example, Rosen et al., 2020).

The collapse of these clouds forms denser and smaller structures which become the

birth place of young stars. Colder molecular clouds appear to form low-mass protostars,

while larger and warmer clouds can form stars of various masses. Figure 1.2 shows the

hierarchical structure of the different objects observed within molecular clouds, some with

sizes up to a few parsecs which eventually collapse into smaller structures on scales of a

few astronomical units (au) where protostars and protostellar disks are formed (Pokhrel

et al., 2018). Molecular clouds collapse into clumps, with masses between 10 to 100 M�

and sizes up to a few parsecs, which continue to condense into filaments that fragment

into chains of dense cores, each with masses less than 10 M� and sizes less than 0.1 pc
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Figure 1.2: Schematic showing the various scales and structures inside a star-forming

molecular cloud (Pokhrel et al., 2018)

(Blitz, 1993; Heyer and Dame, 2015; Zhang et al., 2020).

Within these dense cores, protostellar envelopes surround the forming protostar and

disk. The dense envelope causes high extinction making the protostar difficult to observe,

particularly for the youngest Class 0 and I sources. On envelope scales ('300-3000 au),

we observe bright bowshocks, HH objects, which are the result of high velocity material

in a jet colliding with the material in the envelope (Schwartz, 1977). Tracing backwards

from the HH objects towards the protostar, extended columns of emission, known as

protostellar jets, are seen emerging from the star-disk plane. Protostellar jets are traced

in both molecular and atomic lines, and often have complex structures of knots and

internal shocks, resulting from jet material travelling at different speeds and colliding

with material further ahead. Protostellar jets are discussed in more detail in the next

section.

Protostellar disks are believed to form quite early during star formation - during the

collapse of the rotating cloud, to conserve angular momentum, a flattened disk forms

around the protostar (Cassen and Moosman, 1981), rotating at Keplerian velocities (e.g.

as seen from H2CO and C18O observations by Tobin et al. 2012; Codella et al. 2014).

The disk is a vital part of protostellar systems, being the location of planet formation

and transporting material from the envelope onto the protostar. This is shown in Figure

1.3 where material is transported through the disk and onto the star along magnetic field

lines forming accretion flows (Hartmann et al., 2016). Disk substructures such as rings,

gaps and spirals are often observed with ALMA (e.g. Long et al., 2018; Huang et al., 2018;

Andrews, 2020) and are also seen in the infrared in scattered light (Ginski et al., 2016).

These substructures are caused by pressure bumps in the disk which can be due to planet
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Figure 1.3: Schematic view of the protostar and inner disk regions showing accretion

flows along magnetic field lines from the inner disk to the protostar (Hartmann et al.,

2016)

formation (e.g. Lin and Papaloizou, 1979; Goldreich and Tremaine, 1980); MHD winds

(e.g. Takahashi and Muto, 2018); photoevaporative flows (e.g. Ercolano and Pascucci,

2017); or due to reduced accretion (e.g. Dullemond and Penzlin, 2018).

1.2 Protostellar outflows

Protostellar jets are a tell-tale sign of ongoing star formation. The first clues pointing to

the presence of jets were Herbig-Haro objects, originally discovered in the fifties indepen-

dently by Herbig (1951) and Haro (1952). Herbig-Haro objects (or HH objects) appear

as bright bowshocks in molecular clouds but were only later thought to be a sign of a

jet, which could be traced back to the protostar, colliding with the material around the

star (Schwartz, 1977). Early CCD images of HH objects confirmed that these objects are

part of the jet emerging from the protostar (Mundt and Fried, 1983). Jets are believed to

have a strong influence in protostellar systems by imposing a limit on the stars final mass

and the disk mass, thus also on the amount of material available for planet formation,

by removing up to 10% of the accreted mass (Cabrit et al., 2007; Agra-Amboage et al.,

2011). Furthermore, jets could provide a mechanism remove angular momentum from the

system, allowing accretion to continue without the star spinning up (to conserve angular

momentum in the collapsing cloud).
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Figure 1.4: Image of HH 30 from the HST WFPC2 instrument. The star is surrounded

by a thin dark disk (shown in orange/red), and a bipolar jet (shown in green) is observed

emerging from the star-disk plane (Image credit: Burrows et al. 1996, the WFPC2 Science

Team and NASA/ESA)

1.2.1 Properties of protostellar outflows

Protostellar jets are large columns of material that can extend up to a few parsecs away

from the driving source (see for example, McGroarty et al. 2004). They are observed to

lie in perpendicular to the disk plane (see Figure 1.4; Burrows et al. 1996). They can be

observed in bipolar pairs consisting of a red-shifted and blue-shifted side, which propagate

in opposite directions away from the driving source (Snell et al., 1980). One side of the

jet can be more difficult to observe if it becomes more embedded as it travels into the

cloud. Jets appear as early as the Class 0 phase and can persist until the Class II phase

of the protostars evolution (Frank et al., 2014a), when the star is still actively accreting

material.

Jets are often described as having an ’onion-like’ structure with layers of material

travelling at different velocities, originating from different radii of the disk (Bacciotti

et al., 2000). This is a natural result of a jet originating from a range of radii in a disk

rotating with Keplerian velocities (Agra-Amboage et al., 2011). The layered jet structure

is illustrated in Figure 1.5, where a high-velocity jet is enclosed by a slower outflow,

originating from further out in the disk. The high-velocity jet is highly-collimated and

travels at velocities of 100–1000 km s−1(see review by Frank et al. 2014a). The high

velocities of the jet material causes shocks along the flow, causing bright knots of emission
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Figure 1.5: Schematic view of a protostellar system showing the presence of both a

low-velocity outflow likely launched from the disk and a high-velocity jet launched from

closer to the star at the disk truncation radius (Machida, 2017)

which allow us to observe the jets. Furthermore, the high collimation of the jet implies

that magnetic fields are present, which may also be related to jet launching (see Chapter

2). The jet is also capable of transporting approximately 10% of the accreted mass away

from the star (Cabrit et al., 2007). On the other hand, the outflow is generally slower,

with velocities on the order of a few tens of km s−1, and may contain entrained material

swept up as the jet propagates through the surrounding envelope (e.g. Zhang et al., 2019).

Each jet layer is better traced in different types of emission, i.e. molecular or atomic lines,

which form under different conditions (see below).

1.2.1.1 Jet tracers

Different jet tracers also allow us to probe different parts of the jet. Molecular tracers

generally trace the wider, slower velocity outflows since many molecules can be destroyed

by collisional dissociation in high velocity protostellar jets (Glassgold et al., 1991). These

wider outflows may also contain entrained material from the envelope, particularly in

Class 0 and I sources (Bontemps et al., 1996). The narrow high-velocity jet is generally

traced in atomic lines, even close to the jet base. For example, the jet at DG Tau was

traced as close as ∼ 0.1” from the star in [Fe II] by Agra-Amboage et al. (2011). HH 34

is another example of a jet traced in atomic lines [S II] and Hα by Reipurth et al. (1997).
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Both slow and fast jet components co-exist in an onion-like structure as described by

Bacciotti et al. (2000) (also see Figure 1.5).

Throughout the evolution of a protostar, the ways in which we can detect jets from

young stars changes because earlier sources are more embedded compared to later stages

which have cleared their surroundings. Class 0 sources are usually traced in infrared lines

(e.g. [Fe II], H2) which are not as susceptible to the effects of extinction as optical lines.

Jets from Class 0 sources are often detected in molecular tracers at longer wavelengths,

such as SiO and CO at (sub-)millimetre wavelengths or H2 in the infrared (see review by

Lee 2020). The material ejected from Class 0 sources can trace both the slower, wider

outflow cavities of swept-up gas and the collimated, high-velocity jets appearing as knots

of molecular emission (Cabrit et al., 2011). Molecular jets of Class 0 sources tend to

remove more mass than the atomic component (Dionatos et al., 2009), but the atomic

jets of Class 0 sources also show a high degree of collimation and velocities high enough

to produce shocks along the jet (e.g. HH 211, Dionatos 2010). Optical lines, however, are

good tracers of jets from Class I and II jets which are visible since much of the material in

the envelope has been cleared (e.g. the jets of HH 1, HH 34 and HH 47 observed in [S II]

by Hartigan et al. 2011). Infrared lines, which can penetrate through dusty surroundings,

are also useful tracers of the jets from these sources (e.g. the DG Tau jet observed in [Fe

II] by Agra-Amboage et al. 2011). Jets from these more evolved sources are frequently

observed in atomic lines such as Hα and forbidden lines, such as [O I], [S II], [Fe II] etc

(Nisini et al., 2005; Podio et al., 2006), which can only form in the low temperatures and

densities of interstellar space.

1.2.1.2 Jet morphology

The full extent of the bipolar jet includes both the red- and blue-shifted lobes. However,

this assumes that the entire flow can be observed which is not always the case since the

red-shifted lobes are often too embedded to be observed (Schwartz, 1977). Jet tracers

may also become invisible, if shock emission cannot be detected perhaps due to the shock

being too faint to be observed, which suggests that jets are actually much larger and wider

than observed in a given tracer. Furthermore, it can be technically difficult to position

particularly large flows in the field of view of a telescope. Despite these constraints,

observations reveal many jets from young stars extending up to a few parsecs from their

driving source (McGroarty et al., 2004). Parsec-scale jets have been observed in optical,

infrared and molecular surveys of star-forming regions (see, for example, McGroarty et al.

2004; Arce et al. 2010; McLeod et al. 2018). The extent of these jets is not unexpected,

given the cloud lifetime up to a few Myr and the fact that these jets travel at velocities
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of a few hundred km s−1.

The observed lengths of jets can vary between evolutionary stages of the young star

(see review by Bally 2016). Class 0 jets generally do not reach parsec-scale lengths,

but a well-known exception to this is the Class 0 bipolar jet of HH 212, where the two

outermost bowshocks associated with the flow are separated by a distance of over one

parsec (Reipurth et al., 2019). The majority of parsec-scale jets are ejected from Class I

sources, for example, HH 46/47 (Stanke et al., 1999), HH 34, HH 24 (Bally and Devine,

1994; Eislöffel and Mundt, 1997) and HH 131 (Wang et al., 2005). In contrast, Class II

jets are seen to be much smaller, on the order of a few 100 au which could be due to less

material in the envelope for the jet material to collide with. A number of T Tauri jets

are observed with lengths of a few tens of arcseconds (for example, DG Tau, Mundt and

Fried 1983; RW Aur, Woitas et al. 2002; RY Tau, St-Onge and Bastien 2008 etc) which

corresponds to lengths less than 0.1 pc at the distance to the Taurus cloud (' 140 pc;

Gaia Collaboration 2018).

Another notable property of prototstellar jets is their narrow width and high degrees

of collimation, especially near the driving source. The sub-arcsecond resolutions of HST

and ALMA, for example, have allowed for measurements of jet radii on the order of tens

of au in both atomic and molecular jets. Jet widths are consistent between evolutionary

phases of the protostar, with widths between 10-100 au for Class 0, I and II jets (Cabrit,

2007). The similarity in jet widths for protostars of different ages suggests that the col-

limation mechanism is the same. As noted previously, Class 0 protostars are embedded

in dense collapsing clouds, while Class II protostars already have a disk and have cleared

their surroundings. Thus, thermal pressure and ram pressure cannot be the main colli-

mation mechanism. Instead, it is believed that magnetic fields are responsible for rapidly

collimating the jet within 20-30 au from the source (e.g. Ray et al. 2007; Lee et al. 2020),

suggestive of magnetic jet launching (Cabrit, 2007)

Despite the high collimation observed at these jets, close to the jet base (z < 100 au)

a rapid expansion in the jet width occurs as they propagate away from the star, before

collimating into the narrow columns we observe (Dougados et al., 2000). This expansion

is related to the distance along the jet, i.e. jet width ∝ z1/2 (see review by Lee 2020)

and is consistently seen in jets from sources of different ages, and for different tracers;

for example, the jet radii from Class 0 source HH 212 observed in SiO (Lee et al., 2017)

and the DG Tau jet observed in [Fe II] emerging from a Class II source (Agra-Amboage

et al., 2011) both increase as they propagate out to ∼100 au away from the driving source.

The DG Tau jet, for example, is seen to expand rapidly with and opening angle of ∼ 30-

45◦ before strongly recollimating within ∼ 50 au from the star where the opening angle
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decreases to 3-4◦ (Dougados et al., 2000).

1.2.1.3 Jet kinematics

Numerous observations show the apparent layered structure of the jet, with different

velocities in each part of the jet (e.g Hartigan et al. 1995; Hirth et al. 1997; Garcia

Lopez et al. 2010; Podio et al. 2015). High-velocity material is associated with a highly-

collimated part of the jet closest to the flow axis, while slower material may be associated

with less collimated disk winds (Rigliaco et al., 2013), or it could be entrained material

from the envelope swept up by the jet (Pyo et al., 2003). Atomic lines tend to trace

more collimated, higher velocity (100-500 km s−1) material in the jets while molecular

lines tend to trace slower winds (10-50 km s−1) which encapsulate the high-velocity jet

(Herczeg et al., 2006). This onion-like velocity structure of the jet is shown in Figure 1.5.

These low- and high-velocity components can vary in velocity by as much as 100 km s−1,

and in their observed widths (e.g. DG Tau, Bacciotti et al. 2000; Agra-Amboage et al.

2011).

The jets high velocities (a few hundred km s−1) allow morphological differences (par-

ticularly along the flow axis) to be observed after only a few years. High resolution images

over multiple epochs reveal the jets motion in the plane of the sky, allowing for the trans-

verse velocities of the jets to be measured. In many cases, jets are observed as a chain

of knots spaced closely together and the knots in both lobes of bipolar jets appear to be

correlated, for example HH 212 (Zinnecker et al., 1998). The spacing of the knots implies

variability in the ejection of the material, either in the speed or direction of ejection (Raga

et al., 2002; Hartigan et al., 2005). Proper motion studies of protostellar jets measuring

individual knot velocities can trace changes in the morphology and velocity in the jet

and terminal bowshocks/HH objects (for example, Hartigan et al., 2005, 2011), and find

similar velocity variability for Class 0, I and II jets (Hartigan et al., 2007; Raga et al.,

2011).

Studies have reported measurements of differences in radial velocities across the jet,

which may be interpreted as jet rotation (Bacciotti et al., 2002; Coffey et al., 2004, 2007).

Observational evidence of jet rotation about the symmetry axis would lend support to

magnetocentrifugal jet launching models, such as the disk wind model described by Pu-

dritz et al. (2007) or the X-wind model of Shu et al. (2000) (see Chapter 2). However, it is

very difficult to obtain a clear signature of jet rotation since the velocity difference is often

only a few km s−1across the jet width which is smaller than one arcsecond (Dougados

et al., 2000). Davis et al. (2000a) first reported a possible detection of jet rotation at

HH 212, but at very large distances from the source where it is likely that the jet had
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already interacted with the surrounding material, thus contaminating any jet rotation

result. Early jet rotation studies using HST were performed close to the base of T Tauri

jets, to reduce the possibility that a velocity gradient across the jet is due to interactions

with the surroundings (Bacciotti et al., 2002; Coffey et al., 2007). Despite the apparent

detection of jet rotation in HST observations, other effects may cause the observed veloc-

ity gradient, such as jet precession (Cerqueira et al., 2006). In some cases the jet rotation

sense did not match the disk rotation sense, such as at RW Aur (Coffey et al., 2004;

Cabrit et al., 2007), further complicating these jet rotation studies. Renewed efforts have

relied on ALMA’s very high resolution (e.g. Lee2017,Hirota2017) and show encouraging

results. However, studies are on a case by case basis and so progress in building statistics

is inevitably slow.

1.2.2 Searching for substellar companions

While the detections of exoplanets now number in their thousands, and the focus moves

on to exoplanet characterisation, detection studies of newly forming planets around pre-

main sequence stars remains a field in its infancy. Surveys of protoplanetary disks (e.g.

Andrews et al. 2018; Long et al. 2018) show various substructures like gaps and rings,

indicative of planet formation. A well known example is HL Tau, where gaps in the disk

are attributed to ongoing planet formation by ALMA Partnership (2015). Recent studies

have even been able to detect exoplanets with forming moons (PDS70c; Benisty et al.

2021). However, these planets are at distances of 20-30 au from their host star, and the

innermost regions (where terrestrial planets may form, i.e. within 5-10 au from the star)

remain inaccessible.

Protostellar jets may provide a new way to identify planet formation at early stages.

Jet wiggling is often seen at young stars, with small amplitude wiggling close to the star

that increases with distance from the source (Eislöffel and Mundt, 1997). The wiggle

pattern may hint at the presence of unseen companions in the disk, e.g. a binary stel-

lar companion or a forming planetary mass, causing either orbital motion of the driving

source, or jet axis precession (Masciadri and Raga, 2002). The two cases can be dis-

tinguished as they produce different jet-counterjet trajectory patterns: mirror symmetry

(or reflection symmetry) in the orbital scenario; and point-symmetry in the precession

scenario.

Measuring the jet wiggling requires high resolution observations of both the jet and

the counterjet, which is difficult to observe since these young stars are often embedded.

Velocity variations along the jet can also introduce difficulties in interpreting the jet axis

wiggling. Nonetheless, jet axis wiggling has been detected in a number of sources, e.g. DG
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Tau (Masciadri and Raga, 2002), HH 30 (Estalella et al., 2012) and RY Tau (Garufi et al.,

2019), but these studies are still limited due to either non-detection of the counterjet or

variability in the jet. As instrument resolution improves, more studies close to the jet base

could show jet wiggling supporting the idea that the wiggling originates from within the

star-disk plane rather than from interactions with the environment as the jet propagates.

Thus, being able to understand the jet axis wiggling to constrain parameters such as the

companion mass and separation, provides a unique and novel way to search for planet

formation in the inner disk.

1.3 Instrumentation for jet studies

At the distance of even the closest star forming regions (e.g. Taurus, d∼140 pc; Gaia

Collaboration 2018), a protostellar jet extending out to several hundred au is still only

a few arcseconds in length. Any study aiming to examine the detailed morphology and

kinematics along the jet, thus requires observations with sub-arcsecond spatial resolution.

This is even more challenging when attempting to observe these jet properties across

the jet, since their widths are much less than one arcsecond (Dougados et al., 2000).

Furthermore, these studies depend not only on achieving high spatial resolution but they

also require high spectral resolution, particularly in jet rotation studies, to distinguish

small velocity differences across the jet. The situation is further complicated by the need

to observe jets close to the star and the dust surrounding the protostar at these distances

i.e. within a few hundred au (where shocks or interactions with the surroundings are less

likely, and where the amplitude of jet axis wiggling is still negligible). This is especially

true for embedded sources (i.e. Class 0/I sources) due to the large amount of dust present

in the surroundings.

Nevertheless, observers persisted. Ground-based observatories (e.g. VLT) equipped

with powerful adaptive optics (AO) systems, and space-based telescopes (e.g. HST) can

achieve sub-arcsecond resolutions but are still pushed to their limits for jet studies. Images

of several jets from young stars using the WFC2 and WFC3 instruments on HST, with

spatial resolutions of 0.1” (∼14 au in Taurus, ∼40 au in Orion), were able to observe

changes in jet morphologies and measure proper motions after only a few years between

observations (e.g. HH 34, HH 47 Reipurth et al. 2002, Hartigan et al. 2005,Hartigan

et al. 2011 and HH 111 Hartigan et al. 2001). These proper motion studies require the

sub-arcsecond resolution achieved with HST so that knot motions can be observed on

short timescales of a few years.

HST is also capable of high-resolution spectroscopy which is crucial for studying jet
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kinematics. Spectra taken using the STIS instrument on HST, for example, achieved

velocity resolution of ∼25km s−1per pixel with a spatial resolution of 0.05” (∼7 au in

Taurus) (e.g. Bacciotti et al. 2002; Coffey et al. 2007) achieving tentative detections of

jet rotation in optical lines T Tauri jets. Jet rotation was also detected in the H2 line

in the Class I HH 26 jet using spectra the VLT/ISAAC instrument, which has a velocity

resolution of ∼34 km s−1and spatial sampling of 0.148” per pixel (Chrysostomou et al.,

2008). Spectroscopic studies using the VLT/X-Shooter instrument, which achieve velocity

resolutions ∼ 30 km s−1, have also been important in characterising the emission lines

which trace winds and jets from these stars (e.g. Natta et al., 2014; Nisini et al., 2018).

Combining the power of both imaging and spectroscopy, many ground-based integral field

units (IFUs) achieve spatial resolutions on the order of 0.05” - 0.1” with AO, and spectral

resolutions of a few tens of km s−1(e.g. VLT/SINFONI, Mengel et al. 2000; VLT/MUSE,

Henault et al. 2003; Gemini/NIFS, McGregor et al. 2003).

The forefront research on protostellar jets thus relies heavily on the high-resolutions

achieved with world-class telescope facilities. For example, the recently formed PENEL-

LOPE and ODYSSEUS collaborations (Manara et al. 2021; Espaillat et al.(submitted))

will use observations from VLT and HST to study young stars in nearby star-forming

regions. In this thesis, I present high-resolution data from Gemini, HST and VLT.

1.4 Outstanding questions on protostellar jets

The main open questions surrounding protostellar jets from low mass stars are as follows.

In addition to answering these questions for low-mass stars, models of protostellar jets

must also account for the jets observed at young stars with higher mass.

1. What is the exact jet launching mechanism? Can it remove enough an-

gular momentum to allow accretion to continue? Can it account for

observed asymmetries in the jet velocities and collimation between both

lobes?

While our current knowledge of protostellar jets seems to favour magnetic jet launch-

ing models, there are still details that are not well understood. It is still unclear how

material is launched from the star-disk plane and then collimated into a high veloc-

ity jet. Meanwhile, observations still struggle to discriminate between jet launching

models since the central engine is hidden from view because of the small spatial

scales. Furthermore, current jet launching models do not explain how jets with

asymmetric lobes can be launched (e.g. Podio et al., 2011; Melnikov et al., 2009).
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2. What is the connection between accretion and ejection?

Observationally, there is a correlation between accretion and ejection signatures

indicating an intrinsic relationship between the two. However, models still struggle

to describe the exact relationship. It is not clear how the material flows through the

disk and onto the star or into the jet. It is also not clear what affect the jet has on

the disk, and vice versa (e.g. Ercolano and Pascucci, 2017; Pudritz and Ray, 2019).

This feedback may influence the conditions in planet forming regions.

3. How does the jet affect its surroundings? To what extent does the in-

jected turbulence from the jet prevent cloud collapse?

It is believed that only a third of the cores mass is used in forming the protostar (see

reviews by Offner et al., 2014; Padoan et al., 2014), and because the disk contains

only a small portion of the stars final mass, jets are thought to re-eject ≈ 10% of the

infalling gas as early as the Class 0 phase (see e.g. Cabrit et al., 2007; Frank et al.,

2014a). Measuring the linear momentum transfer in the jet is also important as it

provides constraints on the turbulence injected into the cloud. Simulations then can

investigate if the measured linear momentum transfer is sufficient to prevent cloud

collapse, and limit the star formation efficiency (see reviews by Krumholz et al.,

2014; Frank et al., 2014a).

1.5 Outline of this thesis

The aim of this thesis is to investigate the role of protostellar jets in star formation to

attempt to address the questions above. In Chapter 2, I describe shocks in outflows and

outflow plasma physics which allow us to measure physical properties in the jets such

as the density and the mass flux. Current theories of jet launching mechanisms are also

described in Chapter 2. In Chapter 3, I present the results of my first published paper

which used high-resolution infrared IFU data from Gemini NIFS to investigate jet rotation

and asymmetries in the bipolar jet of DO Tau. Here we aim to understand the origin

of jet launching, and highlight the need for jet launching models to be able to produce

asymmetric jet lobes. We also find jet axis wiggling in the DO Tau jet consistent with

jet precession, which implies that a substellar companion may be present in the disk.

Chapter 4 contains the results of my second published paper studying the jets of four

targets in the Orion Nebula. This study used infrared and optical images from the WFC3

instrument on HST to examine the jet and counterjet morphologies, proper motions and

extinction along the jets. We observe jet wiggling patterns in three of the four sources

which are consistent with jet precession. In Chapter 5, I describe the results of my third
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paper (currently in preparation), which consists of a sample of over 100 young stars in

the Lupus and Upper Scorpius star forming regions. The study uses high-resolution X-

Shooter spectra in the infrared to probe the connection between accretion and outflow

signatures in the inner disk. Finally, in Chapter 6, I provide a summary of the main

conclusions of this thesis, highlighting that jets are a key ingredient in star formation.



2
Overview of Theory & Methods

2.1 Shocks in outflows

Protostellar outflows are most commonly traced in atomic and molecular emission lines

which are excited in shocks. Schwartz (1977) originally suggested that HH objects are the

result of the jet colliding with material in the envelope, which becomes a bright shock.

We are able to trace the jet material because the gas becomes excited in shocks (Reipurth

et al., 1993), when high velocity material collides with slower material along the jet. Jet

material launched from near the star travels at high velocities of a few hundred km s−1.

After the initial jet acceleration upon launching, it then propagates at high speeds and

decelerates with distance, allowing for more recently ejected material to catch up to this

previously ejected material (Reipurth and Bally, 2001). When the two clumps of material

collide, it produces bright emission appearing as bullet-like knots which we can trace

along the flow axis, until the terminal bow shocks, where the high velocity jet collides

directly into the surrounding material forming bright HH objects. The shocks observed

within the jets consist of a thin layer of hot, ionised gas at the shock front trailed by

an extended cooling zone (see Figure 2.1) where the ionised gas cools rapidly, and emits

various spectral lines as it cools (Reipurth and Bally, 2001; Hartigan, 2003).

17
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Figure 2.1: Fluid dynamical structure of a strong, radiative shock wave showing the

temperature T, density ρ and velocity v (with respect to shock velocity vs. ρ1 is the

preshock density and T2 is the temperature immediately behind the shock front (Draine

and McKee, 1993)

Figure 2.1 depicts a strong shock in terms of the temperature, density and velocity

with respect to distance from the shock front. The preshock gas approaches from the left,

compressing and heating as it collides with material in the shock front. Emitted photons

from the cooling postshock gas may travel upstream, heating and irradiating preshock gas

(Draine and McKee, 1993; Hartigan, 2003). The preshock gas decelerates at the shock

front where most of its energy is dissipated. Moving through the shock transition, the

gas is compressed by a factor of 4 and the velocity sharply decreases as the gas is heated

rapidly, conserving energy.

2.2 Outflow plasma physics

Jets extract mass and momentum from the star-disk system. In order to estimate the

magnitude of these values, we can use emission lines to estimate the mass of the jet which

in turn allows us to calculate the mass flux and a linear momentum flux in the jet - two

important parameters in modelling jet launching.

The presence of forbidden lines (such as [Fe II], [S II] etc) implies a low density in

the jet (typically lower than ∼ 104-105cm−3, e.g. Hartigan et al. 1995). Iron lines in

the infrared, for example, typically trace gas at temperatures of 103 K and densities
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of 103-105cm−3 (Nisini, 2008). Hartigan (2008) notes that line ratios from a single ion

are useful in measuring jet properties such as the temperature (for lines originating from

different energy levels) or the electron density (for those with closely-spaced upper levels).

Additionally, using lines at different wavelengths can also provide a measure of the visual

extinction along the jet (for example, the [Fe II] 1.25 and 1.64 µm line ratio, see Nisini

et al. 2005).

The electron density can be calculated using line ratios such as the [S II] doublet

at 6716 and 6731 Å, which is sensitive to electron densities in the range 50–2×104 cm−3

(Osterbrock, 1989). At higher densities, the [S II] doublet can only provide an upper limit

on the electron density, so instead one can use the ratio of the [Fe II] 1.53, 1.64 µm lines.

These [Fe II] lines trace jet material particularly well because they are easily ionized (shock

velocities ' 25-50 km s−1) and can trace high electron densities of up to ' 105 cm−3

(Nisini et al., 2002, 2005).

Measuring the ionization fraction requires an assumption of how the gas is heated,

but it is generally agreed that the observed forbidden lines are excited in shocks along the

jet (Hartigan et al., 1994, 1995). One method developed by Bacciotti and Eislöffel (1999)

(also known as the ’BE technique’) uses line ratios of optical forbidden emission lines (S,

N and O) to measure the temperature and ionisation fraction. This method only assumes

that each atomic level is collisionally populated and allows the modelled line ratios to be

compared with observations to find accurate values of the physical conditions in the jet.

However, the BE technique assumes that the gas is at a single temperature, which is not

the case when considering shocks along the jet, but this method traces material in the

postshock regions where the forbidden lines are brightest and postshock temperatures do

not vary quickly (see Fig 2.1). Using this method, the ionisation fraction can be up to 0.6

(Bacciotti et al., 2002), in line with observational results found to be between 0.01 and

0.6 (Ray and Bacciotti, 2003). Then by combining the electron density and the ionisation

fraction in the jet, one can estimate the jet total density which can be used in calculating

the mass loss rate (the jet volume can be easily estimated from jet width measurements).

Perhaps the most straightforward way to measure the mass loss rate is by using esti-

mates of the jet density and the jet cross section (e.g. Agra-Amboage et al. 2011). This

method assumes that the jet, travelling at velocity VJ , has a circular cross section (with

cross sectional area AJ) and is uniformly filled with density nH . In this way, the mass

loss rate is calculated as (see Eq. 2 in Agra-Amboage et al. 2011):

ṀJ = µmHnHAJVJ (2.1)

However, given that the emission lines are only tracing the excited material in post-
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shock regions, the assumption that the jet is uniformly filled is not entirely correct. Fur-

thermore, depending on instrument resolution, if the jet width is not resolved this also

limits the mass loss calculations. Thus, this method generally provides an upper limit on

the mass loss rate in the jet.

Alternatively, line luminosities can be used to measure the mass loss rates in jets.

Hartigan et al. (1995) propose a method using the emission line luminosity to find the

number of emitting particles in the jet volume, which then can be used to estimate the

gas density (assuming abundances of the observed species). The mass loss rate using this

method is calculated as (see Eq. 4 in Agra-Amboage et al. 2011):

ṀJ = 1.45× 10−8 M� yr−1

(
1 +

3.5× 104

ne(cm−3)

)(
L[Feii]

10−4 L�

)
×
(

Vt

150 kms−1

)(
lt

21015cm

)−1 (
[Fe/H]

[Fe/H]�

)−1 (2.2)

This method requires accurate values of the excitation temperature, ionisation and fill-

ing factor in the jet however, and obtaining these quantities can lead to large uncertainties

in the mass loss. Hartigan et al. (1995) note that methods using the line luminosities often

assume that the jet material encounters only one shock, but images show multiple shocks

along the jet so this likely leads to overestimates of the mass loss rate.

Hartigan et al. (1994) observed variations in the ionisation fraction, electron density

and temperature from the [S II] line ratio of up to a factor of 2 along the jet. Using various

shock models which were then compared to spectra of well-known protostellar jets, they

could find ionisation fractions of about 2% which corresponds to a mass loss rate on the

order of 10−7 M�yr−1. Agra-Amboage et al. (2011) used three methods to calculate the

mass loss rate in the DG Tau jet observed in [Fe II] and found mass loss rates that agree

to within a factor of 2-5 over the length of the jet. The linear momentum flux in the

jet is calculated using the magnitude of the mass flux and the jet’s velocity. The linear

momentum found in a number of Class I and II jets is in the range of 10−7–10−5 M�yr−1km

s−1(Podio et al., 2006, 2011). Tafalla et al. (2017) also note that the linear momentum flux

is mostly dominated by the component moving along the direction of the flow, but there

is a non-negligible sideways component which could lead to the production of an outflow

cavity. Finally, using estimates of the mass loss rate, the amount of angular momentum

transported by the jet can also be estimated (e.g. Woitas et al. 2002; Coffey et al. 2015

etc) which can then be used to constrain jet launching models.
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2.3 The angular momentum problem

One of the most challenging aspects of star formation, is understanding why young stars

are such slow rotators (T Tauri stars have rotation periods of 8 days on average; Choi

and Herbst 1996). To conserve angular momentum of the collapsing cloud, the protostar

should rotate much faster than what is observed and would eventually speed up to break-

up velocities. Thus, in order to form a Sun-like protostar the angular momentum of the

cloud must be reduced by up to 7 orders of magnitude (Belloche, 2013). This constitutes

the angular momentum problem of star formation, which has remained an open question

in the field for decades (e.g. Bodenheimer, 1995). Jets and outflows could be a potential

solution for the angular momentum problem at young stars, by providing a mechanism

to remove of angular momentum from protostellar systems. However, the formation and

driving mechanism of protostellar jets remains unclear.

Magnetocentrifugally driven winds are generally the favoured explanation for jet launch-

ing from young stars since they explain the high collimation observed in protostellar jets,

and can remove a sufficient amount of mass and momentum (see e.g. Konigl and Pudritz

2000; Shu et al. 2000; Pudritz et al. 2007). Alternative driving mechanisms have been

proposed and studied, such as pressure-driven winds or photoevaporation, but these winds

do not seem to account for the amount of angular momentum needed to be transported

away from the star and disk (Pascucci et al., 2011; Franz et al., 2021). However, angular

momentum may also be removed through the disk. This can occur via turbulence in

the disks creating a viscous force which drives angular momentum radially outward while

material accretes onto the star (see e.g. Armitage and Clarke 1997; Armitage 1998). The

origin of this turbulence is thought to be the magneto-rotational instability (MRI) (Bal-

bus and Hawley, 1998), however MRI driven turbulence is not strong enough to remove

sufficient angular momentum (Flaherty et al., 2015, 2017, 2018) or drive the observed

accretion rates (Simon et al., 2018). These works are still ongoing however, but do seem

to lend more support to magnetically driven winds as the primary method to remove

angular momentum.

While tracing velocities along the jet over time allows us to observe the evolution of

the jet, investigating the velocity profiles across the jet are crucial in trying to constrain

the jet launching mechanism. Velocity gradients across the jet profile may be indicative

of jet rotation (Bacciotti et al., 2000, 2002). Figure 2.2 shows the first detection of a jet

rotation signature in the DG Tau T Tauri jet. If a Doppler gradient is detected close

to the star and is consistent with the disk rotation sense, it could indicate a rotation of

the jet material. Such a jet rotation measurement can be used to constrain models of

jet launching including MHD models which include disk winds and X-winds. However,
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Figure 2.2: Radial velocities in the DG Tau jet showing clear jet rotation (Bacciotti

et al., 2002)

observing jet rotation is very difficult and pushes current instrument capabilities - high

spatial and spectral resolution, and high sensitivity are need to be able to measure jet

radial velocities at the jet base where the jet material is not likely to have yet interacted

with the surroundings or been shocked.

2.3.1 MHD jet launching models

In star formation, the origin and launching of protostellar jets has been highly debated.

Jets are formed in systems where a number of processes are related, including accretion,

mass loss, rotation and the effects of magnetic fields. While the exact launching mech-

anism is not yet known, magnetic fields are believed to play a role in the launch and

collimation of the jet. Magnetic fields are also responsible for creating accretion flows

from the inner disk onto the star. However, photoevaporation may also contribute to

lifting material from the disk and producing a jet. Observations do not exclude the pos-

sibility that both MHD and photoevaporative winds could be present simultaneously and

produce different jet layers.

The combination of accretion, rotation and magnetic fields in protostellar systems

indicates that some magnetohydrodynamic (MHD) process could be responsible for jet

launching in young stellar systems. Various models aim to describe the launching and

collimation of jets, and the removal of excess angular momentum from young stars. Jet

rotation close the star, measured as radial velocity gradients across the jet, can be used

to discriminate between jet launching models.
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MHD models aiming to describe the launch and collimation of the jet, and angular

momentum removal are based on the work of Blandford and Payne (1982). In this model,

under the assumption of axisymmetry, self-similarity and that the magnetic field strength

scales with radius, mass and angular momentum are ejected from an accretion disk along

magnetic field lines leaving the disks surface and extending to large distances. Blandford

& Payne showed that the formation of centrifugally driven outflows from a disk (with the

ability to extract angular momentum) is possible provided the angle between the disk and

the poloidal magnetic field is less than 60◦. This model also explains the collimation of

the outflow at large distances, due to the toroidal magnetic field.

Modern MHD models (e.g. Shang et al. 2007; Pudritz et al. 2007) describe a system

consisting of a central star surrounded by an accretion disk rotating at Keplerian velocities.

The system is assumed to be axisymmetric with the star and disk initially connected by

the stellar magnetosphere. While material is moving towards the star during accretion,

some material is ejected outward along magnetic field lines threading the disk. Within

the class of MHD models there are variations which differ in where the jet is launched

(e.g. the stellar wind launches the jet from the stellar surface; the disk-wind launches the

jet from a series of radii along the disk plane; and the X-wind launches the jet from the

so-called x-point, the meeting point of the disk and stellar magnetic fields).

2.3.1.1 Stellar winds

When protostellar jets were first discovered, they were initially thought to originate from

stellar winds based on the solar wind model described by Parker in 1960. The stellar wind

is shown in Fig 2.3. In this scenario, the stellar magnetic field connects with the inner disk

where accretion flows transfer material from the disk onto the star. Some of the material

flows along open magnetic field lines from the star, to counteract the star spinning up

in the midst of the ongoing accretion (Matt and Pudritz, 2005; Ferreira et al., 2006b).

However, observations do not support the idea that the stellar wind can carry away

sufficient angular momentum. While a stellar wind may also be present in protostellar

systems it is not likely to be the main mechanism for removing angular momentum from

the star.

2.3.1.2 Disk wind model

One proposed mechanism for the spin down process is the disk wind model, or D-wind.

Disk winds were originally proposed as the origin for jets near black holes by Blandford

and Payne (1982). It was then noted that disk winds could explain the jets observed

in protostellar systems (Pudritz and Norman, 1983; Pudritz et al., 2007). Extensive
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Figure 2.3: Schematic of the protostellar system with the stellar wind model and the

disk wind model. The stellar wind is launched from the surface of the star following the

stellar magnetic field, while a disk wind is ejected along magnetic field lines in the disk

(Zanni and Ferreira, 2013).

work (see Pudritz et al. (2007) and references therein) finds that protostellar jets are

centrifugally launched disk winds which are highly collimated and dependent on toroidal

magnetic fields.

The disk wind model consists of a central star surrounded by an accretion disk. The

accretion disk is threaded by a magnetic field. As material accretes inwards to the star,

carrying angular momentum as it goes, it interacts with the magnetic field and is ejected

outward, away from the star/disk system. In Figure 2.3, a schematic diagram of the

disk wind model is shown, including the Alfvén surface (where Alfvén speed equals the

advection velocity) marked by the red line.

The model implies a jet launching point at a range of distances from the central star,

roughly from 0.3 - 4 au (as observed by e.g. Bacciotti et al. 2002; Coffey et al. 2015) and

is described by time dependent MHD equations (see Pudritz et al. (2007)). The disk wind

model is able to extract a large proportion of angular momentum from the system which

is required for the star to spin down. Various observations have shown protostellar jets

to have a layered velocity structure, consisting of both high and low velocity components,

with higher jet velocities nearer to the jet axis (Pudritz et al., 2007). Past observations

have indicated jet launching points at a wide range of radii from 0.5 to a few au from the
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star, implying that at least some of the jet is launched via a disk wind mechanism (Ray

et al., 2007).

2.3.1.3 X-wind model

The X-wind model described by Shu et al. (1994), Shang et al. (2007) and Cai (2009)

consists of a centrifugal jet(s) launched from very close to the star which carries angular

momentum away. This angular momentum would have originally been transferred to the

star by accretion and caused a spin up effect.

The X-wind model describes a magnetocentrifugally launched, high velocity wind with

a highly collimated jet. The wind and jet are launched from a Keplerian disk between

an inner and outer radius, Ri and Ro respectively. As magnetic field lines become more

vertical near the jet axis, magnetocentrifugal jet launching becomes less likely and so a

fast outflow appears from the disk inside Ri, the inner radius. This may represent either

the stellar wind or the magnetosphere predicted in the X-wind model. Figure 2.4 shows

the configuration of an X-wind model in a typical protostellar system.

The X-wind model adequately represents the high velocity component of observed jets,

however the low velocity component is not fully explained by this model. If the X-wind

model is correct, it is assumed the low velocity component may originate from a slow disk

wind or may be explained by an extension into lower velocities (Shang et al., 2007).

The high velocity component of the DG Tau jet observed by HST/STIS by Bacciotti

et al. (2000, 2002) (which travels at approximately 200 km/s) appears to be launched from

within 0.3 au of the star. Ferreira et al. (2006b) note that X-winds may be launched from

< 0.1 au from the central star. These observations show that in real protostellar systems,

there is likely a combination of both a disk wind and X-wind for different components of

the jet.

2.3.1.4 Jet Footprint

Observations of T Tauri stars provide good insight into the kinematics and launching

points of protostellar jets. Measurement of jet radial velocities can be used to locate the

jet footprint. From Anderson et al. (2003), the rate of disk rotation, Ω0, and the poloidal,

vp,∞, and toroidal, vφ,∞, velocity components at a large distance from the star, are related

by:

Ω0 =
v2
p,∞/2

vφ,∞$∞

Here, the poloidal velocity is much greater than the toroidal velocity, as expected at
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Figure 2.4: Schematic of the X-wind model for jet launching from a typical protostellar

system (Shu et al., 1994). The arrows show the direction of the outflow in the X-wind,

and of accreting material onto the star via funnel flows.

large distances. Taking specific energy and angular momentum into account, and using

steady MHD wind theory, Anderson et al. derive a more refined version of this relation

which is rewritten to find the jet footprint, $0:

$0 = 0.7au
( ω̄∞

10au

)2/3
(

vφ,∞
10km/s

)2/3

×
(

vp,∞
100km/s

)−4/3(
M∗

1M�

)1/3

where ω∞ is the jet radius (in au) at a large distance from the star, vφ is the toroidal

velocity;

vφ =
∆vrad/2

cos(i)

and vp is poloidal velocity;

vp =
v̄rad

sin(i)

with i in both equations above being the inclination of the jet with respect to the

plane of sky.

Young stars have been observed to rotate much slower than expected (Ray et al., 2007)

and therefore must undergo some spin-down process to counteract the effects of accretion

from the disk. The mechanism for spinning down and the result of the above formulae

can constrain jet launching models.
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2.4 Overview of data reduction techniques

In this section, I describe the data reduction steps performed on the spectro-imaging

observations used in my study of the bipolar jet of DO Tau (described in Chapter 3).

These techniques are implemented on the datacubes which have already been processed

through the standard instrument pipeline which performs flat-fielding, dark correction,

wavelength calibration etc (see McGregor et al., 2003).

2.4.1 Telluric Correction & Flux Calibration

In order to calculate the mass loss rate in the jet using emission line ratios (as de-

scribed in Section 2.2), we must measure the flux of each line in absolute units (e.g.

ergs cm−2 s−1 Å−1) rather than in relative terms. The signal in a given observation is not

only from the object of interest, but instead also consists of contributions instrumental

effects, the background sky and from the Earth’s atmosphere. Telluric features are often

very prominent absorption features, caused by water vapour in the atmosphere, in infrared

spectra when observed with ground-based instruments. When examining scientific data,

it is important to remove the telluric features from the spectra to avoid misinterpreting

the data, as they can overlap with true spectral features from the object(s) of interest

(changing, for example, the line widths or centroids; Turner, 2010).

The removal of telluric features and flux calibration of the spectro-imaging data can be

carried out using standard star observations (as described by Garcia Lopez et al., 2013).

Telluric features vary with time and with airmass, so observations of a standard star (also

called a telluric standard) are performed before and/or after the science observations.

From the standard star datacube, the sum of the spectra within a certain aperture is

calculated. The aperture is chosen such that all of the counts from the star are included,

while also trying to reduce the amount of noise introduced into the spectrum. In the case

of DO Tau, for example, the chosen aperture diameter was 0.5”.

The standard star spectrum should be divided by a blackbody spectrum for a star

of the same spectral type as the standard star. This can be either a sample blackbody

spectrum or a synthetic blackbody curve created using the Planck function. Telluric

features must then also be removed from the standard spectrum. However, the exact

spectrum of each standard star is not available so instead a sample spectrum for the H-

band is used to locate telluric features in the standard star spectrum (the sample spectrum

I used during flux calibration of the DO Tau data is available in the ESO webpages 12).

1https://www.eso.org/sci/facilities/paranal/decommissioned/isaac/tools/spectroscopic standards.html
2NSO/Kitt Peak FTS data used here were produced by NSF/NOAO



2.4. Overview of data reduction techniques 28

Using the splot command in IRAF, the telluric features are fitted with 1D Lorentzian

curves and removed from the spectrum. The resulting spectrum is then normalised to the

effective wavelength of the band (i.e. λeff = 1.662 µm in the H-band). We then divide the

science spectrum by this normalised standard spectrum, and convert the units to counts

per second by dividing by the exposure time - this is the spectrum that we will soon flux

calibrate.

Following this, the observed flux of the standard star is calculated in physical units

using:

Fstandard = F0 × 10−m/2.5 (2.3)

where F0 is the flux for a zero magnitude star in the 2MASS catalogue, and m is the

magnitude of the standard star. In our case, F0 was equal to 1024 Jy, and the magnitude

of the standard star (HIP 19039) was 6.76 in the H band.

Finally, the science data can be flux calibrated using a conversion factor. This is

calculated by dividing the flux of the standard star (Fstandard in Equation 2.3) by the flux

of the standard star in counts per second. We calculate the flux in counts per second by

dividing the summed flux of a few IFU slices near the effective wavelength (i.e. within '
10-20 Å of λeff ) by the exposure time. This conversion factor, β, is then used to convert

the science data from counts per seconds, to physical flux units of ergs cm−2 s−1 Å−1 by:

Isci,fc = β × Isci,counts/s (2.4)

We ensure that the flux calibration is correct by summing the flux of the science

spectra within the same aperture as above (i.e. within a radius of 0.25” from the star)

and calculating the magnitude from:

m = −2.5 log10

(
Fsci
F0

)
(2.5)

We assume that the flux calibration was accurate if this magnitude is within 0.5 mag of

the 2MASS magnitude for the standard star. If the flux calibration is acceptable, then

the continuum can be fitted and removed from the science data.

2.4.2 Continuum Subtraction

Prior to continuum subtraction, observations of protostellar jets are dominated by scat-

tered light, especially close to the star. The field-of-view of the NIFS observations of DO

Tau (see Chapter 3) is quite small (1.5” × 1.5”) and therefore is mostly dominated by

the stellar PSF. To reveal the jet emission, we employ a continuum subtraction procedure
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which uses a reference spectrum from within the data cube itself. This method is the

same as that used by Agra-Amboage et al. (2011) for the DG Tau jet.

Figure 2.5: Schematic of the spectra used for continuum subtraction, including inter-

mediate steps and the final continuum-subtracted spectrum. Panels (a) and (b) show the

initial science and the reference spectra. Panel (c) shows the linear fit used to measure the

slope of the continuum, while (d) shows the scaled continuum which is subtracted from

the science spectrum to produce the residual spectrum shown in panel (e). The vertical

dashed line in each panel marks the position of the [Fe ii] 1.64 µm line in the spectra.

The procedure begins with the selection of a reference spectrum which should be

from a position near enough to the star, so that the spectrum contains all photospheric

absorption lines are observed. Panels (a) and (b) of Figure 2.5 show a sample science
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spectra and the reference spectrum used during the continuum subtraction process for

DO Tau (see Chapter 3). The vertical dashed line denotes the position of the [Fe ii]

1.64 µm line, which appears weaker before continuum subtraction (panel (a)).

The science spectrum is divided by the reference spectrum (resulting in the black

curve in panel (c)) which removes both photospheric and any telluric absorption features

from the science spectrum. The baseline continuum is fitted with a linear fit (green

dashed line, panel (c)) to identify the slope, which is then used to scale the intensity of

the reference spectrum (panel (b)) to the continuum level in the science spectrum. This

scaled continuum spectrum is represented by the orange dashed curve in panel (d). The

scaled continuum is then subtracted from the science spectrum and the residual spectrum

(panel (e)) is stored. This process is repeated for the spectrum in each spatial position

of the datacube, resulting in a new continuum-subtracted data cube. Comparing the

[Fe ii] 1.64 µm line before and after continuum subtraction (panes (a) and (e)), we see a

clear improvement in the signal-to-noise of the line allowing us to proceed with accurate

analysis of the jet.



3
Launching the asymmetric bipolar jet of

DO Tau

3.1 Introduction

Jets and outflows from newly forming stars are a commonly observed phenomenon, but

whether they play a critical role in the star formation process is still an open question.

Principally, they are invoked to explain the removal of angular momentum from the

newly forming star-disk system, allowing the star to spin-down and the disk to accrete.

Furthermore, if jets do indeed play this critical role, identifying the launching mechanism

may have implications for the disk physics in the region where planets are formed (see

reviews by Baruteau et al. (2014) and Turner et al. (2014)).

Early magnetohydrodynamic (MHD) models of bipolar jets, based on the work of

Blandford and Payne (1982), reveal a link between jet launching and the magnetic fields

threading the accretion disk (for e.g. Shu et al., 2000; Ferreira, 1997). Furthermore, mass

outflow and angular momentum removal can occur along magnetic field lines within the

inner regions of the disk (Uchida and Shibata, 1985). Casse and Keppens (2002) present

the first global simulations of jet launching from a resistive disk, finding that collimation

occurs as the jet propagates outwards from the star at a nearly constant rate, and that the

31
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jet removes a significant portion of the energy released by accretion (Casse and Keppens,

2004). While the theory is broadly supported by numerical simulations, observational

support has been tricky to obtain due to the small spatial scales involved (i.e. tens of au,

equivalent to sub-arcseconds for the nearest star-forming regions).

Recent decades have seen ever higher spatial and spectral resolution observations pro-

vide much needed constraints on proposed models by probing the initial jet channel i.e.

within 100 au from the star (see review by Frank et al. (2014a)). For example, the jet

collimation zone (<100 au from the star) reveals that jets from both T Tauri (Class II)

stars and younger sources (Class 0 and I) are already collimated by the time they prop-

agate to z=50 au (Dougados et al., 2000; Cabrit et al., 2007). These observed similarity

in jet widths, independent of evolutionary stage, suggest magnetic collimation processes

which in turn implies a magnetohydrodynamic (MHD) jet launch model (e.g. Cabrit

et al., 2007). Indeed, most recently, cylindrical collimation as early as z=30 au has been

observed in the DG Tau jet (Bacciotti et al., 2002; Maurri et al., 2014).

In addition, the initial jet channel has been observed to trace out a systematic wiggling

pattern in a number of cases (see for example HH 30 (Anglada et al., 2007), HH 24

(Terquem et al., 1999), ZCMa (Antoniucci et al., 2016), RY Tau (Garufi et al., 2019)).

The fact that this wiggle pattern is observed close to the star suggests that, rather than

being an effect of interactions with the environment, it is either produced by orbital

motion of the jet source in the binary system, see e.g. the study of the HH 30 bipolar jet

wiggling by (Anglada et al., 2007) or that the cause of the jet wiggling is intrinsic to the

launching mechanism.

Furthermore, observations have identified asymmetries between the two lobes of the

bipolar jet in terms of velocity, density and opening angle as well as time-variability in

velocity. Examples include the bipolar jets from HH 30, RW Aur, DO Tau, DP Tau, DG

Tau and DG Tau B (Hirth et al., 1994; Woitas et al., 2002 Melnikov et al., 2009; Hartigan

and Hillenbrand, 2009; Agra-Amboage et al., 2011; Podio et al., 2011). The question is

whether bipolar asymmetries originate in the launching mechanism itself, or as a result

of interaction with an asymmetric environment. If such asymmetries could be observed

soon after launching (i.e. < 100 au from the star), this would render the latter less likely.

Numerical simulations have risen to the challenge of reproducing observed jet wiggling

and other asymmetries. Studies have investigated the launching of intrinsically asymmet-

ric high velocity jets from stellar magnetospheres (for e.g. Lovelace et al., 2010; Lii et al.,

2014; Dyda et al., 2015) and magnetised disks (Fendt and Sheikhnezami, 2013). It has

been shown that the presence of a companion star or interactions with the interstellar

magnetic field can cause the jet axis to curve and bend (Fendt and Zinnecker, 1998).
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However, many simulations consider the larger scales. Few focus on the initial jet chan-

nel which is more likely to better constrain the launching mechanism. Examples include

recent 3D MHD simulations of jet precession caused by a warped disk in a binary sys-

tem (Sheikhnezami and Fendt, 2015; 2018). These latter studies find that the differential

tidal effects of a close companion could generate asymmetries between jet and counter-jet

collimation and axis wiggling.

Intriguingly, observational support for magneto-centrifugal jet launch models was also

pursued through investigations of kinematic signatures interpreted as jet rotation (and

hence evidencing angular momentum transport). This wave of studies was initiated by

HST observations of Classical T Tauri jets in optical and near-UV atomic tracers (Bac-

ciotti et al., 2002; Coffey et al., 2004, 2007, 2012), and was soon followed by similar studies

from the ground in near-IR atomic lines (Chrysostomou et al., 2008; White et al., 2014,

Coffey et al., 2011, Coffey et al., 2015). However, debate continues over the interpretation

of observed kinematic signatures which may have other causes, among them asymmetric

shocks and/or jet wiggling (Soker, 2005; Cerqueira et al., 2006; Fendt, 2011; Staff et al.,

2012). Most recently, the high resolution of ALMA helped lend excitement to claims

of rotation signatures in molecular tracers of high velocity jets (Lee et al., 2017). This

assumes, of course, that the molecules can actually survive the MHD launching process

(Panoglou et al., 2012). Then, the main concern when using molecular versus atomic

tracers is that molecular emission may be contaminated or dominated by emission from

the cavity walls and entrained ambient material, rather than the flow itself (e.g. Hirota

et al., 2017). Thus, a combined approach is required, whereby the atomic and molecular

tracers are observed at several wavelengths to give a complete picture (Coffey, 2017).

Clearly, observations close to the jet base are critical to probe intrinsic launching

signatures and minimise ambient contamination. Such jet studies within 100 au of the star

are observationally demanding, requiring sub-arcsecond resolution often in combination

with a long slit or integral field unit. So inevitably they occur on a case-by-case basis,

and for the brightest targets. In this vein, here we present the case of Classical T Tauri

star, DO Tau, using adaptive-optics assisted spectro-imaging observations of near-infrared

atomic tracers, close to the base of the flow.

DO Tau, lies in the Taurus cloud at a distance, d, of 139±7 pc (Gaia Collaboration,

2018). We adopt the stellar properties listed in Long et al. (2019): stellar mass M? ∼
0.59 M�, stellar age t? ∼ 5.9 Myr and extinction Av ∼ 0.75. Spectral type is given as M0.3

(Herczeg and Hillenbrand, 2014). From modelling of the UV excess flux, Gullbring et al.

(1998) derives a disk accretion rate, Macc ≥ 1.44 × 10−7 M�yr
−1. Similarly, Eisner et al.

(2014) derives from the observed Brγ flux an accretion luminosity Lacc ∼ 1.5 L�, yielding
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a mass accretion rate Macc = 2.1 × 10−7 M�yr
−1 with the adopted stellar parameters.

However, recently, Simon et al. (2016) derived from optical veiling measurements an order

of magnitude lower Lacc (∼ 0.1 L�), suggesting possible strong accretion variability in this

source.

The disk of DO Tau was recently mapped with ALMA in the continuum at high

angular resolution by Long et al. (2019). The dust continuum emission was modelled to

reveal a compact, smooth disk with effective radius, encompassing 95% of encircled flux,

of reff,95 = 0.′′263 (37 au), inclination angle of idisk ∼ 27.6◦ ± 0.3 to the line-of-sight, and

position angle, PAdisk ∼ 170◦ ± 0.9. The quoted uncertainties on the disk parameters

are formal uncertainties in the fitting procedure. True uncertainties are probably larger

especially in the case of a face-on disk. Recently, Fernández-López et al. (2020) derived an

inclination angle of 19◦ from ALMA data. We therefore adopt an inclination of 23.5◦ (the

average of Long et al. (2019) and Fernández-López et al. (2020)) and a more conservative

estimate of 5◦ for the disk inclination uncertainty.

The jet from DO Tau was originally revealed through optical forbidden emission lines

(Edwards et al., 1987). A radial velocity asymmetry in the bipolar jet was identified of -92

and +210 km s−1 at 1.′′5 along the blue- and red-shifted jets respectively in [S ii] (Hirth

et al., 1997). More recent observations, which spectrally resolve high and low velocity

components of the blue-shifted jet, show no velocity variation over time for a given tracer

(Simon et al., 2016; Giannini et al., 2019), and reveal plasma conditions in the inner 100

au from the disk surface, including a typical electron temperature (Te ∼ 8000 K), a lower

than usual ionisation fraction (xe << 0.1), and a hydrogen number density in the low

and high velocity components nH ∼ 106−7cm−3 (Giannini et al., 2019). Most recently,

Fernández-López et al. (2020) report a ringed pole-on outflow based on CO data from

ALMA.

On parsec scales, DO Tau is associated with HH objects HH 831A, HH 831B and

HH 832 (McGroarty et al., 2004), all of which are located to the northeast as far as

11′ i.e. ∼ 0.9 pc. With position angles of ∼74-78◦, they are well-aligned with the red-

shifted jet (PAjet ∼70◦, Hirth et al., 1997). Also coinciding with this position angle is an

extended reflection nebulosity to the north-east of DO Tau (Magakian, 2003). Observed

near-infrared emission, extending to the northeast as far as 1.′′7 with an inner boundary

at 1.′′1, was interpreted as scattering from a cleared cavity (Itoh et al., 2008). Observed

far-infrared emission extending in the same direction (Howard et al., 2013), forms an arc

which connects DO Tau to neighbouring Classical T Tauri star, HV Tau, to the east at

∼7′ (∼1 kpc). When interpreted as a ’bridge’ of dust emission, it prompted the suggestion

of a disk-disk encounter (Winter et al., 2018).
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Here, we present our study of the DO Tau jet and disk system at high resolution. In

section 3.2, we outline the observations and archival data presented. In section 3.2.3, we

describe the data reduction and analysis. In section 4.3, we set out our main findings and

in section 4.4 we discuss the implications in the context of relevant modelling. Section

3.5 summarises our conclusions.

3.2 Observations and data reduction

3.2.1 NIFS observations

The bipolar jet of T Tauri star DO Tau was observed in the H-band using the Gemini-

North NIFS instrument, with Altair adaptive optics (AO) correction (Program ID: GN-

2009B-Q-43), on 2009 Nov 11, Dec 17, 23 and 24.

The star was offset from the center of the NIFS field-of-view (3′′ × 3′′) in order to

include as much of the bright blue-shifted jet as possible while also observing the stellar

PSF. This was to facilitate a PSF deconvolution of the jet image, to maximise the spatial

resolution of the jet. Fortunately, the dimmer red-shifted jet also appeared within the

field-of-view.

NIFS spatial sampling is 0.′′043 × 0.′′103. The direction with the smallest spatial sam-

pling (detector x-axis) was aligned perpendicular to the jet position angle, in order to

achieve the highest spatial sampling in the direction transverse to the jet axis. This

corresponded to an instrument position angle, PAIFU=160◦. Observations were also con-

ducted with an anti-parallel position (i.e. PAIFU=340◦), to facilitate identification of any

contamination by PSF artefacts. The use of AO correction yielded angular resolution of

FWHM=0.′′15-0.′′175, determined by measuring the FWHM of the continuum. The NIFS

H-band covers 1.49-1.80 µm, which includes the jet emission lines of [Fe ii] 1.53, 1.60 and

1.64 µm. NIFS spectral sampling is 1.6 Å, giving a two-pixel velocity resolution of 56

km s−1. The observations were conducted using the standard ABA nodding technique.

A total of 96 short exposures were obtained, reaching an on-target total exposure time of

3.2 hours.

3.2.2 ALMA observations

Archival ALMA observations were retrieved in order to study the disk rotation sense.

We use in this paper observations of the DO Tau disk in the C18O(J = 2 − 1) line at

219.560 GHz from ALMA program 2016.1.00627.S (P.I. K. Oberg) presented in Bergner

et al. (2019). Observational and data reduction details are given in Huang et al. (2017).
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The resulting beam is 0.72′′×0.46′′ at PA=30◦ and the sensitivity (1 σ rms) is 5 mJy/beam

per 0.2 km s−1channel.

3.2.3 NIFS data reduction

The standard GEMINI calibration pipeline was used to reduce the NIFS data. Each

night was processed individually. Due to a deterioration in observing conditions during

one of the four nights, there are fewer exposures for the anti-parallel slit (2009 Dec 23,

PAIFU=340◦). The exposures for this one night were not included in further analysis.

A second night (2009 Nov 11, PAIFU=160◦) was also excluded due to a time interval of

several weeks between it and the other observations. In this data, a small change in jet

velocity of 5-10 km s−1 was measured. Such small variability in jet velocity is expected,

especially when there is a time interval of several weeks between observations. However,

since we are investigating small changes in velocity on this order, it was deemed prudent

to discard these exposures.

For the two remaining nights, 2D Gaussian fits to the individual continuum images

were used to exclude exposures with poorer seeing, in an attempt to maintain higher

spatial resolution. Although parallel and anti-parallel slit positions were requested in

order to identify artefacts, the challenge of achieving sufficient signal-to-noise in the jet

borders meant we were compelled to combine these two slit orientations. Any artefacts

would be cancelled out in this way, with a resulting improvement in the quality of the

data.

Thus, since we used only two of four datacubes (2009 Dec 17 (PA=340◦) and Dec 24

(PA=160◦)), we achieve a total on-target exposure time of about one hour, and a PSF of

0.′′15.

To form the datacubes, co-adding the individual exposures first required aligning the

exposures via a 2D Gaussian fit of the stellar PSF. Then, co-adding was conducted via

sub-pixel shifts using the IRAF tool imshift. The data were flux calibrated using the

telluric standards.

A dedicated continuum subtraction procedure was employed to optimize subtraction of

the bright stellar contribution and better isolate the faint jet line emission in its immediate

vicinity. We followed the method outlined in Agra-Amboage et al. (2011). This method

allows us to correct both from the photospheric spectrum and telluric absorption features

close to the central source. However, it also removes any unresolved [Fe ii] emission close

to the star, and so we cannot study [Fe ii] closer than 0.′′1 to the source. The datacubes

were then rotated to align the jet axis with the horizontal, to facilitate eventual analysis

using 1D Gaussian fitting.
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The next steps in the data reduction saw the procedure branch in two, with one ap-

proach deemed more appropriate for analysis of the morphology and the other for the

kinematics. To facilitate analysis of the jet morphology, we first combined the datacubes

for the parallel and anti-parallel slit positions. We then spectrally binned the [Fe ii] 1.64

µm line, integrated over vLSR=[-122-228] km s−1, to create 2D images of the approaching

and receding jets, respectively. We then further improved angular resolution via deconvo-

lution using the IRAF Lucy routine. The PSF was constructed by summing the continuum

emission, near the [Fe ii] 1.64 µm line, over a number of spectral channels similar to the

width of the [Fe ii] 1.64 µm line (5 channels). The deconvolution improved resolution

further to ≤ 0.′′06 (FWHM). For both the jet and counter-jet images, we conducted 1D

Gaussian fitting across the jet intensity profile, yielding jet axis position and jet width as

a function of projected distance from the source.

Meanwhile, for analysis of the jet kinematics, PSF deconvolution was avoided for fear

of contaminating the kinematic signature. However, critically, a correction was required

for a possible uneven slit illumination effect. Non-uniform illumination within an IFU

slitlet introduces a wavelength shift in the spectrum at that position which can be up to

a few km s−1, (Agra-Amboage et al., 2014). The uneven slit correction was conducted on

datacubes for both the parallel and anti-parallel IFU positions, PAIFU, before combining

them. We found this to be the optimum procedure to remove all possible instrumental

effects, and fundamental to a jet rotation study. This is because the differences in radial

velocity under investigation are on the same order as those expected from uneven illumi-

nation effects, i.e. a few km s−1. The uneven slit illumination effect was modelled in each

IFU spaxel by estimating the displacement of the centroid of the brightness distribution

within the spaxel with respect to the slitlet center. From this a 2D velocity map correc-

tion was estimated and subtracted from the observed 2D centroid velocity maps. As a

double-check, the uneven slit 2D correction map was also computed from a photospheric

absorption line near the [Fe ii] 1.64 µm emission, by estimating at each spaxel position

the velocity shift of the centroid of the line with respect to the spectrum located at the

continuum centroid position (i.e. the defined star center). The required correction was

found to be typically of a few km s−1 and up to ± 8 km s−1 at 0.′′1 from the star (see

Appendix, figure 3.11).

The datacubes for the parallel and anti-parallel slit positions were then combined,

and Gaussian profile fitting was conducted at each spatial position to retrieve the jet

peak centroid velocity map in [Fe ii] 1.64 µm. Lastly, all velocities were corrected to the

LSR velocity frame, using for DO Tau the systemic LSR velocity of +6.47 ± 0.14 km s−1

(Guilloteau et al., 2016).
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The differences in radial velocity under investigation are expected to be on the same

order as the residuals from wavelength calibration. Although the absolute velocity cali-

bration accuracy is not critical for this study, the relative accuracy within the IFU spaxels

and over a wavelength range close to the line of interest is crucial. A detailed analysis of

telluric sky emission lines close to the [Fe ii]1.64 µm line is described in a similar study

for RY Tau (Coffey et al., 2015), which was observed during the same period and with

the same instrument configuration. From this study, we estimate an internal relative cal-

ibration 1σ error of ∼ 1.6 km s−1 (Coffey et al., 2015) over the IFU field of view. We also

estimate a 1σ error on the global absolute velocity calibration scale of 10 km s−1. When

performing Gaussian fitting to derive the line velocity centroids, errors in centroid velocity

are a combination of the error in velocity calibration and that of Gaussian fitting. The

former remains constant, while the latter is signal-to-noise dependent. Fitting errors were

calculated in accordance with the equation for the accuracy of a Gaussian centroid fit as

applied to cases of high signal-to-noise such that photon noise dominates, and assuming

that the profile is well-sampled (Whelan and Garcia, 2008):

σcentroid =
FWHM

2
√

2 ln 2 SNR
(3.1)

where FWHM represents the width of the fitted profile, (here our spectral resolution

of 56 km s−1), and SNR is the signal-to-noise ratio at the Gaussian peak. For our obser-

vations, we thus derive typical centroid velocity 3σ accuracy of 2-5 km s−1, depending on

the signal to noise. Combining this in quadrature with the internal relative calibration

error gives the error bars in figure 3.6.

3.3 Results

3.3.1 Jet Morphology

We present the first high spatial resolution images of the DO Tau bipolar jet close to the

star. Figure 3.1 shows a deconvolved intensity maps of the red- and blue-shifted jets in

[Fe ii] 1.64 µm emission. (Recall the map is deconvolved as described in section 3.2.3.)

The blue-shifted jet is brighter (right side of figure 3.1). Overlaid are intensity contours

of C18O molecular emission, from ALMA archival data, which traces the gaseous disk.

Rotating the jet image to the horizontal provided a revised estimate of the blue-shifted

jet PA = 260◦± 3◦ (compared to 250◦± 10◦ (Hirth et al., 1997)). This is in very good

agreement with the recent determination of Fernández-López et al. (2020) from HST

imaging and with the large scale disk PA = 170 ± 0.9◦ derived by Long et al. (2019)
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from ALMA high-angular resolution continuum observations. There may be a small

misalignment of the red-shifted jet PA by ' 1◦, but changes in the jet trajectory makes

it difficult to claim with certainty.

The blue-shifted jet is detected as close as 0.′′1 from the star and extends to 1.′′2. The

dimmer counter-jet does not appear until 0.′′5, aside from a small emission at ∼ 0.′′35, and

then similarly extends to 1.′′5. Given the disk inclination angle to the line-of-sight of 28◦

(Long et al., 2019), it seems that the base of the red-shifted jet may be obscured by a disk

of projected radius 0.′′5 (70 au), or deprojected radius of 0.′′57 (79 au). Long et al. (2019)

derive a dusty disk radius of 0.′′263 (which converts to 39 au), which is very compact with

respect to other disks in their survey, and too compact to obscure the red-shifted jet out

to 0.′′5. Similarly, Fernández-López et al. (2020) report a dusty disk radius of 47 au (which

converts to 0.′′33). We note, however, that continuum disk sizes in ALMA observations

only probe millimetre-sized grains, which appear to undergo significant inward migration

relative to the gas. On the other hand, near-infrared extinction is dominated by small

sub-micron grains expected to remain well-coupled to the gas. Referring to Figure 3.1 of

Fernández-López et al. (2020), we see that the Keplerian curve of the 12CO emission is

traced roughly out to 1′′ (i.e. 150 au). This shows that the gas disk, and therefore the

associated small grains, are extended enough to explain occultation of the base of the

red-shifted jet in our data.

The jet image highlights morphological asymmetries between the two jet lobes: the

blue-shifted jet appears to maintain the same width as it propagates to -1.′′2, while the

red-shifted jet, though initially maintaining the same width, becomes a broad bow-shock

type structure at 1.′′2. The bow-shock location appears to coincide with the location of

reported H-band emission from 1.′′1 to 1.′′7 to the northeast of DO Tau (Itoh et al., 2008).

Gaussian fitting to intensity profiles allowed extraction of the jet axis position and

jet width. In Figure 3.1, the jet axis position is over-plotted with black dots. There is a

clear wiggling of both the blue- and red-shifted jets. The wiggle appears to increase in

amplitude with distance from the source. From the wiggle pattern of the blue-shifted jet,

we derive an observed (projected) spatial wavelength λobs = 90± 5 au, and semi-opening

angle θobs = 1.3± 0.5◦. While the spatial wavelength is not well constrained on the red-

shifted side (with λobs ' 100 − 200 au), the wiggles seem to carve out a semi-opening

angle of θobs ' 2.6− 4.7◦, which is clearly larger than on the blue-shifted side. The origin

of the wiggling will be investigated further in section 3.4.3.

Figure 3.2 shows the jet widths for both jet and counter-jet as a function of deprojected

distance from the source. Full symbols show the jet widths directly measured on the

deconvolved images, while open symbols show the same values deconvolved from the PSF
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Figure 3.1: Deconvolved image of the DO Tau receding (left) and approaching (right)

jet in Fe ii 1.64 µm line, integrated over vLSR = [−122, 228] km s−1. The contour floor

is 3σ increasing in log intervals of 0.5 (where 1 σ is 1.43 × 10−18 erg s−1 cm2 Å. The

derived jet axis position is overlaid in black dots with associated error bars. Rotating

to the horizontal yields a blue-shifted jet position angle, PAjet = 260◦. Blue and red

contours trace C18O emission integrated over vLSR = [4.21, 5.01] km s−1 and vLSR =

[7.01, 7.61] km s−1 respectively. The contour floor is 3 σ (13 mJy/beam), increasing in

linear intervals of 1 σ (4.5 mJy/beam).
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width, taking the first measure as an estimate of the PSF FWHM. These values give upper

and lower limits respectively on the intrinsic jet width. Indeed, since the deconvolution

is performed on the continuum subtracted images, no precise knowledge of the PSF in

the final deconvolved images is available. An upper limit on the PSF width is obtained

by assuming that the jet width is not resolved at distances closest to the source. Halving

the FWHM values, we obtain estimates of the jet radius. The blue-shifted jet reveals a

radius of r ≤ 4 au at distances from the star of z = 40 au. This increases steadily

to r = 8 − 9 au at z = 300 au. Both jets maintain the same jet width in their inner

regions, which steadily increases with distance. However, the red-shifted jet reveals an

increased width at the location of its apparent bow-shock feature as it propagates from

z =300 to 400 au.

Comparing to the literature (figure 3.2), it appears that the DO Tau blue-shifted jet

is very narrow and strongly collimated with respect to other Class II T Tauri jet targets.

Indeed, it is similar to the well-known narrow jet of the very active T Tauri star, RW Aur

(Woitas et al., 2002), and to the higher velocity component of the jet from DG Tau (Agra-

Amboage et al., 2011). We derive a semi-opening angle ' 1.1-1.4◦ for the blue-shifted

jet, for deprojected distances along the jet axis z0 = 40 −300 au. No significant change

in opening angle is observed over these distances. Thus, our results confirm previous

claims that jets already achieve strong collimation on scales of a few tens of au after

launching has occurred (Ray et al., 2007). Furthermore, the DO Tau blue-shifted jet

appears very narrow at its base, with an upper limit on its radius of only r < 4 au for

a deprojected distance along the jet axis z0=35 au from the star. This upper limit is

very similar to the collimation of the base of the HH 212 Class 0 jet seen with ALMA

(Lee et al., 2017). Finally, the derived value of the blue-shifted jet semi-opening angle

(≤ 1.4◦) is significantly smaller than the estimated Mach semi-opening angle, cs/Vjet =

4.4◦ assuming T = 8000 K, indicating the necessity of an additional collimation agent.

These observations provide direct confirmation that atomic jets originate from the very

inner au of the star-disk system, as originally shown by Hartigan et al. (2004). We also

note that the collimation is similar for the inner portions of both lobes of the bipolar jet,

in spite of a strong jet velocity asymmetry.

3.3.2 Jet Kinematics

3.3.2.1 Bipolar velocity asymmetry

Radial velocities were measured by Gaussian fitting the spectrally binned [Fe ii] 1.64 µm

line at each spatial position. Figure 3.3 shows a position-velocity (PV) diagram of the
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bright blue-shifted jet and dimmer red-shifted counter-jet.

Radial velocities are measured to be -103 ± 1 km s−1 and +173 ± 4 km s−1 for the jet

and counter-jet respectively, when we average over the entire length of the jet. A similar

radial velocity asymmetry of -92 km s−1 and +210 km s−1, at 1.′′5 along the jet and counter-

jet, was previously reported by Hirth et al. (1997) - see datapoints overplotted in Figure

3.3. More recent results for the blue-shifted jet include Giannini et al. (2019) who report

well-resolved low and high velocity components (which remain spectrally unresolved in

our PV diagram), with the latter dominating the emission, and having peak velocity ∼
-102 and -87 km s−1 for [O i]λ6300 and [Fe ii]λ16440 respectively. Simon et al. (2016)

report similar two-component results with centroid velocities of ∼ -97 km s−1 for the

[O1]λ6300 higher velocity component. Comparing all these measurements, we see that

each species traces a slightly different velocity, but within 10-15 km s−1and so no time

variability is apparent across epochs. Thus, our measurements confirm previous reports

in the literature of the jet velocity asymmetry, and show a limited time variability ≤ 10%

in the blue-shifted jet velocity over a 20 year interval, and ≤ 20% in the red-shifted jet

velocity.

The striking velocity asymmetry between the jet and counter-jet may be caused by

an interaction with the environment as the jet propagates, or it may be intrinsic to the

jet launching mechanism (see below). In our data, the velocity asymmetry is observed in

all positions where both jets are observed, including as close as zproj =0.5′′ (deprojected

distances of 140 au). Furthermore, although the red-shifted jet is not detected closer

to the star (likely due to obscuration by the dusty disk), the blue-shifted jet reaches its

terminal velocity even closer, at zproj ≤ 0.1′′, corresponding to deprojected distances of

z=28 au. These two results strongly support a velocity asymmetry originating in the

launching process itself, rather than resulting from an interaction with the environment.

At each projected distance along the jet, zproj, we compute the launch time of the gas

parcel of line of sight velocity Vrad(zproj) assuming constant ballistic motion since origin:

tlaunch − tobs = zproj/(Vrad × tan(i)), where tobs is 2009.97 (average of the two observing

epochs). Figure 3.4 shows the deprojected velocities as a function of their time of launch

for both jets. This figure represents a reconstructed history of ejection velocities. The

plot has a time resolution, ∆t = ∆z/(Vrad × tan(i)), on the order of 0.7 years on the

blue-shifted side, and 0.4 years on the red-shifted side. The non-detection of the red-

shifted jet emission, which would have been launched over the past 4 years, may be due

to extinction by the circumstellar disk, as per section 3.3.1. The blue-shifted jet shows

an average deprojected velocity of 112 ± 3 km s−1over the past 20 years, while the red-

shifted jet shows an average deprojected velocity of 190± 8 km s−1over 8 years. Launching
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Figure 3.3: Position-velocity diagram of the DO Tau bipolar jet in [Fe ii] 1.64 µm emis-

sion along PA=160◦ in a pseudo-slit of width 0.′′3. The contour floor is 3σ (solid line)

and increases in log intervals of 0.3. Note that 2σ is also marked (dashed line), and

1σ = 3.5× 10−16erg s−1cm−2Å
−1

. The horizontal solid line marks the star position. The

horizontal dashed lines mark the spatial resolution. The blue dashed line shows the varia-

tion of the peak velocity centroids, derived from Gaussian fitting to the line profiles. The

green diamonds represent the centroid velocities found by Hirth et al. (1997); red triangle

represents the velocity found by Giannini et al. (2019).

of both jets co-existed for at least 8 years, and the velocity asymmetry (with an almost

constant factor of ' 1.7) is sustained over at least that period of time. Since we concluded

that the velocity asymmetry is likely to originate in the launching process, the duration

of the sustained asymmetry provides a useful constraint on jet launch models (see section

3.4.2).

3.3.2.2 Jet shocks

While we do not identify any great velocity variations over time (thus lending a stability

to the velocity asymmetry of the bipolar jet), the fact that our data is spatially resolved

allows a snapshot of velocity variations within the jet at a fixed point in time. Considering

velocity variations along the jet (for this epoch), Figure 3.5 shows a radial velocity map

of the bipolar jet, with an associated error map. We can see that the blue-shifted jet

has a radial velocity of -110 km s−1 at 0.′′1 from the star which decreases to -90 km s−1

at 0.′′4, before increasing again at 0.′′5 to -100 km s−1 and more or less maintaining this
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Figure 3.4: Jet deprojected velocities as a function of their time of launch (measured

from the average observation date tobs=2009.97) assuming ballistic motion at constant

velocity (see text for more details). Error bars include uncertainties on the jet inclination

and centroid line of sight velocities.

velocity further downstream. Such changes in velocity are expected at shock fronts,

where the gas is collisionally excited. However, we do not clearly identify emission knots

in the blue-shifted jet, and these 20 km s−1 variations in velocity do not correspond

to any measurable change in intensity or morphological feature at this distance, recall

Figure 3.1. Intriguingly, the initial decrease in velocity occurs over similar distances as

a jump in electron number density (see section 3.3.3). However, the gradient in velocity

is significantly smoother. This behaviour is not compatible with a shock as the velocity

would be expected to drop sharply at the location of the shock front, which is not observed

here.

3.3.2.3 Jet rotation

We consider velocity variations across the jet, which may indicate a rotation of the flow

or alternatively may be caused by a wiggling of the jet. We first note that the borders of

the jet travel at a lower velocity to the on-axis component, dropping by ∼ 5 km s−1. This

reflects the onion-like layered velocity structure observed in other high resolution case

studies (e.g. Bacciotti et al. (2000)). At a distance larger than 0.′′6 along the blue-shifted

jet, the SE border of the jet appears to be more red-shifted. These distances coincide

with the location of a wiggle in the jet axis. Meanwhile, at the same distances along the

red-shifted jet, the SE border is more blue-shifted.

A closer examination of a possible asymmetry in radial velocity across the jet first
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Figure 3.5: Centroid velocity map of the DO Tau bipolar jet, derived from Gaussian

fitting the [Fe ii] 1.64 µm line profile at each spaxel (see text for more details). Brightness

contours from figure 3.1 are overlaid, along with the jet axis centroids. 3σ errors are given

in the bottom panels.

requires identification of the jet axis position. At a given distance from the star, the jet

axis position was identified by spectrally binning the [Fe ii] 1.64 emission line and fitting

a Gaussian profile to determine the peak centroid. The jet radial velocity was measured

at each transverse position from the jet axis, via Gaussian profile fitting. Measurements

equidistant from the axis were compared to identify differences in radial velocity. System-

atic asymmetries may be interpreted as a signature of a rotation of the flow. A comparison

with the disk rotation sense, if possible, is a fundamental consistency check on the inter-

pretation, i.e. the disk and both lobes of the bipolar jet should all be seen to rotate in

the same direction.

Figure 3.6 shows the transverse radial velocity profile at a selection of projected dis-

tances, z, from the star. In the inner jet region (< 0.′′5), we would expect that the NW

side of the jet is less blue-shifted (redder), as this would match the sense of disk rotation,

Figure 3.1. However, it is clear that we cannot identify a gradient in the Doppler profile,

between positions symmetric about the jet axis, as would be expected if due to rotation,

due to the large error bars. Since errors on centroid velocity fits are signal-to-noise depen-

dant, measurements in the borders of the jet suffer. This hampers our ability to detect

small differences in radial velocity between the jet borders.

Meanwhile, recall in figure 3.5 that from 0.′′6 along the jet, the SE border of the

approaching jet seems more red-shifted. While this does not agree with the disk rotation
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Figure 3.6: Radial velocity profiles across the jet at various distances, z, from the star.

The vertical line marks the measured jet axis position at this distance z, whereas the

zero position on the x-axis marks the nominal jet axis position according to the jet PA.

The compass orientation of the x-axis is from SE to NW. A jet rotation signature should

reveal itself as a systematic gradient in radial velocities across the jet in a sense that

matches the disk rotation sense. (Recall the kinematics were measured on data before

PSF deconvolution i.e. PSF FWHM = 0”15.) No systematic gradient is observed. Errors

are 3σ.
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sense, the redder velocities coincide with the location of a wiggle in the jet axis. By

contrast, the receding jet shows bluer velocities in the SE border, in agreement with the

disk rotation sense. Unfortunately, error bars on jet velocities, as well as a wiggle of the

jet axis, forbid certainty in any claim to observe jet rotation. We can, however, provide

an upper limit on a possible rotation signature based on our calculated error bars (see

section 3.4.1).

3.3.3 Electron Number Density of the Jet

A direct measure of the electron number density, ne, can be obtained from the emission

line ratio [Fe ii] 1.53µm/1.64µm (Pradhan and Zhang, 1993). To increase signal-to-noise,

emission line fluxes were binned spatially across the jet. This allowed a 1D plot of flux ratio

along the jet axis from which the electron number density was derived. Unfortunately, the

[Fe ii] 1.53µm emission for the red-shifted jet was too faint, and so the electron number

density could not be estimated here. Figure 3.7 shows estimates for the blue-shifted jet.

We caution that our ne measurement closest to the star may still be contaminated by

photospheric subtraction residuals. We see that derived ne values range from 1 to 5 ×
104 cm−3 close to the star, and drop to a plateau at ' 104 cm−3 beyond projected

distances along the jet of z=0.4-1′′. These values are lower than the ne values of 104.5 to

105 cm−3, derived by Giannini et al. (2019), from a spectrum on source with seeing of 0.′′8

(i.e. not spatially resolved along the jet). Giannini et al. (2019) values are likely strongly

dominated by the very inner denser regions of the jets, which we do not probe here due

to strong continuum residuals. Hence, it is likely that ne remains high closer to the star,

i.e. our first datapoint may be discounted. Such high values are also typically found at

the base of other T Tauri jets (see e.g. Coffey et al., 2008).

3.3.4 Bipolar Jet Mass Flux

A critical parameter in modelling jet physics is the mass flux of the jet. Using our

measurements, the jet mass flux was estimated with two methods, described in detail in

Nisini et al. (2005) and Agra-Amboage et al. (2011).

Method 1: For a jet uniformly filled with a number density of hydrogen nuclei, nH ,

the mass flux is given by (see Eq. 2 in Agra-Amboage et al., 2011):

ṀJ = 1.3× 10−9M� yr−1
( nH

105 cm−3

)
×
(

DJ

14 au

)2(
VJ

100 kms−1

) (3.2)
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Figure 3.7: Top: Blue-shifted jet centroid velocities with 3σ errors. Bottom: Electron

number density, ne, derived from the line ratio [Fe ii] 1.53µm/1.64µm at various distances

along the blue-shifted jet. [Fe ii] 1.53µm emission close to the source was contaminated

by residuals from continuum subtraction.

where DJ is the jet diameter and VJ the jet velocity. The electron number density ne

and ionisation fraction xe together allow an estimate of the hydrogen number density,

nH = ne/xe. For DO Tau blue-shifted jet, the ionisation fraction, xe, was reported as 0.01

at velocities of -100 km s−1 from high spectral resolution data (see Fig. 10 Giannini et al.,

2019). Since there is no spatial information (i.e. how the ionisation fraction changes with

distance along the jet), we adopt this value for all positions along the blue-shifted jet.

The jet diameter is taken as the jet FWHM directly measured in the deconvolved maps.

This gives an upper limit on the jet diameter (in the sense that we we do not correct for

the PSF FWHM). The deprojected jet velocity is given by VJ = Vr/cos(ijet), where ijet

is the jet inclination angle to the line of sight, and Vr is the radial velocity of the jet.

The deprojected blue-shifted jet velocity is thus VJ = −109 km s−1. Method 1 gives an

upper limit on the mass flux. Indeed, in addition to the upper limit on the jet radius, we

also likely over-estimate the hydrogen number density, given that we assume a constant

ionisation along the jet whereas the ionisation may vary (e.g. Bacciotti and Eislöffel,

1999). Indeed, the value taken from Giannini et al. (2019) is probably dominated by the

inner brighter regions close to the star, and so better represents the base of the jet.

Method 2 allows us to derive an estimate of the jet mass flux from the [Fe ii] line

luminosity and electronic density estimates. This method assumes optically thin emission,

uniform excitation conditions within the emitting volume and iron fully singly ionized

(Fe+/Fe=1). The [Fe ii] line luminosity per unit length can then be directly related to
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the mass flux with the following equation (eq. 4 in Agra-Amboage et al., 2011):

ṀJ = 1.45× 10−8 M� yr−1

(
1 +

3.5× 104

ne(cm−3)

)(
L[Feii]

10−4 L�

)
×
(

Vt

150 kms−1

)(
lt

21015cm

)−1 (
[Fe/H]

[Fe/H]�

)−1 (3.3)

where Vt is the jet tangential velocity projected on the plane of the sky, and lt the length of

the aperture both projected onto the plane of the sky. We take vt=43.5 km s−1(calculated

from i =23.5◦ and vr=-103 km s−1) and lt = 0.′′05 = 1014 cm (at 140 pc). This method also

depends on the Fe gas phase abundance. Giannini et al. (2019) has shown that the Fe gas

phase abundance is close to solar in the DO Tau blue-shifted jet at higher velocities, with

[Fe/H] ' 70% [Fe/H]�. No spatial information is available for the evolution of this ratio

along the jet so we take here a ratio value of 1 at all positions along the jet. No correction

for extinction was included either, since the already low visual extinction towards DO

Tau, Av= 0.75, has even less impact in the near-IR. Method 2 gives a lower limit on the

mass flux. Here, a lack of correction for extinction leads to an under-estimated luminosity.

Also, we do not correct for iron depletion, which again yields a lower limit on the mass

flux.

Figure 3.8 shows our results for the derived mass flux along the blue-shifted jet. Errors

are on the order of 30%, increasing to > 50% beyond 0.′′9 from the source. Since Method

1 provides an upper limit and Method 2 a lower limit to the mass flux, we take an

average of the two methods. Note that the mass flux values presented in Figure 3.8

rely on a one-dimensional plot of the electron number density along the jet (see Figure

3.7). Given the faintness of the 1.53 µm line, it was not possible to produce a 2D map

of the density. Additionally, the total density is not accessible without a measure of

the ionisation fraction for which we have used an estimate measured by Giannini et al.

(2019) near the star (since they do not spatially resolve the jet). Note that, with the

assumption of a constant ionisation fraction, the variation in mass flux with distance

from the star reflects the variation in electron number density. However, we caution that

spatially resolved measurements of ionisation fraction in other Class II jets show that

this quantity can fluctuate spatially by a factor of ten within a few 100 au of the source

(e.g. Lavalley-Fouquet et al., 2000; Bacciotti et al., 2002; Hartigan et al., 2007; Maurri

et al., 2014). Therefore, we cannot exclude that the fluctuations in Figure 3.8 could be

caused by underlying spatial variations in ionisation fraction, rather than a true change

in mass flux. So only the average value of mass flux will be considered hereafter. Thus,

we estimate 5 × 10−9 M� yr−1 for the blue-shifted jet.

When considering the red-shifted jet, we note that the [Fe ii] 1.64 µm line is about
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ten times fainter than in the blue-shifted jet, and the 1.53 µm line is not detected in the

red-shifted jet in our data. Instead, to estimate the mass flux in the red-shifted jet, we

use the value for electron density found by Hirth et al. (1997). In the red-shifted jet, an

average electron density of 5000 cm−3 is found between 2-4′′ from the star. Assuming the

ionisation fraction is similar, this suggests a possible mass flux on the order of 10−8 M�

yr−1 in the red-shifted jet. The mass loss rates compare well with typical values derived

for similar high accretion targets. In particular, RW Aur reveals 2.6 and 2 × 10−9 M�

yr−1 for the red- and blue-shifted jet, respectively (Melnikov et al., 2009).

We calculate a mass accretion to ejection ratio by using the mass accretion rate, Ṁacc

≥ 1.44 × 10−7 M�yr
−1 (Gullbring et al., 1998). Summing our mass flux estimate for the

red- and blue- shifted jets, and comparing this to the mass accretion rate, we obtain a

ratio of 0.10. Alternatively, since our red-shifted jet mass flux estimate is less accurate,

we assume that the red-shifted jet has the same mass flux as the blue-shifted jet (an

assumption for asymmetric jets supported by Melnikov et al. (2009), we double our one-

sided value of Ṁjet ∼ 5× 10−9 M� yr−1 to achieve a ratio for the bipolar jet of 2Ṁjet/Ṁacc

∼ 0.07. These ratios are in line with literature values for the HVC component in similar

targets, such as e.g. DG Tau (Maurri et al., 2014), RY Tau (Agra-Amboage et al., 2011),

RW Aur (Melnikov et al., 2009) and compatible with predictions from MHD launching

models (Ferreira et al., 2006a).

3.4 Discussion

3.4.1 The Origin of the Bipolar Jet

Assuming the magneto-centrifugal mechanism of jet launching, our observations can po-

tentially provide a way of differentiating between competing models. The main long-

standing contenders in this class of model are: accretion powered stellar winds launched

from open magnetic field lines anchored at the stellar surface (Matt and Pudritz, 2005);

winds launched from the interaction of the stellar magnetosphere and inner disk from r

∼ 0.05 au (Shu et al., 2000; Romanova et al., 2009; Zanni and Ferreira, 2013); disk-winds

launched from a range of radii in the disk (Pudritz et al., 2007; Ferreira, 1997).

Our high resolution observations of the jet base allowed us to probe a possible jet ro-

tation signature, which can be used to indicate the launch-point of the jet. Unfortunately,

the size of the error bars on radial velocities measured across the jet prevent any claim

of a jet rotation detection. We can nevertheless impose an upper limit on any rotation

present. The errors in our measurements allow us to provide an upper limit on the jet
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Figure 3.8: Top panel shows the [Fe ii] 1.64µm line luminosity per unit length for the

blue-shifted jet. (The red-shifted jet has a typical value of ∼ 3 × 10−8 L� per unit

length). Bottom panel shows the jet mass flux calculated using two methods: method 1

(black) based on nH and jet radius estimate, method 2 (green) based on the [Fe ii] 1.64

µm line luminosity per unit length and the electronic density ne to find the emitting mass.

Both methods are described in more details in the text. Method 1 gives an upper limit,

while method 2 is a lower limit.

toroidal velocity, and hence provide constraints on jet launching models.

However, these models critically rely on an assumption of a steady, axisymmetric

flow. Clearly, evidence of jet wiggling may call into question this assumption. Indeed,

Cerqueira et al. (2006) showed that a precessing and variable velocity jet can present trans-

verse asymmetries in velocities similar to rotation signatures. However, these simulations

include strong velocity variability at the source (with ∆V = ±100 km s−1). The observed

line of sight velocity variations along the DO Tau jets do not exceed ±5km s−1in the blue,

±13km s−1in the red, in the central 150 au. In addition, our observations do not show any

clear evidence for shock formation (no emission knot detected) or brightness asymmetries

across the blue-shifted jet. Therefore, we assume that despite the small wiggling detected

(with a deprojected semi-opening angle of 0.5◦ more than twice smaller than the jet beam

semi-opening angle of 1.1-1.4◦, see Section 3.3.1), the low level of velocity variability does

not produce shocks strong enough to introduce significant departure from axisymmetry

for the global flow. No simulations of jet propagation with such conditions exist to our

knowledge, and would be required to fully test this hypothesis. For DO Tau, the wiggling

introduces possible changes in the inclination angle of the flow axis to the line of sight

of < 0.5◦ for the blue-shifted jet, and < 2.5◦ for the red-shifted jet. These variations are

smaller than the assumed global uncertainty of 5◦ taken for the jet inclination to the line
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of sight. We therefore apply the method outlined below to derive an upper limit on the

launching radius.

Assuming a steady, axisymmetric and cold MHD ejection process, the radius in the

disk-plane where the jet originates can be calculated using the method of Anderson et al.

(2003). This method relies on the general conservation principles of total specific energy

and momentum along each magnetic surface, thus removing the magnetic term and so

allowing a calculation of the launch radius from observed velocities alone. The approx-

imation below is valid when the observed jet poloidal velocity is much greater than the

Keplerian velocity at the launch point, which is verified a-posteriori, see below. Hence,

the jet launch radius in the disk plane, r̄0, is given by:

r̄0 ' 0.7 au
( r̄∞

10 au

)2/3 ( vφ,∞
10 km s−1

)2/3

×
( vp,∞

100 km s−1

)−4/3
(

M∗
1 M�

)1/3 (3.4)

where r̄∞ is the radius from the jet axis of the observation (at a distance from the disk

plane of effectively infinity, z=∞), vφ,∞ is the toroidal velocity observed at z=∞, vp,∞ is

the poloidal velocity observed at z=∞, and M∗ is the mass of the star.

The poloidal velocity can be derived from the radial velocity, v̄r = vp cos(ijet) while

the toroidal velocity can be derived from the difference in radial velocities either side of

the jet, ∆Vr = 2 vφ sin(ijet), where the jet inclination angle is with respect to the line of

sight. We make our calculations based on velocity measurements at a distance along the

jet of z∼0.′′4 (corresponding to a deprojected distance z0=112 au). We want to observe

as close to the jet base as possible, to maximize signal-to-noise and minimise effects of

jet wiggling further downstream, but far enough from the base to resolve the jet in the

transverse direction (without deconvolution). We take measurements at a distance across

the jet from the jet axis of r = 0.′′1. We avoid using measurements very close to the jet

axis because it is expected that, as we draw closer to the jet axis, any radial velocity

gradients across the jet will be washed-out by beam convolution effects (Pesenti et al.,

2004; Tabone et al., 2020).

Referring to Figure 3.6, we see that for z∼0.′′4 (top right panel) we measure an average

radial velocity of -95 km s−1 which gives a jet poloidal velocity, vp = -103.6 km s−1 ±
7.5 km s−1. For r = 0.′′1 (outer datapoints), the error bars give us an upper limit on the

difference in radial velocity, ∆vr < 5 km s−1. This gives us a 3 σ upper limit on toroidal

velocity of vφ < 6.3 km s−1 ± 0.7 km s−1. We thus achieve an upper limit on the specific

angular momentum, r × vφ, carried by the jet of < 87 au km s−1 ± 19 au km s−1. For
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a stellar mass M? ∼ 0.59 M� (and assuming an uncertainty of 30% on the stellar mass),

we calculate an upper limit on the launch radius in the disk-plane of r̄0 < 0.5 ± 0.1 au.

We perform the same calculation for the red-shifted jet at a position of z∼0.′′8, i.e. before

variations in the jet axis position become too large. At this position, we find an average

radial velocity of 170 km s−1 giving a poloidal velocity of 185 km s−1 ± 12 km s−1. From

the upper limit on the difference in radial velocity, ∆vr < 7 km s−1 at a jet radius of r =

0.1.′′, we derive an upper limit on the toroidal velocity vφ < 8.7 km s−1 ± 0.9 km s−1 and

specific angular momentum rvφ < 122 au km s−1 ± 27.1 au km s−1. From these values

for the poloidal velocity and specific angular momentum, we infer an upper limit on the

launching radius of the red-shifted jet to r̄0 < 0.3 au ± 0.06 au. Our derived upper limits

on the launching radii differ between the two lobes (r0 < 0.5 ± 0.1 au for the blue lobe,

r0 < 0.3 ± 0.06 au for the red lobe). However, since these values are upper limits, they do

not exclude the same launching radius for both sides of the jet. We note, however, that

in each lobe we measure different terminal velocities very close to the source. This points

to a possible asymmetric launching process which could imply different launch radii for

the two jet lobes. Possible origins and effects of an asymmetric jet launch are discussed

in Section 3.4.2.

Besides the launch point, r0, another important parameter that can be extracted from

observed kinematics to constrain the MHD launching mechanism is the ”magnetic lever

arm parameter” λ (Anderson et al., 2003 and Ferreira et al., 2006a). This parameter

measures the total specific angular momentum extracted by the wind in units of the

Keplerian value at its footpoint in the disk. It may be shown from steady MHD theory

that λ ' (rA/r0)2 where rA is the Alfvén radius1 (Blandford and Payne, 1982). Therefore,

the asymptotic level of wind rotation is the same as if matter was forced to co-rotate rigidly

with the field up to the Alfvén radius rA, and conserve its angular momentum beyond

this point. The lever arm is, therefore, a measure of the efficiency of the mechanism

for extracting angular momentum from the disk. (In reality, however, the conversion of

field torsion into outflow rotation takes place over scales > rA so that the observed λφ

estimated from the specific angular momentum of the matter only gives a lower limit to

the true λ (Pesenti et al., 2004, Ferreira et al., 2006a)). Note that λφ reaches λ when all

the magnetic energy is converted to kinetic energy, i.e. when all angular momentum has

been transferred to the matter. This typically occurs when z/r0 >> 100 (Tabone et al.,

2020). Given the distance at which we make our measurements, z = 0.′′4-0.′′8 (∼ 60-120

au), and the small inferred values of r0 < 0.3-0.5 au, we would thus expect λφ ∼ λ. Using

1The Alfvén radius of the magnetic streamline is the distance along the outflow at which the acceler-

ating plasma reaches the velocity of the Alfvén wave propagating along the flow, vA=(Bp/(4πρ))1/2.
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Figure 3.9: Parameter space of the magnetic lever arm parameter, λφ, and jet launching

radius, r0, predicted for steady magneto-centrifugal disk winds, based on the relationship

between jet kinematics, rvφ and vp (see Ferreira et al., 2006a). DO Tau blue- and red-

shifted jet kinematics are plotted, with 1σ errors, revealing theoretical λφ and r0 upper

limits.

Equation 10 from Ferreira et al. (2006a), we retrieve an upper limit on λφ independently

of r0 from observed values of rvφ and vp. (For graphical derivation, see Figure 3.9.) We

find λφ ∼ λ ≤ 6.25 and 11, for the blue- and red-shifted jets respectively.

Our derived upper limit for the DO Tau blue-shifted launching radius is consistent

with the low Fe gas phase depletion observed in this jet (Giannini et al., 2019), suggesting

that the Fe jet originates from close to the dust sublimation radius in the disk, estimated

to be ∼ 0.13 au by Eisner et al. (2014). Our derived upper limit on r̄0 also matches the

computed upper limits of r0 = 0.44 and 1.6 au for the RW Aur blue- and red-shifted

jet respectively (Woitas et al., 2005), and of r0 < 0.45 au for the RY Tau blue-shifted

jet (Coffey et al., 2015). Moderate λ values such as the one derived here have been also

favoured for the DG Tau jet (Pesenti et al., 2004). They correspond to warm MHD

disk-wind solutions such as the ones computed by (Casse and Ferreira, 2000).

Our results do not allow discrimination between the competing launching mechanisms.

However, they confirm that the high-velocity jets originate from, at most, 0.5 au ± 0.1 au
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from the star in the disk plane. We caution however that these results only relate to

the very narrow jet component which is traced by the high velocity [Fe ii] line. It is

possible that there co-exists a lower velocity, broader outflow component which is launched

from larger radii in the disk-plane. Indeed, a low-velocity component is also detected in

DO Tau in some typical jet emission lines (Giannini et al., 2019). These authors have

shown that physical properties (excitation temperature, densities, ionisation fractions)

vary continuously with velocities across the line profiles suggesting a common physical

origin for both the lower and higher velocity components. Furthermore, Fernández-López

et al. (2020) estimate a larger upper limit of ≤ 15 au on the launching radius for the wind

component driving the ringed CO outflow which they recently identified.

3.4.2 The Origin of the Velocity Asymmetry

In section 3.3.2.1, we report that the velocity asymmetry between the DO Tau blue- and

red-shifted jets is traced close to the source, indicating that it is likely to be caused by

the jet launch mechanism. We also report that the asymmetry is constant at a factor 1.7

and sustained for around 7 years. For a typical inner disk truncation radius of 0.05 au,

the Keplerian orbital timescale at the inner disk around a 0.59 M� star is 0.014 yrs ('
5 days). Therefore, the velocity asymmetry in the DO Tau bipolar jet is sustained over a

duration of at least 500 times the orbital period of the inner disk. We investigate below

the constraints brought by these results on asymmetric jet launching models.

Lovelace et al. (2010), Dyda et al. (2015) and Lii et al. (2014) have all studied the

launching of asymmetric outflows from the magnetospheres of rapidly rotating stars in

the propeller regime. They find that the presence of a small dipole component leads

to the formation of one-sided accretion funnel flows accompanied by episodic outflows

in the opposite hemisphere. The dominant direction of ejection changes stochastically

on timescales of ' 30-50 inner disk orbital periods. The inclusion of a disk magnetic

field does not significantly affect these results (Dyda et al., 2015; Lii et al., 2014). On

longer timescales, the jets will therefore look essentially symmetric. Such models therefore

cannot account for the velocity asymmetry sustained over typically an order of magnitude

longer timescales observed in the DO Tau bipolar jet.

A more promising scenario is provided by recent numerical works studying the launch-

ing of outflows from magnetised disks. If originating from an MHD disk-wind, a difference

of a factor 4 in launching radius would account for a difference of a factor 2 in terminal ve-

locities. Alternatively, different lambda values could be achieved between the two surfaces

of the disk. The pioneering studies of Fendt and Sheikhnezami (2013) and Dyda et al.

(2015), using a simplified α prescription for the disk viscosity, have shown that indeed
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asymmetric high velocity jets can develop and endure over long lasting timescales, ' a

few hundred orbital timescales at the inner disk radius, depending on the disk magnetic

properties. Bipolar jet velocity asymmetries of up to a factor 2-2.5 are observed in such

models.

Recent global non-ideal MHD simulations of magnetised disks, including more com-

prehensive disk microphysics and evolving both hemispheres, have confirmed these early

results and shown that pronounced asymmetries between the lower and upper disk halves

of the disk can develop and launch asymmetric outflows which persist over timescales of

at least 1000 times the orbital period at the inner disk radius (Béthune et al., 2017; Bai,

2017; Gressel et al., 2020; Riols et al., 2020). However, most of these recent simulations

do not currently include the very central regions of the disk (r ≤ 1 au) from which the

high-velocity jets are launched.

3.4.3 The Origin of Jet Axis Wiggling

As seen in Section 3.4.1, the DO Tau bipolar jet shows a quasi sinusoidal small amplitude

wiggling of its axis. Similar wiggling has been recently revealed at the base of other T Tauri

jets (e.g. Dougados et al., 2000; Anglada et al., 2007; Garufi et al., 2019). This wiggling

is often interpreted as tracing the dynamical perturbation due to an unseen companion.

A companion can induce wiggling of the jet axis in two different ways. The first one is

orbital motion of the jet source (Masciadri and Raga, 2002; hereafter ‘orbital scenario’).

Alternatively, a mis-aligned companion can cause retrograde precession of the disk rotation

axis around the orbital axis (Papaloizou and Terquem, 1995), and hence of the associated

jet axis (Terquem et al. (1999); hereafter ‘precession scenario’). Sheikhnezami and Fendt

(2018) have studied the onset of jet/disk precession in a binary system and showed that

moderate mis-alignments between the binary and disk orbital planes (< 10◦) are required

for persistent MHD jet launching. The small wiggling angle detected here would therefore

be consistent with such scenario. We discuss below the two possible binary wiggling

mechanisms, and show that both scenarii met difficulties in reproducing the pattern of

the DO Tau bipolar jet wiggle. We then discuss an alternative jet precession mechanism

related to a possible warping instability in disks launching magnetically-driven outflows,

proposed by Lai (2003).

3.4.3.1 Wiggling due to binarity

In principle, we can distinguish between the orbital and precession motion induced by

a companion by examining the symmetry pattern of the wiggling between the jet and
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Figure 3.10: Wiggle in the jet axis of DO Tau: Black dots with associated error bars

show the jet axis displacement, measured with respect to the blue-shifted jet PA. On the

red-shifted jet side (left), grey dots show measurements before correction for a possible

misalignment of 1◦ of the red-shifted jet. Top panel: The red solid curve shows the orbital

solution fitted to the blue-shifted jet axis wiggling. Bottom panel: The solid cyan curve

shows the precession solution fitted to the blue-shifted jet axis wiggling. The dashed cyan

curve shows the same precession solution computed for the red-shifted jet, but adjusted

for a phase shift and an increased precession angle (by a factor 2.5). See text for more

details.

counter-jet: orbital motion produces a mirror-symmetry, while jet precession produces

an S-shaped symmetry (Masciadri and Raga, 2002). For DO Tau, however, the effect is

complicated by the velocity asymmetry between the two jet lobes, and by the limited field

of view of our NIFS observations. To examine these two scenarii, we use the formalism

and equations first introduced by Masciadri and Raga (2002), and further developed in

Anglada et al. (2007) and Estalella et al. (2012), to model the wiggling in the HH 30

bipolar jet.

i) Orbital scenario In the orbital scenario, the launching point of the jet moves as the

jet source orbits the center of mass of the system (where the jet source can be either the

primary or secondary component). We further assume that the jet axis and the binary

orbital axis coincide, i.e. the binary orbital plane and the disk plane of the jet source are

aligned.

Following Anglada et al. (2007), we define m1 as the mass of the jet source and
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µ = m2/mtot as the ratio between the mass of the companion and the total mass of the

system. Let a be the binary separation and r0 the orbital radius of the jet source with

respect to the center of mass of the system (r0 = µa). Using the wiggling parameters on

the blue-shifted side with equations (6) & (7) from Anglada et al. (2007), and including

an uncertainty of 5◦ for the jet inclination and 5 km s−1for the blue-shifted jet line of

sight velocity, we derive for the jet source an orbital velocity of v0=1. ± 0.45 km s−1and

an orbital radius of r0=0.32 ± 0.13 au. The orbital period is then τorb=9.5 ± 5.6 years.

This best-fit solution is represented in Figure 3.10, top panel. This solution reproduces

the amplitude and spatial wavelength of the jet axis wiggling on the blue-shifted side but

fails to reproduce the amplitude of the wiggles on the red-shifted side.

Indeed, the larger amplitude wiggling on the fastest jet side is in contradiction with

the expectation from the orbital model. In the orbital scenario, the amplitude of the

wiggles is set by the ratio between V0, the orbital velocity of the jet source around the

center of mass of the system, and Vjet. Given that the receding jet has roughly twice

the velocity of the approaching jet, we expect the opening angle of the wiggles to be two

times smaller on the red-shifted side, which is clearly not observed.

This orbital solution also predicts a periodic variation in line-of-sight velocity of ampli-

tude v0× sin i = 0.2-0.7 km s−1, which is an order of magnitude smaller than the observed

radial velocity variations along the blue-shifted jet (±5 km s−1over the inner 200 au) and

within our estimated uncertainties on the centroid velocities. So such a variation could be

hidden in larger amplitude variations due to, for example, time variability in the ejection

velocity.

ii) Precession scenario Wiggling of the jet axis could also be the signature of precession

driven by tidal interactions between the disk and a companion in a non-coplanar orbit.

This scenario has been investigated in the context of the HH 30 bipolar jet by Anglada

et al. (2007); Estalella et al. (2012). We assume that the jet axis precesses with a precession

angle β and precession period τpre and that the jet precession axis coincides with the

average jet PA. We show in Figure 3.10 (solid blue curve) the equivalent precession solution

obtained by setting the precession period equal to the period of the orbital solution

(τpre = 9.5 ± 5.6 yrs) and the precession angle β such that tan(β) = tan(θobs) × sin i,

which gives β= 0.52 ± 0.22 ◦ for the approaching jet.

Similar to the orbital solution, the spatial wavelength of the wiggles is expected to be

twice as large on the receding side as on the approaching side. However,contrary to the

orbital scenario, the apparent opening angle of the wiggles does not depend on the jet

velocity since it is set by the precession angle. Such a solution also predicts a periodic
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variation of the line of sight velocity of amplitude ±vj sin(β) sin(ijet) ' 0.4 km s−1, very

similar to the orbital case. These variations are much smaller than both our estimated

uncertainties and the observed radial velocity variations along the jet.

Again, the agreement is not good on the receding jet side. A better match can be

obtained by introducing a phase shift between the precession of the red- and blue-shifted

jets and increasing the precession angle by a factor ' 2-2.5 for the red-shifted jet (dashed

blue curve in Fig.3.10). Such a solution would be possible if the red- and blue-shifted jets

originate from annuli at different radii in a warped disk (each disk annulus would make a

different angle in 3D with respect to the orbital plane).

In the case of a companion in an inclined orbit perturbing the circumstellar disk of

the jet source, a general expression for the precessional period was originally derived

by Papaloizou and Terquem (1995) and Terquem et al. (1998) for arbitrary disk surface

density distributions and rotation curves, assuming rigid body precession and a circular

orbit. The orbital period of the companion is found to be significantly smaller than the

disk precession period, by at least one order of magnitude if µ < 1 (see Equation 24 in

Terquem et al. (1998)). In the DO Tau case, however, this would imply orbital periods

shorter than one year, which would be inconsistent with an orbit 2-4 times wider than

DO Tau’s disk (which has Rd > 150 au, see Section 3.1).

An alternative scenario is a planetary mass companion in a misaligned orbit within

the primary disk itself. Recent works have studied the impact of such a companion

on the disk (Xiang-Gruess and Papaloizou, 2013; Nealon et al., 2018; Zhu, 2019). For

sufficiently massive planets, a gap is created at the orbital radius which can divide the

disk in two parts. The inner disk then precesses at a much faster rate than the outer disk.

The relationship between the companion orbital period τorb and the inner disk precession

period τpre is then given by a similar expression than in the distant binary scenario (see

Eq. 27 in Zhu (2019)):

τorb

τpre

=
3

8
cos(ip)

(
µ√

(1− µ)

)
σ3/2 (3.5)

where ip is the angle between the disk and the companion orbital angular momentum

vectors and σ = Rd/a the ratio of the radius of the inner disk to the companion separation.

In the mis-aligned planetary mass companion scenario σ ' 1. While this ratio is 5 times

larger than in the previous ”distant binary” scenario (where σ ' 1/3), it is still much

smaller than 1 for µ << 1 (planetary mass companion). In the case of DO Tau, with

ip ' β = 0.5◦, we thus have:

τorb

τpre

' 0.37
µ√

(1− µ)
' 0.37µ for µ << 1 (3.6)
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Additional constraints can be obtained by requiring that the angular effect produced

by the orbital motion of the jet source is negligible compared to the precession angle, i.e.
V0

Vj
≤ tan(β), which translates here into v0 ≤ 1.4 km s−1(taking into account uncertainties

on Vj and β). The total mass of the system mtot and orbital velocity V0 can be expressed

as a function of the orbital parameters by:(
mtot

M�

)
= µ−3

( r0

au

)3
(
τorb

yr

)−2

(3.7)

V0 = 2π
r0

τorb
(3.8)

Combining these equations, the requirements that v0 ≤ 1.4 km s−1and mtot ' 0.6 M�

then imply µ ≤ 0.02, ie. companion masses ≤ 12 MJup, and separations a ≤ 0.15 au.

Therefore the precession scenario requires a massive planetary mass companion in a

very close orbit (separation less than 0.15 au) with a small mis-alignment of its orbit (a

few degrees). It is not clear how such small misalignments could be preserved over long

timescales. Zhu (2019); Xiang-Gruess and Papaloizou (2013) show that, in standard disk

conditions, a massive enough planet (> 6 MJ) is required for the inclination damping

timescale to exceed the precession timescale at small misalignments. With this additional

constraint, the precession solution requires a companion mass in the range 6-12 MJup with

separations 0.1-0.15 au. Such a solution would still allow the launching of the jet but seems

unlikely as the survival of the inner disk may be affected at such small separations. It

is also not clear how the red- and blue-shifted jets would precess with slightly different

solutions since this scenario predicts solid body precession of the inner disk.

3.4.3.2 Precession induced by magnetic torques

Given that the binary models face significant issues in reproducing the observed wiggling

in the DO Tau bipolar jet, we investigate an alternative mechanism. Lai (2003) recently

proposed that magnetic torques associated with the outflow may cause warping instability

of the accretion disk, and hence precession of the disk rotation axis and associated jet axis.

This study finds that the growth timescale for the disk warp, and so the precession period,

is of the order of the radial accretion time of the disk, r/—vr—. The study suggests that

a warped, precessing disk-outflow system may be an alternative (and preferred) state for

an accretion disk threaded by large-scale magnetic fields.

Here, we apply this idea to the case of DO Tau. We find the disk radial accretion

timescale, r/—vr—, by taking the radial distance travelled, r, as the outer limit on our
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jet launching radius, r0 = 0.5 au ± 0.1 au. In a standard viscous α-disk model (Shakura

and Sunyaev, 1973), the radial accretion velocity is given by vr ∼ α (h/r) cs under the

assumption of a thin disk (i.e. h/r << 1). Typically, α = 10−2 − 10−3 and h/r= 0.1,

giving radial velocities which are very subsonic (' 10−3cs). However, in a disk launching

a jet through magneto-centrifugal processes, accretion radial velocities are significantly

increased with respect to the standard viscous case, due to the efficient extraction of

angular momentum provided by the magnetised wind. In such as case, radial velocities

are typically expected to fall between 0.1 and 1 cs (see e.g. Combet and Ferreira, 2008).

Taking a gas temperature of 1000 K, which gives a sound speed cs ∼ 3 km s−1, we obtain

a typical radial accretion timescale ranging from 0.7 to 7 yrs. This rough estimate is

marginally compatible with the derived jet precession period of 10 ± 2.7 years, suggesting

that such a mechanism could be at work in the DO Tau disk. This disk warp could also

account for a difference in PA of 1
◦

between the blue- and red-shifted jets, as well as for a

slightly different precession solution for the two jets if they arise from annuli at different

radii in the disk.

3.5 Conclusions

We present a case study of the DO Tau bipolar jet, examining the jet base with high reso-

lution spectro-imaging, in order to constrain jet launching models. The main conclusions

are the following:

- The DO Tau blue-shifted jet is among the narrowest and initially most collimated

Class II jets identified so far. Strong collimation (with semi-opening angle ≤ 1.5◦) is

achieved within deprojected distance from the source z0=40 au. The derived opening

angle is twice smaller than the estimated Mach opening angle. The jet base is very nar-

row, with a jet radius < 4 au at z0=40 au. This is similar to recent observations at the

base of the Class 0 HH 212 SiO jet (Lee et al., 2017). These results strongly support a

collimation mechanism independent of evolutionary stage, as already suggested by Cabrit

et al. (2007), which in turn strongly supports a magnetic collimation mechanism.

- The DO Tau red-shifted jet is not detected until projected distances from the source

z ≥ 0.5′′, consistent with occultation by the gaseous disk observed with ALMA. It then

shows a similar collimation to its blue-shifted counter-part.

- For the DO Tau blue-shifted jet, terminal velocities are reached within z0=40 au and

show only small variability (less than 20%) thereafter on a time-span of 15 years. This

suggests weak shocks, if present at all. Indeed, no emission knots can be clearly identified

in the blue-shifted jet [Fe ii] emission.
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- We measure a blue-shifted jet electron number density of 5 × 104 cm−3 close to the

source (z∼0.′′3) followed by a sharp decline and plateau to 1×104 cm−3 at z ∼0.′′4-1′′ from

the source. Combined with our velocity measurements, we derive a jet mass flux of Ṁjet

∼ 5 × 10−9 M� yr−1 for the DO Tau blue-shifted jet. Assuming a similar mass flux for

the red-shifted jet yields an overall ejection to accretion mass flux ratio of Ṁjet ×2/Ṁacc

∼ 0.07.

- No systematic difference in peak centroid velocity is observed across the blue-shifted

jet. Our observations put a 3 σ upper limit on jet rotation velocities of Vφ ≤ 6.3 and

8.7 km s−1 for the blue and red-shifted jets, respectively, at jet radii of r=14 au. This

yields specific angular momentum of r × Vphi ≤ 87 and 122 au km s−1 for the blue and

red-shifted jets, respectively. Under a steady and axisymmetric MHD disk-wind launch-

ing process assumption, this implies a jet launch radius in the disk plane of r0 ≤ 0.5 au

and r0 ≤ 0.3 au for the blue and red-shifted jets, respectively. We discuss the possibility

that such difference derives from an asymmetric launch mechanism in the two disk hemi-

spheres. An origin so close to the star of the [Fe ii] jet is consistent with the absence of

significant Fe gas phase depletion. However, we note that the detection of wiggling in the

jet may call into question the assumption of axisymmetry, under which these values have

been determined.

- We confirm the previously reported striking velocity asymmetry between jet and counter-

jet, of a factor 1.7. This asymmetry is established close to the source and stays constant

over a time span of at least 7 years corresponding to ' 500 orbital timescales at the inner

disk region. This long lasting asymmetry is in accordance with predictions from recent

simulations of magnetised disk-winds.

- We identify jet axis wiggling in both lobes with an apparent semi-opening angle of 1.3 ±
0.5◦ and spatial wavelength of 90 ± 5 au on the blue-shifted side. The spatial wavelength

of the wiggles is poorly constrained on the red-shifted side but the opening angle appears

larger at 2.6-4.7◦. The larger amplitude wiggling observed for the faster (red-shifted) jet

excludes orbital motion of the jet source as the origin of the wiggling. Precession of the jet

axis can be fitted to the observed wiggling on both sides if different precession angles and

precession phases are assumed. Such a solution would require the blue- and red-shifted

jets to originate from rings at different radii in the disk, and to precess slightly differently.

A warping instability, induced by the launching of magnetic disk-wind, is a promising

mechanism to explain the disk precession and wiggling in the DO Tau bipolar jet.

Overall, the observed properties of the DO Tau bipolar jet are consistent with prop-

erties of a disk-wind model for jet launching, provided it originates in the inner regions of
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the disk. Our study shows the power of high resolution spectro-imaging observations close

to jet base in imposing constraints on competing jet launching models. However, further

case studies are required to build statistics on asymmetric bipolar jets, if jet launching is

to be fully understood with all its consequent implications for magnetic field strengths in

the inner regions of protoplanetary disks.

3.6 Appendix

3.6.1 Uneven slit illumination

For accurate rotation measurements, our derived [Fe ii] velocity centroid maps need to be

corrected for spurious velocity shifts due to uneven-slit illumination. The slicing mirrors

in NIFS/GEMINI behave like a long-slit spectrograph, for which off-axis light suffers from

a shift in wavelength on the detector with respect to on-axis light. The magnitude of this

effect depends on both the centering and gradient of light distribution within the “slitlet”.

In our observations, the total light distribution is dominated by the PSF of the stellar

continuum, which has a FWHM on the order of the “slitlet” width (0.1′′). Therefore, one

might expect this effect to be significant over the spatial extent of the PSF wings which,

due to imperfect adaptive optics (AO) correction, cover a significant fraction of the NIFS

field of view.

We followed the method outlined in appendix A of Agra-Amboage et al. (2014) to

model the uneven slit illumination effect. We take, as the incoming light distribution,

an image in a wavelength band which includes the relevant emission line plus the nearby

continuum. This is obtained by spectrally integrating the datacube in a narrow wavelength

domain centered on the line of interest, here [Fe ii]λ1.64 µm, and over-sampled by a

factor 5. In each spaxel, we then estimate the location of the brightness centroid and its

displacement with respect to the slitlet center. The velocity shift induced by the uneven

slit illumination effect on a given spaxel is then given by the following formula, adapted

from Marconi et al. (2003):

∆v(x0, y0) =
δv

δx/2.
×
∫∫

Imod(u, v)× (u− x0) du dv∫∫
Imod(u, v) du dv

where δv is the spectral pixel sampling, δx the width of the slit, and Imod is the model

infalling light intensity integrated over the current spaxel of detector coordinates (x0,y0).

Figure 3.11 shows the resulting 2D maps of the velocity corrections around the [Fe ii]

λ 1.64µm line for the datacubes corresponding to the two instrument position angles used.

These velocity corrections reach 7-10 km s−1 close to the stellar peak position, and rapidly
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decrease to a few km s−1 at larger distances. As expected the velocity corrections have a

stronger variation along the x (dispersion) direction.

We also determined empirically the velocity shifts induced by the uneven slit effect

by looking at a photospheric absorption line near 16755 Å, located in the vicinity of

the [Fe ii] 1.64µm line. Figure 3.11 shows the centroid velocity shifts relative to the

central spectrum (vcen(x, y)− vcen(x0, y0)), derived by Gaussian fitting of the line profile.

Although these maps are more noisy, they show very good agreement with the computed

model velocity correction maps above, Figure 3.11.



4
Probing jets from young embedded sources:

clues from HST near-IR [Fe II] images

4.1 Introduction

Bipolar jets are a key ingredient in the star formation process, but the role they play is

not yet fully understood (Frank et al., 2014a). They are found to transport significant

amounts of mass and momentum away from the newly forming star, but theoretical models

still struggle to agree on their basic formation mechanism (e.g. Ferreira et al., 2006a).

Most research to-date has focused on more evolved (Class II) sources which have

already cleared their surrounding envelopes and therefore are easier to observe with optical

instrumentation (Frank et al., 2014a). However, to understand the earlier evolutionary

stages, we must also study jets from less evolved (Class 0/I) sources. These sources

are still highly embedded in their dusty envelope and dense cloud of material and the

resulting large extinction prevents an accurate determination of their physical properties

close to the star. Consequently, detailed studies of extended jets from these objects are

usually performed only far from the central source (i.e. > 10”), where the problem of

extinction becomes less severe. In these regions, however, the jet has already interacted

with the ambient medium through multiple shocks, loosing the pristine information about

67
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its acceleration mechanism.

Hence, studies of the jet base require observations at longer wavelengths, which can

penetrate the circumstellar envelope, combined with an accurate estimate of the associated

extinction to allow correct interpretation of plasma conditions. In this respect, [Fe ii]

lines in the near-IR have been shown to be important tracers of embedded jets (e.g.

Davis et al., 2003; Nisini et al., 2002). Ground-based observations of the bright 1.64 and

1.25µm transitions, in particular, have been widely used to probe Class 0/I dense jets

and to measure their extinction (e.g. Nisini et al., 2005; Davis et al., 2011; Garcia Lopez

et al., 2010).

Sub-arcsecond spatial resolution observations are needed to allow identification of the

morphology of internal shock fronts (a.k.a. knots) within the jet stream, and to resolve

their widths, allowing jet collimation to be measured. However, ground-based IR facilities

can provide only limited spatial resolution on embedded targets, because such sources do

not constitute suitable natural guide stars for adaptive optics. Observations from space

are therefore needed to reach the required resolution.

Here we present Hubble Space Telescope (HST ) Wide Field Camera 3 (WFC3) images

in [Fe ii] lines of four well known Class 0/I sources, namely HH 1/2, HH 34, HH 46/47

and HH 111, that have been extensively studied by HST in the optical through multi-

epoch imaging in the Hα and [S ii] emission. In particular, comprehensive studies of HH 1

(Reipurth et al., 2000a; Bally et al., 2002), HH 34 and HH 47 (Reipurth et al., 2002;

Hartigan et al., 2005, 2011), and HH 111 (Hartigan et al., 2001; Noriega-Crespo et al.,

2011a) have addressed their morphological changes, brightness variations and proper mo-

tions, mainly in the outer, optical bright part of these jets. Previous HST Near Infrared

Camera and Multi-Object Spectrometer (NICMOS) images of these sources (Reipurth

et al., 2000a,b) have revealed details hidden in optical observations, tracing the jet emis-

sion closer to the driving source than previously possible. However, these previous NIR

images, obtained with broad-band filters, were not suited to infer properties of the inner

jets, where the emission from source continuum nebulosity dominates over the jet line

emission.

In our study, we have acquired narrow band images centred on [Fe ii] 1.64 and 1.25 µm

together with images taken in continuum emission at adjacent wavelengths, in order to

perform an optimum continuum subtraction and analyse the jet emission as close as pos-

sible to the source. These images allow us to study jet physics by examining the initial jet

collimation and velocities, extinction along the jets, and counter-jet asymmetries. These

observations will also have a legacy value for future mid-IR observations on these outflow

with the James Webb Space Telescope (JWST), which opens an important wavelength
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Table 4.1: Properties of the four targets

Target Class RA DEC Ref. Dist. Jet PA Inc. Ref.

(pc) (◦) (◦)

HH 1/2 0 05:36:22.840 -06:46:06.20 1 383 325.5 10 5,6

HH 34 I 05:35:29.846 -06:26:58.08 2 383 165.7 34 7,6

HH 46/47 I 08:25:43.800 -51:00:36.00 3 450 52.3 34 8

HH 111 I 05:51:46.254 +02:48:29.65 4 400 277.3 10 4,9

(1)Rodŕıguez et al. (2000); (2) Rodŕıguez et al. (2014); (3) Arce et al. (2013); (4) Lee

et al. (2016); (5) Bally et al. (2002); (6) Großschedl et al. (2018); (7) Raga et al. (2012);

(8) Reipurth et al. (2000b); (9) Raga et al. (2002)

window on jet launching in Class 0/I sources.

The paper is structured in the following way: Section 2 presents the image acquisition

and data reduction performed in order to obtain flux calibrated and continuum subtracted

images of the four outflows. Section 3 presents the general morphology of the [Fe ii]

emission, in comparison with previous optical images of the same jets, and describes the

analysis performed on the images. In Section 4 we discuss our results and we give our

main conclusions in Section 5.

4.2 Observations & Data Reduction

4.2.1 Observations

Using HST WFC3 we observe four Class 0/I jets (HH 1/2, HH 34 (d=383 pc), HH 111

(d=400 pc) in the Orion Nebula and HH 46/47 in the Gum nebula, (d=450 pc)(Program

ID: 15178, PI: B. Nisini). The WFC3 field of view (FoV) is 136′′ × 123′′ in the IR and 162′′

× 162′′ in the UVIS channel, while the spatial sampling is 0.′′13 and 0.′′04, respectively.

For three sources (HH 34, HH 46/47 and HH 111), a single FoV position was sufficient

to include the relevant sections of the jet, while for the fourth target (HH 1/2) two

overlapping FoV positions were required to achieve full spatial coverage that includes

both the HH1 and HH2 bow shocks. In all cases, the jet was positioned diagonally across

the field of view to maximise spatial coverage. Images were obtained in three narrowband

filters: F126N and F164N (IR channel); and F631N (UVIS channel). In addition, images

in adjacent narrowband filters (F130N, F167N and F645N) were obtained to facilitate

continuum subtraction. Exposure times vary between ≈ 500-2000 seconds in each filter.

Details of the observations are summarised in Table 4.2.
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Table 4.2: Summary of HST WFC3 observation dates and exposure times for each filter

used. We also include the central wavelength and FWHM of each filter.

Target Date F126N F130N F164N F167N F631N F645N

(s) (s) (s) (s) (s) (s)

HH 1 (North) 20 Jan 2019 1105 455 905 705 700 746

HH 1 (South) 20 Jan 2019 1105 555 805 705 700 700

HH 34 31 Jan 2019 1958 1305 1958 1958 1764 1168

HH 46 29 Mar 2019 1958 1605 1958 1958 1920 1385

HH 111 28 Mar 2019 2108 1005 2108 1958 1761 1167

λcen (nm) 1258.5 1300.9 1645.1 1667.1 630.3 645.3

FWHM (Å) 151.19 156.28 208.5 210.85 61.33 85.12

4.2.2 Data Reduction

The data were calibrated through the standard HST data reduction pipeline. IRAF

software was used for further data reduction as follows.

First, the continuum images were aligned to the line+continuum images. Using the

ccxymatch and ccmap routines, pixel coordinates and RA/DEC coordinates for between

3-6 background stars in each image were provided to identify the required transformation

to align the images. The new positions of the same stars in each image were compared

using 2D Gaussian fits to ensure the images were indeed correctly aligned. Additionally,

for HH 1 which was observed with two FoV positions, the frames were combined using

the imcombine routine with the offsets keyword set to use the WCS header information

to align each frame.

To flux calibrate the data, each image was multiplied by the PHOTFLAM header

keyword which converts the data units to flux units of ergs cm−2 s−1 Å−1. This calibration

was checked to be accurate for continuum sources by converting the binned counts to

magnitudes, for a selection of stars in the image. The magnitudes were found to be within

0.5 mag of the 2MASS catalogue value. The images were then multiplied by the filter

width to obtain flux units of ergs/s/cm2 in the line images. This procedure gives correct

results only if the filter transmission is uniform, so that the average filter throughput,

used in the calibration with the PHOTFLAM parameter, does not significantly differ

from the throughput at the exact wavelength where the lines were emitting. In the case

of the adopted filters, the transmission curve is quite flat and we found that the average

throughput value differs from the throughput at the line wavelength by only about 1% .
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The aligned, flux-calibrated images were then continuum subtracted to remove the

strong nebulosity around the source and observe the jet base close to the star. A direct

subtraction of the continuum image, however, still leaves some residual nebulosity around

the source, likely due to scattered line emission in the envelope cavities.

4.3 Results

We present the large scale structure first, and then the inner jet channel closest to the

star to examine the small scale structure.

4.3.1 Large Scale Structure

4.3.1.1 Jet morphology

For each target, we present in Figures 1-4 the jet morphology using images in the [Fe ii]

1.64 µm emission line, as this line gives the richest detail. Images in [Fe ii] 1.25 µm

and [O1] λ6300 are shown in Appendix 4.6.1. The [O1] λ6300 images are very noisy,

especially close to the source where the line emission is weak due to high extinction, and

so will not be discussed further. The top panel of Figures 4.1 to 4.4 gives the entire FoV,

while the bottom panel provides an enlarged view of the region marked by the green box.

A number of observed features are labelled in each figure.

Figure 4.1 shows the image of the HH 1 and HH 2 region, that includes the HH 1 (blue-

shifted) jet, driven by the radio source VLA1. The other radio source of the system, VLA2,

driving the HH 144 outflow, is also indicated. Few weak knots of the counter-jet are also

observed here. In the bottom panel, a region covering the HH 1 jet is enlarged. Here we

see that the jet is detected as close as 2.′′5 from the driving source while the innermost

region is obscured due to high extinction, consistent with previous reports by Reipurth

et al. (2000a); Davis et al. (2000b); Nisini et al. (2005). Various jet knots are labelled

from L to F following the nomenclature of Reipurth et al. (2000a). The HH 501 knots,

which differ in orientation with respect to the main HH 1 jet knots, are also labelled. The

two knots in the red-shifted HH 1 counter-jet, correspond to similar distances from the

source as knots G and F, and so are here labelled as rG and rF.

Figure 4.2 shows the HH 34 jet and associated HH34S bow shock to the south. The

red-shifted counter-jet is clearly detected, at variance with optical and even [Fe ii] 1.25µm

images. Stapelfeldt et al. (1991) first imaged the HH 34 jet in the NIR [Fe ii] 1.64µm line,

and also faintly detected the counterjet (see Figure 7f in their paper). The counterjet

was detected in further IR spectroscopic and imaging observations (Garcia Lopez et al.,
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Figure 4.1: [Fe ii] 1.64µm continuum subtracted image of the HH 1/2 region. The

bottom panel is an enlarged view of the inner HH 1 jet region, marked by a green box in

the top panel. Contour levels are at 1, 2, 3, 4, 6, 8, 10, 15 and 20×10−19 erg s−1 cm−2.

2010; Antoniucci, S. et al., 2014) and Spitzer images (Raga et al., 2011), but never with

the level of details shown here. The bottom panel shows the various observed jet knots,

which are labelled following the nomenclature of Reipurth et al. (2002). The jet driving

source, VLA, is also marked.

Figure 4.3 shows the complex structure of the HH 46/47 target, which was first ob-

served in the NIR by Eislöffel et al. (1994). Our image covers most of the blue-shifted

outflow, that includes the HH 46 jet and its red-shifted counter-jet, the HH 47B knots

chain, and the bright bow shock towards the North-East, HH 47A. The position of the

jet driving source, HH 46 IRS, is also marked. The enlarged figure of the continuum sub-

tracted central region shows the detailed structure of the inner jet better than previous

optical and IR HST images as these were dominated by the strong reflection nebula in

which the jet is embedded (Reipurth et al., 2000a; Hartigan et al., 2005). In fact, sig-

nificant residual scattered line emission is still visible in the image on the northern side

of the jet. Bright jet knots are seen that follow the arc-shaped structure of the jet. The

red-shifted jet does not emerge until about 5 arcsec from the central source and it is not

symmetrically displaced with respect to the blue-shifted jet.

Figure 4.4 shows the HH 111 bipolar jet, driven by the radio source VLA1 with the

bright blue-shifted lobe and its dimmer red-shifted counterpart. Many individual knots
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Figure 4.2: The same as Fig. 4.1 for the HH 34 region. Contour levels are at 1.2, 2, 4,

5, 7, 10, 20 and 40×10−19 erg s−1 cm−2.

are revealed in the enlarged view of the inner jet region. Near the HH 111 jet we observe

also knots from the HH 121 jet, driven by the VLA2 radio source. The [Fe ii] 1.64µm

image reveals many details of the jet structure within ∼ 20 arcsec from the driving source

(VLA1) that remained hidden in optical images, where the jet is seen only at larger

distances (knots from E to L, Reipurth et al., 1997; Hartigan et al., 2001), when it emerges

from a cone-shaped cavity. This is shown in Fig. 4.5, where the image taken in the F167

continuum filter is presented, with superimposed contours of the [O1] emission. Some of

the red-shifted knots observed here were already discovered in previous HST/NICMOS

and Spitzer images of the jet (Reipurth et al., 2000a; Noriega-Crespo et al., 2011a) as well

as in ground-based 2.12µm observations (Coppin et al., 1998). However, our continuum

subtracted image, where the large nebulosity around the central source is removed, reveals

the sequence of symmetric blue- and red-shifted knots with an unprecedented level of

detail. We name the inner knots, observed only in the IR in the blue-shifted jet, A1 - A7.

We name corresponding counter-jet knots rA1 - rA5.

4.3.1.2 Proper Motions

We compare the [Fe ii] images of our targets with archival images taken in previous epochs

with HST in the [S ii] filter (top two panels of Figures 4.6-4.8). The [S ii] images of the

HH 34 and HH 46 jets used here were first published in Hartigan et al. (2011); and for

HH 111 we use the [S ii] image from Hartigan et al. (2001).
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Figure 4.3: The same as Fig. 4.1 for the HH 46/47 region. Contour levels are at 1.3,

2.6, 4.9, 7.0, 10, and 15×10−19 erg s−1 cm−2.

The jet morphology, when both lines are detected, is very similar with only minor

changes in individual knots. The major difference between the two tracers is that [Fe ii]

emission is observed close to the source, unlike [S ii]. This is particularly evident for

HH 111 (see Figure 4.8), where [S ii] is observed only where the jet emerges from the

cone-like cavity.

As the [S ii] images were taken typically 10-20 years before the [Fe ii] images, combining

the two datasets allows us to measure the secular proper motions of the jets with great

accuracy, as although the tracers are different, the [S ii] and [Fe ii] emission is expected

to peak in the same post-shock region for a given epoch (Nisini et al., 2005).

Firstly, the [Fe ii] and [S ii] images were registered to each other using field stars

detected in both filters. For HH 1 however, only one star in common was found in the two

fields, therefore it was not possible to align the images. We therefore report on the proper

motion for the HH 34, HH 46/47 and HH 111 jets only. The images were also rotated

such that the direction of the flow was aligned to the horizontal according to the jet PAs

listed in Table 4.1, and defined on the inner jet/counter-jet knots. The proper motions

were derived by measuring the shifts between the individual knots in the [Fe ii] and [S ii]

images. These shifts are clearly observed in the [Fe ii] - [S ii] difference images for each

target as presented in the bottom panels of Figures 4.6-4.8. We identified knots that do

not present major structural changes between one epoch and the next, and we measure the

difference in position between the photo-centres of the knots in the two epochs. Proper

motions converted to tangential velocities using the adopted distance, together with values
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Figure 4.4: The same as Fig. 4.1 for the HH 111 region. Contour levels are at 0.2, 0.5,

0.8, 1.5, 2.5, 3.5 and 4.5×10−19 erg s−1 cm−2.

reported in recent literature based on a smaller time interval corrected for our adopted

distance, are presented in Figure 4.10 and listed in the tables of Appendix 4.6.2

For the HH 34 jet, the measured tangential velocities (top panel of Figure 4.10) tend

to decrease with distance from the source, as already reported by Raga et al. (2012), with

differences of within 20-30 km s−1 in most of the knots. Ground based images of the

HH 34 jet (Eislöffel and Mundt, 1992) report a similar trend for the inner part of the

jet, however a large increase in tangential velocity was measured further from the source

which is not seen in our results. At the position of about 5′′, we see an abrupt decrease of

tangential velocity which is not recorded by Raga et al. However, the same rapid decrease

at similar distances is measured in previous proper motion studies by Eislöffel and Mundt

(1992) and Reipurth et al. (2002).

For the HH 111 jet, the tangential velocities decrease with distance in the first 40′′

from the star, with small fluctuations of about 15-20 km s−1. This trend was also found

by Hartigan et al. (2001), with higher absolute values by approximately 20-30 km s−1.

The velocity seems then to increase again at further distance from the star.

The deceleration of jets with distance is a known phenomenon observed in several

extended outflows. It has been interpreted as either due to an intrinsic variability of the

ejection velocity or to a braking in the interaction of the jet with the surrounding medium.

Jet precession was also suggested as a possible cause for the jet slow down (e.g. Masciadri

and Raga, 2002).

At variance with the other two outflows, the HH 46/47 jet appears to be accelerating

with distance from the star. If we exclude the knots at 40′′ and 70′′, the derived tangential



4.3. Results 76

Figure 4.5: [Fe ii] 1.64µm line+continuum image of the HH 111 jet and cavity. [O1]

contours are overplotted in black (levels are 0.2 and 1 ×10−19 erg s−1 cm−2), showing that

at optical wavelengths the jet is observed only at large distances from the source (marked

by the black circle). The red-shifted jet is not detected in the optical.

velocities correspond to those found by Hartigan et al. (2005) within 20 km s−1. Ground

based images (Eislöffel and Mundt, 1994) measure similar tangential velocities which

generally remain more constant along the jet length.

4.3.2 Inner Jet Region

HST infrared images allow us to trace the jet targets closer to the central source than

was previously possible with optical images, and to detect the fainter counter-jet in all

cases. These images can therefore provide insights into some properties of the inner jet

region which have so far remained unexplored. In this section we analyse the width of

the jets and its variation with distance from the central source, the symmetry between

the jet and the counter-jet, and the extinction in the inner jet region.

4.3.2.1 Jet Collimation

The degree of collimation of the jets can be estimated by measuring how the jet width

varies with distance from the driving source. In order to measure the jet width, the

continuum-subtracted [Fe ii] 1.64 µm images were first rotated to align the jet PA with

the x-axis (see Section 4.3.1.2). Two approaches were then considered. In the first, we

measured the jet width as the FWHM of the transverse intensity profile with a single or

double Gaussian, depending on the presence of low-intensity wings. The second approach,
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Figure 4.6: Comparison of the HH 34 knot positions in [Fe ii] with contour levels at

0.05, 0.08, 0.19, 0.67, 2.5 and 9.9 ×10−18 erg s−1 cm−2 (top) and [S ii] with contour levels

at 0.6, 0.63, 0.74, 1.2, 2.9 and 9.9 ×10−16 erg s−1 cm−2 (middle) images with an eleven

year baseline. The circle marks the driving source position. The bottom panel shows the

subtraction image for [Fe ii]-[S ii]

Figure 4.7: Same as Fig. 4.6 for the HH 46 outflow. [Fe ii] contour levels are 0.2, 0.23,

0.35, 0.8, 2.6 and 9.9 ×10−19 erg s−1 cm−2. [S ii] contour levels are 0.9, 0.94, 1.1, 2.5 and

9.9 ×10−16 erg s−1 cm−2.
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Figure 4.8: Same as Fig. 4.6 for the HH 111 outflow. [Fe ii] contour levels are 0.55,

0.58, 0.75, 1.7 and 7 ×10−19 erg s−1 cm−2. [S ii] contour levels are 0.1, 0.12, 0.25, 0.9 and

5 ×10−15 erg s−1 cm−2.

Figure 4.9: Comparison of HH 1 [Fe ii] (top) and [S ii] (bottom) images with an eleven

year baseline. Only one star is present in both images so it was not possible to accurately

align the images to create the subtraction image. However, we still see the jet in the

[Fe ii] image is detected much closer to the star than in [S ii]. [Fe ii] contour levels are

0.07, 0.08, 0.1, 0.25, 0.8 and 3 ×10−18 erg s−1 cm−2. [S ii] contour levels are 0.4, 0.42, 0.5,

0.8, 2 and 7 ×10−15 erg s−1 cm−2.
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Figure 4.10: Tangential velocities for HH 34 (top), HH 46 (middle) and HH 111 (bot-

tom). The black markers show literature values, while the blue markers are the values

found from the [Fe ii] knot positions in this work.
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was to directly measure the width of the transverse intensity profile at half the height

of the peak, without Gaussian fitting. The two methods give similar results within the

errors. In some cases, as in HH 1 at the position where the HH 501 knots intersect the

main jet, a triple-Gaussian fit was required. Lastly, the jet widths were deconvolved by

subtracting in quadrature the instrumental FWHM of 0.′′153.

Figure 4.11 shows the measurements of jet widths for each of the targets as a function

of distance from the central source. For comparison, the binned flux along the jet is

plotted in the top panels. In all cases, a gradual increase in jet width with distance is

found, with an undulation in the jet width for the HH 1 and HH 111 jets, anticorrelated

with the intensity. This effect is due to the fact that in the dimmer points the residual

nebulosity dominates the emission and consequently the jet FWHM is overestimated.

This undulation is not observed at HH 34 or HH 46. In all cases, the jet width could not

be measured closer than ∼100 au to the star either because of a lack of jet emission, or

residual continuum emission close to the star.

The observed expansion of the deprojected jet width with distance gives a measure of

the opening angle of the jet. As shown in Figure 4.11, opening angles of ≈ 2◦ are found

for the outer regions of the jets (i.e. at deprojected distances larger than a few hundred

au from the source). However, for HH 46, we observe a wider opening angle of ≈ 8.5◦.

Furthermore, for HH 34 we observe a change in opening angle, where in the innermost

part of the jet we measure an opening angle of 7◦, decreasing to 1.5◦ measured between

≈ 400 - 1500 au from the star. Table 4.3 provides the values measured for each target.

Estimates of the widths for individual knots of the HH 1, HH 34 and HH 111 jets

were given from previous HST images in Reipurth et al. (2000a), Reipurth et al. (2002),

Reipurth et al. (2000b), respectively. However these works, which are based on images

without continuum subtraction of the source nebulosity, mainly addressed jet collimation

at larger distances from the source. In Reipurth et al. (2000a,b) the jet widths and opening

angles of HH 111 and HH 1 were measured for images in both [S ii] and [Fe ii] emission,

the latter being acquired with HST/NICMOS observations. In HH 111, these previous

measurements give a width of about 150 au at a distance of ∼ 1200 au, i.e. compatible

with our estimates. In HH 1 Reipurth et al. (2000b) derive a width of about 80 au at a

distance of 1000 au, where instead we measure about 150 au, while at larger distances

(e.g. knot H and G) there is better agreement. In Reipurth et al. (2002) the variation of

the [S ii] width with distance for the HH 34 jet is reported. The widths measured in this

work are smaller than our measured widths in the inner knots, while at a distance of about

1500 au the two become comparable. We think that these differences are caused by the

increased difficulty in correctly measuring the widths of the inner knots if the continuum
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Figure 4.11: Top: Binned flux along the jet. Bottom: Jet FWHM from 1D Gaussian

fits at each pixel. Errors are 3σ. In HH 34, we measure the opening angle with a linear

fit over the regions in the jet marked by red and green solid lines. In HH 46, the opening

angle is measured at every point along the jet up to approx 1000 au, marked by the solid

red line. For HH 1 and HH 111, the opening angle is measured by fitting all points with

a 3σ smaller than 30 au (dashed red lines). The grey points in for HH 1 and HH 111 are

those with 3σ larger than 30 au, which are not fitted when measuring the opening angle.

The dashed grey line is the instrumental FWHM of 0.′′153.
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Figure 4.12: Left: Comparison of the brightness profile and 1D Gaussian fits for two

sample positions along the HH 1 jet. The dim profile (black) shows how the jet width

may be overestimated by the presence of low intensity emission, leading to the undulating

pattern of the jet width seen in Figure 4.11. Right: Comparison of the brightness profile

and 1D Gaussian fits for two sample positions along the HH 34 jet which does not appear

to be affected by residual low intensity emission.

is not subtracted.

Table 4.3: Opening angles for each target measured over various distances along the jet

Target z Opening angle

(au) (◦)

HH 1 >1000 2.2

HH 34
<400 7.0

400 - 1500 1.5

HH 46 <1000 8.5

HH 111 >1000 2.3

4.3.2.2 Jet/counter-jet asymmetries

Since we observe both jet and counter-jet in all sources, we can investigate asymmetries

between them. To this aim, we have mapped the jet and counter-jet trajectory, identifying

the position of each jet knot photocentre by using a 2D Gaussian fit. The errors on the

knot centroids were found using 1D Gaussian fits across the jet. We considered only

the knots in the main body of the collimated jets, as they are more compact and thus

their centroids are less prone to uncertainty caused by the presence of diffuse emission,

unlike in extended bow shocks at the jet apex. The knot positions with respect to the
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jet axis (defined according to the PA given in Table 1) are plotted in Figure 4.13. The

driving source position has been taken as the origin of the jets. All jets show a systematic

displacement with respect to their axis. For HH 34 and HH 111, the driving source

position, taken as coincident with the VLA sources, appears shifted by about 0.′′1 with

respect to the jet axis. It is unlikely that this is an effect due to extinction, since we use the

radio source coordinates which should not be affected by diffuse emission, therefore this

apparent shift indicates a possible misplacement of the source coordinates with respect

to the HST images.

In HH 111, HH 34 and HH 46, we observe symmetry between the corresponding blue-

and red-shifted knots with respect to the plane perpendicular to the jet passing through

the source. In particular, the HH 111 jet is very well traced at distances up to ± 60′′

from the central source and both the jet and counter-jet show mirror symmetry in their

trajectories. This configuration can be caused by the orbital motion of the jet source

around a companion, as we will discuss in Section 4.4.2. In HH 34 and HH 46, while

the blue- and red-shifted knots also appear to show mirror symmetry, we cannot identify

a clear undulation with a jet/counter-jet symmetry. Therefore, we cannot exclude other

possible causes of the observed pattern given the large error bars in the red-shifted knots

(for HH 34) and the low number of knots (for HH 46). For HH 1, an insufficient number

of red-shifted knots are observed to allow differentiation between mirror symmetry and

point symmetry patterns in the trajectory. Note, however, that identifying the exact jet

PA using the inner knots is tricky, and can significantly influence the interpretation of the

asymmetry. We will discuss the observed asymmetries in more detail in Section 4.4.2.1.

4.3.3 Extinction along the jets

The [Fe ii]1.25 µm/1.64 µm line ratio is independent on the gas physical conditions (tem-

perature and density), since the two lines originate from the same upper level. Conse-

quently, this ratio depends only on the atomic physics and on the reddening along the

line of sight. We can therefore use our maps obtained in the two narrow band filters to

estimate the extinction along the jet. This method assumes that the emission entering

our narrow band filters is only due to the reddened lines. However, as already noted,

close to the source there is a significant contribution from nebulosity due to continuum

scattered light. Therefore, we measured the line ratio using images which were first

continuum-subtracted. The presence of fainter [Fe ii] lines falling within the bandwidth of

the continuum filter can also contaminate the continuum-subtracted flux measurements.

We evaluate this contamination in the Appendix 4.6.3 and estimate it to be 5% at most

in the dense jet sections close to the source.
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Figure 4.13: Position of the 2D photocentres of knots along the jets with respect to

the jet axis and the plane perpendicular to it passing through the source (horizontal and

vertical grey dashed lines, respectively). Error bars are 1σ.

To measure the line ratio along the length of each jet, the jet images were binned across

the width of the jet, producing the 1D line flux curves in Figure 4.14. The extinction

values were calculated by averaging the flux in each knot along the jet and assuming the

empirically determined intrinsic value for the [Fe ii]1.25/1.64 µm ratio of 1.1 (Giannini

et al., 2015). The Cardelli et al. (1989) extinction law has been used to estimate AV .

The errors in the extinction calculation were taken to be 14% based on the HST/WFC3

PHOTFLAM calibration errors of 10%.

Figure 4.14 and Table 4.4 show high visual extinction values close to the source,

typically 10-15 mag, that gradually decrease towards negligible values at further distances.

In the inner regions, residuals of continuum emission and noise introduced by continuum

subtraction may influence the results. Red-shifted counter-jets have consistently larger

values with respect to the corresponding blue-shifted jets. In HH 34 and HH 1, where the

counter-jet has been detected only in the 1.64 µm line, lower limits on the AV of about

10 mag have been estimated.
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Figure 4.14: Extinction curves for all four sources. Extinction values calculated from

averaged flux values of the [Fe ii] 1.25 µm and 1.64 µm lines, assuming a theoretical ratio

value of 1.1 (Giannini et al., 2015). Upper limits were calculated at points where the SNR

of the 1.25 µm line was less than 3.

4.4 Discussion

4.4.1 Comparing Class 0/I to Class II jet widths and collimation

Figure 4.15 compares the widths of our four jets measured in [Fe ii] with those of T Tauri

jets in the literature which are based on high spatial resolution observations (i.e. using

HST or using ground-based observations with adaptive optics). The HH 1 and HH 111

widths appear only in the right panel of Figure 4.15 because we do not observe these jets

close to the source. Similarly, the HH 46 jet is not shown in the right panel because it

becomes wider than the y-axis range of the plot.

Our results directly compare with those of the T Tauri jets, which are based on [Fe ii]

or [S ii] lines tracing the same parts of the jet, as we discussed in previous section.

As seen in Section 4.3.2.1, HH 34 and HH 46 have opening angles of ∼ 1.5 and 8.5 ◦

(respectively) and this collimation, similar also for the other jets, is preserved up to very

large distances. In HH 34, however, the widths measured in the first points at z < 400

au suggest an initial wider opening angle of ∼ 7◦ that however would need confirmation

with observations at higher spatial resolution.

The more striking difference emerging from Figure 4.15 is that the HH 34 and HH 46

jet widths are much wider than for the T Tauri sources when compared on the same

spatial scale. T Tauri jets actually show a wide range of jet widths, which also depend on



4.4. Discussion 86

Table 4.4: Extinction (Aν) values along each of the four jets. The error is 14%.

HH 1 HH 34 HH 46 HH 111

z (”) Aν (mag) z (”) Aν (mag) z (”) Aν (mag) z (”) Aν (mag)

-13.5 7.7 -25.47 8.1 -10.05 6.5 -42.82 3.69

-11.3 12.1 -21.7 8.5 -7.17 14.5 -40.19 3.57

2.11 10.9 -19.71 14.0 -4.99 21.5 -27.07 10.05

3.97 9.4 -17.73 15.9 -0.70 14.9 -25.02 8.49

5.76 3.1 -15.42 11.5 0.32 13.5 -8.51 12.68

7.23 2.3 -12.99 5.9 1.66 8.2 -5.70 16.01

-2.56 6.6 -3.01 15.99

1.41 4.7 2.69 14.43

3.33 4.6 5.82 7.48

8.32 6.57

9.47 3.86

12.16 2.67

13.36 3.36

14.59 2.60

the velocity component that one is analysing. In DG Tau, for example, spectro-imaging

observations show that the jet component at high velocity (the HVC in Figure 4.15) is

narrower and more collimated than the component at medium velocity (the MVC Agra-

Amboage et al., 2011; Maurri et al., 2014). In any case, the velocity integrated widths

measured on HH 34 and HH 46 are a factor of 2-3 larger than those estimated for the wider

DG Tau velocity component. From Figure 4.15, we also note that the widths measured

on the Class 0 source HH 212 by means of SiO observations (Lee et al., 2017) is in line

with the values measured on T Tauri stars, which suggests that jet collimation does not

necessarily depend on evolution.

Given our measured widths at a distance of ∼ 100 au, a simple linear extrapolation of

the observed jet opening angle back to the disk plane would project an initial diameter of

about 70 au and 125 au for HH 34 and HH 46, respectively. These represent upper limits

on the jet launching regions, if one considers magneto-centrifugal mechanisms where the

jet initially expands and is then recollimated at few au above the disk (e.g. Pelletier and

Pudritz, 1992). Estimates of jet launch radii performed through observed jet rotation give

values between 0.1-4 au for the high velocity atomic component of T Tauri jets (Bacciotti

et al., 2002, Coffey et al., 2004, 2007), while for the Class I sources HH 26 and HH 72

Chrysostomou et al. (2008) measured slighting larger launch radii of 2-4 au through H2



4.4. Discussion 87

Figure 4.15: Comparison of Class 0/I jet widths derived in this paper with the widths

measured for several T Tauri jets in the literature. The horizontal dashed line is the

instrumental FWHM (0.153.′′) in our measurements.

observations. Also, HST observations of the HN Tau and UZ Tau E jets indicate an

original width at the jet source < 5 au (Hartigan et al., 2004). If we assume that the

HH34 and HH46 jets originate from similar launching radii at < 5 au, then the widths

measured at 100 au distance imply that the jets should initially undergo a fast expansion

with an opening angle of > 40 degrees.

An additional possibility is that at large distance we are not measuring the intrinsic

jet diameter but rather the width of internal, unresolved, bow shocks or that the width

appears larger because of the additional contribution from envelope material entrained

in a turbulent mixing layer (e.g. Binette et al., 1999). Observations at higher spatial

resolution would be needed to explore the various possibilities.

4.4.2 Asymmetric lobes

There are several studies in the literature which together show that protostellar jets are

rarely well-centred on their propagation axis. In many cases, jet knots exhibit a regular

wiggling pattern that cannot be explained by a change in the trajectory of the jet due

to obstacles along the path. Alternatively, observed wiggling may be due to variations

in the direction of the ejection at the jet origin. Such direction changes can have various

causes. The possibility that the observed undulations are due to a misalignment of the

jet axis with the source rotational axis is generally ruled out, because it would produce

precession on timescales which are too short. It is more likely that the wiggling originates

from the presence of one or more companions, in which case the wiggling pattern may

be due either to the orbital motion of the driving source around the companion, or to
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precession of the disk plane due to tidal interactions in non co-planar binary systems (e.g.

Masciadri and Raga, 2002; Terquem et al., 1999). These two scenarios can be disentangled

through examination of the symmetry pattern of the trajectory presented by the jet and

counter-jet with respect to the central source: a mirror-symmetry in the case of orbital

motion, and a point-symmetry in the case of precession.

The jet/counter-jet symmetry has been studied in many sources, both Class II (T Tauri)

and Class 0/I. Mirror-symmetric jets seem more common than point-symmetric jets (e.g.

Noriega-Crespo et al., 2020; Estalella et al., 2012) although well-known examples of pre-

cessing jets have been observed, e.g. the Class 0 outflows L1157 (Gueth et al., 1996;

Takami et al., 2011) and Cep E (Eislöffel et al., 1996). In our study, we find that three

out of four targets (i.e. HH 34, HH 111 and HH 46) show mirror-symmetry in the red-

and blue-shifted knot positions. However, as noted in Section 4.3.2.2, we find some evi-

dence of a mirror-symmetry pattern caused by orbital motion of the jet source only for

HH 111, due to the difficulty in identifying a clear wiggling pattern in HH 34 and HH 46.

In the HH 1 jet (see Figure 4.13), the detected red-shifted knots are too few and faint to

ascertain the type of symmetry.

The HH 46 blue-shifted outflow has a very pronounced large scale helicoidal pattern.

Masciadri and Raga (2002) interpreted this pattern as due to the orbital motion of the

jet source around the companion found by Reipurth et al. (2000b) at λ ∼ 2µm with

a separation of approximately 120 au. Both Masciadri and Raga (2002) and Reipurth

et al. (2000b) however conclude that the complex morphology of the outflow cannot be

reproduced by this simple interpretation and could require the presence of a triple system.

For HH 34, the symmetry between the jet and counter-jet was discussed in Raga

et al. (2011), where the counter-jet at distances > 5′′ was for the first time revealed by

means of Spitzer observations. They observed an offset in the positions of corresponding

jet/counter-jet knots, and interpreted it as due to a velocity difference and a time delay

in ejection between the corresponding knot pairs.

We now observe the HH 34 counter-jet at a higher spatial resolution and closer to the

source than was previously possible. In order to better compare the knot displacement

in the two lobes, we show in figure 4.16 the offsets as a function of distance, where the

positions of the red-shifted knots have been folded over so as to be plotted on the same

x-scale as the blue-shifted knots. Note that, for both the blue and red data-points, there is

a sharp increase of the offsets with respect to the jet axis for distances <∼ 10′′. However,

this increase in offsets occurs much more rapidly in the blue-shifted jet, followed by an

abrupt change in direction at about 7′′ after which the jet and counter-jet axes seem to

align. It is not clear whether such a sharp kink of the jet axis exists in the counter-
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Figure 4.16: Offsets of the knots in the HH 34 jet (blue) and counter-jet (red) with

respect to the jet axis originating from the VLA driving source. The counter-jet knot

positions have been folded to be superimposed on the jet distance scale.

jet, because the corresponding region is extincted by the large nebulosity and so the jet

trajectory cannot be well traced in this region. Although the knots do not follow a straight

trajectory, it is difficult to identify any clear undulation with a jet/counter-jet symmetry.

Jet/counter-jet knot positions are also slightly shifted with respect to each other, but we

cannot find evidence of any regular pattern in these shifts.

4.4.2.1 Modelling the orbital motion of HH 111

The HH 111 jet shows a clearer symmetry between jet and counter-jet, with a defined

mirror-symmetric pattern. Such a symmetric pattern was noticed by Noriega-Crespo et al.

(2011b), who studied the positional distribution of the jet knots in both lobes observed

by Spitzer. Thanks to our higher spatial resolution, we can interpret the observed pattern

as orbital motion of a binary system.

We model the spiral pattern seen in HH 111, adopting the formulation given in Anglada

et al. (2007) and Masciadri and Raga (2002) for a ballistic jet of a star in circular orbit,

assuming a constant jet velocity. The parameters that enter into the model are directly

linked to observable quantities. In particular, the orbital radius of the jet source around

the binary centre of mass, ro, is given by:

ro =
λ tanα

2π
D (4.1)

where λ is the angular distance in the plane of the sky between the positions of two

maximum elongations, α is the half opening angle of the jet and D is the distance. In

addition, if vj and vo are the velocities perpendicular and parallel to the orbital plane,
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their ratio is given as:

k = vj/vo = tanα cosφ = vt/vo (4.2)

where φ is the inclination angle of the jet with respect to the plane of the sky, and vt

is the jet tangential velocity.

Once ro and vo are measured, the orbital period τo can be also given by:

τo = 2π ro/vo (4.3)

In addition, if m1 is the mass of the jet source and m2 the mass of the companion, we

have :

m = m1 +m2 = µ−3 ro
3 τo
−2 (4.4)

where µ is m2/m. Finally, the binary separation a is given by ro/µ.

For our model of the the HH 111 jet, we assume a distance of 400 pc and vt = 320

km s−1, i.e. the jet velocity at origin, estimated by extrapolating the tangential velocities

measured along the jet in Section 4.3.1.2. An opening angle and λ value of 2◦ and 20”,

respectively, are given as initial guesses for the model. Finally, we allow a slight change in

the position of the driving source and the jet inclination in order to adjust the alignment

with the jet axis.

We first tried to fit the observed offsets measured along the ± 60′′ length of the

jet with the binary orbital model described above. However, we could not find a good

solution that reproduced the observed wiggling for all the knots. We then fitted only

the internal knots (± 20′′), and the result is shown in Figure 4.17 where the best fit is

superimposed on the observed offsets. We note that the more external knots show the

same amplitude and period predicted by the fitted curve, but they are out of phase with

respect to expectations. This behaviour is consistent with the decrease in velocity seen

in Figure 4.10.

The model fit gives as output vo, ro and τo. ALMA observations give an estimate for

the mass of the VLA 1 source of 1.5±0.5 M�. Assuming this value as the total mass of

the binary, we derive, from equation (4.4) the masses of the individual sources and their

separation (a=ro/µ).

Table 4.5 summarises all the assumed and derived parameters that we find by fitting

the binary orbital model to the offsets of the inner knots for HH 111. Allowing for the

total mass to lie in the range 1 - 2 M�, the mass of the primary is in the range 0.8 - 1.4

M� and the mass of the secondary is in the range 0.4 - 0.6 M�, while their separation

ranges between 28 and 33 au. Such a separation is below the resolution achieved by the

most recent ALMA observations (Lee et al., 2020). These ALMA observations detected
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Figure 4.17: A model fit to the observed photocentre offset positions of the HH 111

inner knots as a function of distance from the exciting source. Blue boxes indicate the

measured offsets. The solid green line is the best fit of the internal knots wiggle produced

by an orbital motion of the jet source around a companion.
Table 4.5: Parameters of the orbital motion model for the inner knots.

Assumed parameters

vt 320 km s−1

Mtot 1.0-2.0 M� Lee et al. (2020)

D 400 pc Lee et al. 2016

Derived parameters

m1 0.8-1.4 M�

m2 0.4-0.6 M�

Separation a 28-33 au

Period τo 140 yr

Orbital velocity vo 2.0 km s−1

a pair of symmetric spiral structures in the massive disk of VLA1. The authors discuss

the origin of these structures as due to either gravitational instabilities or the presence

of a companion. In this latter scenario, the separation of the companion with respect to

the primary source is estimated to be ∼ 40 au. Our results would thus be consistent with

this proposed hypothesis.

Noriega-Crespo et al. (2011b) modelled, with a binary orbital motion, the jet displace-

ments observed in a Spitzer 4.5 µm image. They found that the jet wiggling, observed on

scales between 20 and 300′′, was consistent with an orbital motion of a binary formed by

two ∼ 1 M� stars with a separation of 186 au and an orbital period of 1800 years. Such a

binary separation and period would have been produced in the inner jet a much larger λ

step, inconsistent with our HST observations. In addition, such a companion would have
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been detected by the recent Lee et al. (2020) ALMA observations.

4.5 Conclusions

We have presented HST/WFC3 images of the protostellar outflows HH 1/2, HH 34,

HH 46/47 and HH 111 acquired in near-IR narrow band filters centred on the [Fe ii]

1.64 µm and 1.25 µm lines. The acquisition of images in adjacent filters has allowed us to

construct continuum-subtracted emission line images which trace the jets as close to their

origin as ∼ 50 au for the less obscured objects (i.e. HH 34 and HH 46). In all sources,

we clearly detect several knots of the counter-jet in the [Fe ii] 1.64 µm line, which were

barely visible or invisible at shorter wavelengths. In particular, the counter-jets of HH 1

and HH 34 are not detected even at 1.25 µm, testifying to a large envelope and cloud

obscuration.

The infrared images were used to measure key properties of these jets including proper

motions, jet widths, wiggling patterns, and extinction. The main results can be sum-

marised as follow:

• By comparing our [Fe ii] 1.64 µm images with archival [S ii] HST images taken more

than 10 years before, we have revised previous measurements of the jets’ tangential

velocities, finding values of the order of a few hundred km s−1 for each jet, consistent

with previous measurements to within 20-30 km s−1.

• The continuum subtracted [Fe ii] 1.64 µm images have been used to determine with

high accuracy the jet width from large distances down to a few tens of au close

to the star. In particular, we find that the HH 46 has a wide opening angle of ≈
8.5◦ while the HH 34 jet has an initial wide opening angle of about 7◦, while after

∼ 400 au it presents a higher collimation (∼ 1.5◦) which is preserved up to large

distances. Widths close to the source have been found to be wider than more evolved

Class II sources reported in the literature by at least a factor of two. This finding

suggests that either these jets are launched from larger regions in the disk or that

the jets appear wider due to a contribution from the envelope material entrained in

a turbulent mixing layer.

• We have analysed the jet and counter-jet trajectory through measurements of knot

positions with respect to the jet axis. We observe symmetry between the red- and

blue-shifted knots of three of our four targets (i.e. HH 111, HH 34 and HH 46),

however a clear wiggling pattern is only observed in HH 111. The analysis of the knot

position asymmetries in the HH 111 inner region suggests that these are due to the
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presence of a low mass stellar companion located at about 20-30 au from the primary

source. While the binary parameters calculated for HH 111 differ significantly from

low resolution Spitzer observations, our observations do agree with the Spitzer data

that a binary affects the position of the observed knots. This hypothesis is further

supported by recent ALMA observations of the VLA 1 disk which revealed spiral

structures possibly driven by the dynamics within a binary system.

• We have calculated the extinction along the jets using the [Fe ii] 1.25/1.64 µm

ratio. We find visual extinction values of 15-20 mag near the source which gradually

decreases moving downstream along the jet. We determine that the contribution of

weaker emission lines in our HST narrow band filters introduce an uncertainty of

5% at most in our calculation of the [Fe ii] 1.25/1.64 µm ratio.

This work highlights the importance of high spatial resolution IR observations in

understanding of the jet origin in Class 0/I sources. JWST has the ability to provide

observations of these jets in the mid-IR with the same resolution that HST achieves in

the optical/near-IR. In particular, with JWST it will be possible to peer even deeper in

the source natal envelope through imaging of low excitation [Fe ii] lines such as the 5.3 and

26 µm transitions. The images presented here will represent important complementary

information on the [Fe ii] emission at higher excitation and, furthermore, will provide

information on the extinction along the jet crucial for a correct quantitative interpretation

of the mid-IR emission.
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4.6 Appendices

4.6.1 [Fe ii] 1.25µm and [O 1] 6300Åimages of the jets

Figure 4.18: The HH 1 jet imaged in [Fe ii] 1.25µm (top) and [O1] 6300Åemission

(bottom). These images are not continuum-subtracted. [Fe ii] contours are 0.1, 0.11,

0.13, 0.22, 0.57 and 2 ×10−18 erg s−1 cm−2. [O1] contours are 0.5, 0.53, 0.85 and 4

×10−19 erg s−1 cm−2.

Figure 4.19: Same as Figure 4.18. [Fe ii] contours are 0.9, 0.95, 1.2, 2.5 and 10 ×10−19

erg s−1 cm−2. [O1] contours are 2, 2.05, 2.5 and 7 ×10−20 erg s−1 cm−2.
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Figure 4.20: Same as Figure 4.18.[Fe ii] contours are 0.08, 0.09, 0.1, 0.2, 0.56 and 2

×10−18 erg s−1 cm−2. [O1] contours are 4, 5.2, 6.5, 7.7 and 9 ×10−20 erg s−1 cm−2.

Figure 4.21: Same as Figure 4.18. [Fe ii] contours are 0.6, 0.65, 0.9, 2.2 and 10 ×10−19

erg s−1 cm−2. [O1] contours are 0.3, 0.65 and 1 ×10−19 erg s−1 cm−2.
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4.6.2 Tables of Jet Tangential Velocities

Table 4.6: Proper motions and tangential velocities for the knots in the HH 34 jet

compared to velocities reported by Raga et al. (2012). Velocities are calculated assuming

d=383 pc and Raga et al. (2012) values were corrected to d=383 pc.

Knota z ∆z v2019 v2012
bc

(”) (”) (km s−1) (km s−1)

1d 1.806 - - -

2 3.195 1.076 173.4 171 (1)

3 4.733 0.918 148.0 202 (2)

4 5.651 0.833 134.3 171 (3)

5 7.437 1.057 170.4 175 (4)

6 8.305 1.096 176.7 164 (5)

7 9.099 0.919 148.2 163 (6)

8 10.141 0.936 150.9 141 (7)

9 11.604 0.937 151.1 162 (8)

10 12.722 0.935 150.7 165 (9)

11 14.359 1.005 162.0 156 (10)

12 14.730 0.800 129.0 156 (11)

13 16.493 0.791 127.5
142 (12)

14 16.788 0.815 131.4

15 18.873 0.878 141.5 148 (13)

16 19.767 0.856 138.0 148 (14)

17 21.454 0.940 151.5 148 (15)

18 22.743 0.918 148.0
138 (16)

19 23.140 0.802 129.3

20 25.049 0.835 134.6 133 (17)

21 29.515 0.793 127.8 143 (18)

aKnots are numbered consecutively with distance from the source
bBrackets indicate the knot nomenclature in Raga et al. (2012)
cProper motions from Raga et al. (2012) corrected to d=383pc
dNew knot
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Table 4.7: Proper motions and tangential velocities for the knots in the HH 46 jet

compared to velocities reported by Hartigan et al. (2005), assuming a distance of 450 pc.

Knota z ∆z v2019 v2005
b

(”) (”) (km s−1) (km s−1)

1 19.3 1.165 220.9 192 (Js2)

2 22.2 1.154 218.9 246 (Js3)

3 24.1 1.145 217.2 207 (Js6)

4 25.2 1.229 233.1 200 (Js7)

5 30.6 1.145 217.2 231 (Js10)

6 37.2 1.196 226.8 236 (Js12)

7 39.2 1.346 255.3 244 (Js13)

8 43.6 0.860 163.1 230 (Js14)

9 46.2 1.192 226.1 248 (Js15)

10 49.3 1.598 303.1 251 (Js17)

11 54.3 1.598 303.1 252 (Js18)

12 60.2 1.734 328.9 252 (Js19)

13 68.3 1.391 263.8 283 (Js20)

14 74.7 1.554 294.8 299 (As1)

15 78.9 1.107 209.9 236 (As18)

aKnots are numbered consecutively with distance from the source
bBrackets indicate the knot nomenclature in Hartigan et al. (2005)
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Table 4.8: Proper motions and tangential velocities for the knots in the HH 111 jet com-

pared to velocities reported by Hartigan et al. (2001). Velocities are calculated assuming

d=400pc and Hartigan et al. (2001) values were corrected to d=400pc.

Knota z ∆z v2019 v2001
bc

(”) (”) (km s−1) (km s−1)

E 26.2 2.758 256.4
256 (E3)

284 (E2)

F 28.3 2.239 208.1
259 (F2)

217 (F1)

G 32.2 2.352 218.7 249 (G1)

H 34.1 2.095 194.8 231 (H)

I 36.9 2.151 199.9
211 (I2)

228 (I1)

J 38.9 1.935 179.9 229 (J)

K 43.3 2.621 243.7 247 (K)

L 46.1 2.476 230.2 192 (L)

aKnots named in Figure 4.4
bBrackets indicate the knot nomenclature in Hartigan et al. (2001)
cProper motions from Hartigan et al. (2001) corrected to d=400pc

4.6.3 Contamination of various [Fe ii] lines in the WFC3 narrow

band filters

The WFC3 narrow band filters used in this study cover several emission lines whose

contribution can contaminate the measurement of the [Fe ii] 1.25, 1.64µm line flux, in

particular when considering continuum-subtracted images. Hydrogen lines of the Brackett

series, like the Br 11 at 1.681µm and Br 12 at 1.641µm fall into the F167N and F164N filter

band widths, respectively. However, their emission in the investigated jets is negligible,

as testified by IR spectroscopy of some of them (i.e. Nisini et al., 2005, Podio et al. 2010).

More relevant is the emission of the other numerous [Fe ii] lines, whose relative intensity

is a function of the electron density (Nisini et al., 2002).

Table 4.9 lists the [Fe ii] lines that are covered by the filters and their relative intensity

with respect to the 1.64µm line for temperature Te = 10 000 K and density ne = 103 and

104 cm−3. At low density, the contribution of these lines within each filter is a few %

and can be thus considered negligible. However, at higher density the contribution of

some of the lines falling into the continuum filters is up to 20%. Consequently, the flux

measured in the continuum-subtracted images can be underestimated by up to this factor.
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This is the case in the inner and denser jet region, where densities as large as 5 104 cm−3

have been estimated (Nisini et al., 2005, Podio et al., 2006, Nisini et al., 2016). We note,

however, that the contamination of weaker lines in the F130N filter is comparable to

that of the F167N filter, being in both cases a similar fraction of the 1.25 and 1.64 µm

emission. Consequently, when the line ratio is estimated from the ratio of the relative

continuum-subtracted images, the uncertainty introduced by the contaminating lines is

not larger than 5% at most.

Table 4.9: [Fe ii] lines falling within the HST filters

Line λ I(ne = 103cm−3) I(ne = 104cm−3) a

F126N, λo = 1258.5 nm, ∆λ = 15.2 nm

Fe2 a4D7/2-a6D9/2 1.257 µm 1 1

Fe2 a4D1/2-a6D3/2 1.252 µm 0.003 0.01

F130N, λo = 1300.0 nm, ∆λ = 15.6 nm

Fe2 a4D5/2-a6D5/2 1.2946 µm 0.05 0.17

Fe2 a4D3/2-a6D1/2 1.2981 µm 0.01 0.04

F164N, λo = 1640.4 nm, ∆λ = 20.9 nm 0.73 0.73

Fe2 a4D7/2-a4F9/2 1.6440 µm

F167N, λo = 1664.2 nm, ∆λ = 21.0 nm

Fe2 a4D1/2-a4F5/2 1.6642 µm 0.013 0.05

Fe2 a4D5/2-a4F7/2 1.6773 µm 0.04 0.1

aIntensities relative to the 1.257 µm line estimated assuming Te = 10,000 K.



5
Helium lines as a probe of winds and

accretion in young stars

5.1 Introduction

From the earliest stages of star formation, jets and outflows are commonly observed from

young stars (Frank et al., 2014b). At the same time, accretion occurs as material flows

radially inwards through the disk onto the star (Hartmann et al., 2016). The interplay

between these two processes is relevant for the final stellar mass and for the removal

of disk mass, which impacts the material available for planet formation (Manara et al.,

2018). However, the connection between accretion and ejection is not fully understood.

Accretion occurs as material is transported through the disk. When the material

reaches the truncation radius (Rt ' 3-7 R?) it falls along magnetic field lines in accretion

flows onto the star (Hartmann et al., 2016). As the material falls onto the star, accretion

shocks lead to excess emission in ultraviolet and optical wavelengths, which causes photo-

spheric absorption features in the spectra to appear shallower (i.e. veiling). Veiling also

occurs at infrared (IR) wavelengths (e.g. Folha and Emerson 1999, Fischer et al. 2011).

Magnetic fields in the disk are likely responsible for the launching and collimation of

jets and outflows seen at young stars (Pudritz and Ray, 2019). The highly collimated, high

100



5.1. Introduction 101

velocity jets are generally observed to have a knotty structure, suggesting that material

is not ejected at a constant rate which, if these jets are accretion powered, points to

variable accretion (with periods of high accretion in ”accretion bursts” and a smaller

contribution made by a lower constant accretion rate (Arce et al., 2007a; Vorobyov et al.,

2018). Often surrounding the high-velocity jet is a slower, wider outflow which is thought

to contain entrained material swept up by the jet (e.g. Zhang et al., 2019). These jets and

outflows can be traced back to the star-disk plane, and appear to be launched through

magnetohydrodynamic (MHD) processes from the inner regions of the disk (?), though

the exact launching mechanism is not yet known (?). However, it is still not clear which

mechanism dominates the mass removal throughout the evolution of the protostar, as

photoevaporative winds (see e.g. Ercolano and Pascucci, 2017) may also drive the wider

outflows. Photoevaporation is important for disk dispersal, but does not contribute to

the removal of angular momentum. The launching of a magnetically-driven jet from the

disk is believed to play a role in angular momentum removal, which drives accretion

onto the star (Ercolano and Pascucci, 2017; Bai, 2016), thus highlighting the connection

between accretion and ejection in young stellar systems. This is further supported by

the correlation between mass loss rates and the disk accretion rate (Ṁout/Ṁacc' 10%,

e.g. Hartigan et al. 1995, Nisini et al. 2018). On the contrary, through viscous evolution

angular momentum is transported through the disk (Hartmann et al., 1998), rather than

being removed via an outflow, and so it is not possible to find a connection between

accretion and ejection in this scenario. An exception to this is in the case of X-winds

which are launched from near the corotation radius, where the magnetosphere truncates

the disk (see e.g. Shu et al. 1994).

High excitation lines have been used as a probe of the inner regions of the disk,

since their formation is confined to high temperature regions or near ionizing radiation

(Beristain et al., 2001; Edwards et al., 2006). One such line is the He I λ10830 Å line

- with high excitation and a metastable lower level, this line is particularly sensitive

to sub-continuum absorption providing a way to probe both accretion and ejection in

the inner disk regions simultaneously. Red-shifted absorption in this line traces accreting

material, travelling near free-fall velocity onto the star. The red-shifted absorption creates

the inverse P Cygni profile and is generally seen at velocities between 0 to 350 km s−1

(Fischer et al., 2008). Red-shifted absorption was identified as a good tracer of accretion

when it was discovered that even though this feature is often observed at Classical T Tauri

stars (CTTSs) with ongoing accretion, no such feature is observed at non-accreting Weak-

line T Tauri stars (WTTSs) (Edwards et al., 2006). However, the absence of red-shifted

absorption does not always imply a lack of accretion in the system, rather it may point to



5.1. Introduction 102

the presence of emission from a wind which fills the absorption feature, or high veiling of

the star. Winds are traced by blue-shifted absorption which traces outflowing material,

and can be linked to a stellar wind or disk wind depending on the absorption profile. Wide

blue-shifted absorption features are formed by a radially expanding stellar wind which is

traced up to several hundred km s−1, whereas narrow low-velocity absorption features

indicate the presence of a disk wind, where only a small range of velocities in the wind

are intercepted along the line of sight to the star (Edwards et al., 2006; Edwards, 2009).

Emission may also trace a polar wind at the star if the star is highly inclined (Kwan et al.,

2007).

Initial spectroscopic studies of the He I λ10830 Å line at T Tauri stars found blue-

shifted absorption in a majority of stars, indicating the presence of winds originating from

the inner parts of the disk (Beristain et al., 2001; Edwards et al., 2006). Modelling the

He I λ10830 Å line further proved that it can trace disk winds and stellar winds ejected

from near the star in blue-shifted absorption. The He I λ10830 Å line likely traces a

stellar wind because observations of this line show the narrow absorption characterising

disk winds less frequently than stellar wind signatures (Edwards et al., 2006; Kwan et al.,

2007). Nonetheless, both a disk wind and stellar wind could coexist at these stars, both

removing mass and angular momentum from the system. Red-shifted absorption, tracing

accreting gas, was observed more frequently in the He I line in the spectra than in other

lines (e.g. Pγ) but veiling likely prevents the detection of this feature in the spectra since

it is not observed in sources with higher veiling (Fischer et al., 2008).

However, these past studies have only dealt with small samples (n ≈ 30) of stars of the

same age, i.e., all situated in the same star forming region, Taurus (1-3 Myr, Krolikowski

et al., 2021). Observing larger samples of stars from different star forming regions is key to

establishing a connection between the accretion and ejection in these sources, for various

stages of evolution.

In this paper we present the analysis of a sample of over 100 young stars in the Lupus

(1–3 Myr; Comerón, 2008; Luhman, 2020) and Upper Scorpius (5–10 Myr; Pecaut et al.,

2012; Luhman, 2022) star forming regions. We observe the He I λ10830 Å line at higher

resolution and for a larger sample size than past works, providing an opportunity to

identify statistically significant trends in the data. The He I λ10830 Å line is examined

for each star and categorised into profile types to search for trends with respect to age,

stellar properties and accretion properties.

The paper is organised as follows. The sample, observations and pipeline data reduc-

tion are presented in Section 5.2. In Section 3 we describe the method used for identifying

the He I λ10830 Å profile types (Section 5.3.1). Here we also describe each profile type
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identified in our sample (Section 5.3.2). In Section 5.4 we present statistics on profile type

occurrences in each region and measured absorption velocities. We discuss our results in

Section 5.5, focusing in particular on observed trends in velocities, and dependencies on

source inclination and accretion properties. Our main conclusions are summarised in

Section 5.6.

5.2 Sample, observations and data reduction

5.2.1 Sample

Our sample consists of a total of 117 young stellar objects - 82 Class II sources are located

in the Lupus star forming region (d ' 160 pc; Alcalá et al. 2014, 2017) and a further 35

sources in Upper Scorpius (d ' 145 pc; Manara et al. 2020). The Lupus sample is slightly

younger (1 - 3 Myr) compared to the Upper Scorpius sample (5 - 10 Myr) allowing us to

investigate the evolution of the He I λ10830 Å profile for different ages.

Figure 5.1: Stellar masses observed in both the Lupus (red) and Upper Scorpius (blue)

regions.

The targets in our sample have spectral types between K0 and M8.5, with stellar

masses in the range ofM∗' 0.1 - 1.6M�(see Figures 5.1 and 5.2), allowing us to investigate

the properties of the He I λ10830 Å line in relation to varying stellar properties such as

spectral type, accretion luminosity etc. We include information on the spectral types,

accretion properties etc for the individual targets in Tables A.1 - A.3, however the sample

is described in depth in Alcalá et al. (2014, 2017) and Manara et al. (2020).
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Figure 5.2: Spectral types of the central star observed in both the Lupus (red) and

Upper Scorpius (blue) regions.

5.2.2 Observations

All the observations included in this work have been obtained with the ESO/VLT X-

Shooter spectrograph (Vernet et al., 2011). This medium- resolution and high-sensitivity

instrument simultaneously covers the wavelength range between ∼ 300 nm and ∼ 2500

nm. The spectra are divided in three arms which cover three different wavelength ranges.

The helium line analyzed here is located in the NIR arm, with resolution R ∼10500-5300

depending on the slit width. The spectra used in this analysis have been reduced with

the procedure described by Alcalá et al. (2014), and the observational details are listed in

Alcalá et al. (2014, 2017) and Manara et al. (2020) depending on the targets, as discussed

in the following section.

5.2.3 Data reduction

The data were initially reduced in the X-Shooter pipeline (Modigliani et al., 2010) using

the ESO Reflex workflow. This process is described in detail in previous works where

the same data reduction steps are taken, for example Alcalá et al. 2017 and Manara

et al. 2020. The telluric correction procedures for both regions are also described in

these papers. Telluric correction for the Lupus sample was performed using two separate

corrections on the NIR and VIS arms (see Appendix A in Alcalá et al., 2014, for detail).

Meanwhile, the telluric correction for Upper Sco sources was carried out using molecfit

(Smette, A. et al., 2015; Kausch, W. et al., 2015) as described by Manara et al. (2020).

Radial velocity and heliocentric velocity corrections are applied to both the NIR and VIS

spectra. To correct for wavelength shifts between the two arms we use a 1D Gaussian fit

to measure the centroid of the Lithium 670.78 nm absorption line and the Paδ 1004.94 nm

line (observed in both the NIR and VIS spectra). We first fit the Li 670.78 nm line with
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a 1D Gaussian, finding median Lithium shifts of ≈-0.5 km s−1 and -0.4 km s−1 for Lupus

and Upper Sco. The Li shift is applied to both NIR and VIS spectra, such that the

lithium line is centred on 0 km s−1. We then correct for wavelength shifts between the

NIR and VIS spectra using the Paδ line present in both arms. We find median Paδ shifts

of ≈ 9 km s−1 and -2.96 km s−1 for the Lupus and Upper Sco samples (respectively),

which is then applied to the NIR spectrum. In a few cases where the signal-to-noise was

too low for the lines to be properly fitted, we applied the median shifts listed above to

these spectra. We find typical 1σ errors on the Li and Paδ velocity corrections of 2.96 km

s−1and 2.24 km s−1, respectively. Adding these in quadrature, the combined error due to

the velocity corrections is 3.7 km s−1and thus do not introduce large uncertainties in the

observed maximum velocities in the He I λ10830 Å line (see Section 5.4). We describe

the process of aligning the NIR and VIS spectra in more detail in Appendix 5.7.2.

5.2.4 Ancillary data

We have gathered further information on our sample for the analyses presented later in

this paper. We use the stellar mass and luminosities, and accretion properties (Ṁacc and

Lacc) from Alcalá et al. (2019) for the Lupus sources, and from Manara et al. (2020) for

Upper Scorpius sources, with distances for the individual sources from Gaia Collaboration

(2018). The source inclinations used throughout this paper are the outer disk inclinations

from ALMA continuum observations, which were calculated for the Lupus sample by

Tazzari et al. (2017); Andrews et al. (2018), and Yen et al. (2018) and for Upper Scorpius

by ?. We note that these are measurements of the outer disk inclinations, whereas the He I

λ10830 Å line traces gas close to the star. Since it is possible that there is a misalignment

between the inner and outer disk (e.g., Bohn et al., 2021), this possible issue will be

considered when the results are analysed.

5.3 Data analysis

5.3.1 Automatic determination of line profile types

We examine the He I λ10830 Å line profile in all of our targets using scipy routines in

Python 3. We locate the positions of all minima and maxima in the spectra between

± 400 km s−1with the find peaks routine, considering only those extrema with absolute

intensities larger than twice the rms to avoid measuring noise. Using the location (in

velocity) of the extrema and their height relative to the continuum (i.e. absorption or

emission), we can distinguish between various profile types, described in further detail
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in Section 5.3.2. We use this initial information on the extrema and profile types to

provide initial guesses on the peak parameters (amplitude, centroid in km s−1and standard

deviation in km s−1) for gaussian fitting. Depending on the profile type, between one to

four 1D Gaussians are fit to the He I λ10830 Å profiles using scipy ’s curve fit routine, by

adding the suitable number of 1D Gaussian functions defined as:

f(x) = ae−
1
2

(x−µ
σ

)2 (5.1)

where a is the amplitude, µ is the centroid and σ is the standard deviation of the

Gaussian peak.

We measure the χ2 to identify poor fits (χ2 > 0.5) which we fit again manually using

new initial guesses for the peak parameters and profile type. Out of the 82 sources in

Lupus, 30 sources could not be automatically fitted and required manual inputs for a

good fit. These profiles generally were categorised into the low-velocity absorption or

miscellaneous profile types. Additionally, some of the profile types for these sources were

identified incorrectly, therefore they required manual inputs and bounds to accurately fit

the He I λ10830 Å line profile. These sources are listed in Tables 5.1. Only one He I

λ10830 Å profile in Lupus (2MASSJ16085373-3914367) could not be fit due to low signal-

to-noise and/or bad pixels. In Upper Scorpius, all sources could be fit using a combination

of 1D Gaussians, with 15 sources requiring manual inputs to be properly fitted - these are

listed in Table 5.2.

5.3.2 He I λ10830 Å line profiles

Figure 5.3 shows a schematic of an example protostellar system with accretion flows

moving material from the inner disk onto the star, and with a jet and disk wind present.

The dark gray dashed arrows show different viewing angles which result in different He

I λ10830 Å line profiles. In the scenario where the source is viewed along a line-of-

sight passing through an accretion flow, a red-shifted sub-continuum absorption feature is

observed in the line profile. Moving towards the top of the figure, when sources are viewed

from close to face-on (disk inclinations < 10◦), generally a pure emission profile is seen

which may have contributions from accretion shocks or a polar stellar wind (see e.g. Kwan

et al., 2007). Emission only profiles, however, may also be observed if the source is sub-

luminous and/or close to edge-on resulting in the observation of only jet/wind emission.

At high inclinations, the emission is absorbed by the fastest components of a jet/wind

which result in wider blue-shifted absorption profiles at higher velocities. Meanwhile,

for closer to edge-on observations, the observers line-of-sight passes through the slower

parts of the jet/wind, thus producing a narrower absorption feature at less blue-shifted
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velocities. In some cases, the line-of-sight may pass through both a jet or wind, and an

accretion flow resulting in two absorption features in the line profile (see inset in Figure

5.3). In this figure, we do not include absorption only profiles, double absorption profiles

or profiles with low-velocity absorption features since they occur less frequently in our

sample.

Figure 5.3: Schematic diagram of various He I λ10830 Å line profiles observed along

different line of sights (gray dashed arrows) depending on source inclination (adapted

from Fig 1, Xu et al. (2021))

We identify eight distinct profile types identified in the data. The theoretical line

profiles are presented in the left column of Figure 5.4 and were created by adding between

one to four one-dimensional gaussians to the continuum, which is set at zero for all profiles.

The profile types are as follows:

(a) Pure emission profiles are characterised by a single peak in emission which is centred

on 0 km s−1. There are no absorption features present in these profiles.

(b) Pure absorption profiles are characterised by a single absorption feature centred on

0 km s−1. There are no other absorption features, or emission observed in these

profiles.

(c) P-Cygni profiles are characterised by the presence of a sub-continuum blue-shifted

absorption feature, and emission centred on 0 km s−1or slightly red-shifted. There

is no red-shifted absorption feature observed. Blue-shifted sub-continuum absorption

traces outflowing material formed by a stellar wind, and creates the P Cygni profile.
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Figure 5.4: Theoretical profiles and example He I λ10830 Å profiles observed in our

data. The left column shows the theoretical profiles for the eight profile types described

in Section 5.3.2. The middle and right columns show examples of each profile type in

the Lupus and Upper Scorpius samples, respectively. The flux has been normalised to

the continuum level in each source, and rescaled between ± 1 for plotting. The gray

horizontal line marks the continuum level at 0, while the vertical grey line denotes 0 km

s−1.

(d) Inverse P-Cygni profiles are characterised by the presence of a sub-continuum red-

shifted absorption feature, and emission centred at low velocities. There is no blue-

shifted absorption feature observed. The red-shifted absorption feature is generally

wider than the absorption observed in P-Cygni profile types. Red-shifted absorption

traces accreting material, making inverse P Cygni profiles. The red-shifted absorption

can be seen at velocities between 0 to 350 km s−1with velocity centroids around 50

to 200 km/s (Fischer et al., 2008). Absorption depth is between 10-60%.
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(e) Combination profiles are characterised by the presence of two absorption features,

one is red-shifted and the other is blue-shifted, and emission centred on ∼ 0 km s−1.

These profiles are a combination of the P-Cygni and Inverse P-Cygni profiles, with

similar profile characteristics in both the blue- and red-shifted absorption features.

(f) Low velocity absorption profiles are characterised by the presence of both an emission

feature and a clear absorption feature centred on ∼ 0 km s−1. These profiles are dis-

tinguished from a P-Cygni or Inverse P-Cygni profile due to the presence of emission

at either blue- or red-shifted velocities.

(g) Double absorption profiles are characterised by the presence of two sub-continuum

absorption features generally within ± 100 km s−1, but not larger than ± 200 km

s−1. The absorption features are generally narrower than the absorption features in

P-Cygni or Inverse P-Cygni profiles. There is no emission observed in these profiles.

(h) Miscellaneous profile types are also observed in the data and are those which cannot

be accurately described by any of the above profile types. Three absorption features

and one emission peak are generally observed in this profile type, however, the third

absorption feature can be either blue- or red-shifted in velocity. The absorption

features do not have the same characteristics as those in the P-Cygni or Inverse P-

Cygni profile types.

5.4 Results

5.4.1 Profile appearance statistics

We fit the He I λ10830 Å profiles in the Lupus and Upper Scorpius samples as described

in Section 5.3.1. Figure 5.5 shows the percentage of targets characterised into each profile

type for both regions. Information on the profile type and centroid velocities of the

emission and absorption features are listed in Tables 5.1 - 5.2. We also compare the

proportion of profile types observed in our sample to those of a sample of 38 targets

located in the Taurus star forming region from Edwards et al. (2006). In Lupus (middle,

Fig 5.5) we find the majority of the profiles are inverse P Cygni profiles (29 of the 82

targets), followed by combination type profiles (13 targets). However in Upper Scorpius

(right, Fig 5.5) the combination profiles (13 of the 35 targets) and inverse P Cygni profiles

are the most common types (10 targets), followed by P Cygni profiles (5 targets). In

Upper Scorpius we do not observe any pure emission profiles. We compare our results in

Lupus and Upper Scorpius to the profile types observed by Edwards et al. (2006) in the
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Taurus region (left, Figure 5.5). In Taurus the majority of the He I λ10830 Å profiles

show a P Cygni profile (19 of 38 targets), followed by the combination profile type (15

targets). There are no single absorption or double absorption profiles observed in the

Taurus sample.

Figure 5.5: Pie charts showing the proportions of each profile type identified in our

sample of 82 sources in Lupus and 35 sources in Upper Scorpius, middle and right re-

spectively. We compare the proportion of profile types observed in our sample to those

of a sample of 38 targets located in the Taurus star forming region from Edwards et al.

(2006). The colours of the wedges in each pie chart represent each profile type - green

shows the number of P Cygni profiles observed; blue represents inverse P Cygni profiles;

purple represents pure emission profiles; red represents single absorption profiles; light

grey represents combination profiles; yellow represents double absorption profiles; dark

grey represents low velocity absorption profiles and pink in the Lupus pie chart represents

the miscellaneous profiles.

5.4.2 Absorption velocity properties

In Figure 5.6 we present scatter plots and histograms of the maximum absorption velocities

for the red- and blue-shifted absorption features. The maximum absorption velocity is the

highest velocity observed in the absorption feature, i.e. the most blue-shifted velocity in

absorption for blue absorption features and the most red-shifted velocity in red absorption

features. We calculate the maximum velocities using the fitted gaussian velocity centroids

and standard deviations. We display the typical 3σ errors for the red- and blue-shifted

maximum velocities in panels (b) and (d) respectively. The errors are obtained from the

covariance matrix of the Gaussian fit from scipy curve fit. We see that the majority of

red-shifted velocities appear to cluster at velocities of '200 km s−1, and increase with
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stellar mass such that they are compatible with free-fall velocities for stellar radii between

R? = 1 and 2 R�, assuming the radius for magnetospheric accretion is equal to 5 R?.

Figure 5.6: Maximum velocities of the red- and blue-shifted absorption features (panels

(a) and (c), respectively) observed in the He I λ10830 Å profiles. Panels (a) and (c) show

scatter plots of the Lupus absorption velocities with circles, and Upper Scorpius velocities

with squares. The solid, dashed and dotted lines are the free-fall velocities (panel (a))

and escape velocities (panel (c)) for stellar radii R∗ = 1, 2, 3 R�, respectively. Panels (b)

and (d) show histograms of the maximum absorption velocities for both regions in 10 km

s−1velocity bins.

The free-fall velocities are calculated with the following equation from Hartmann et al.

(2016):

vff =

(
2GM∗
R∗

)1/2(
1− R∗

RM

)1/2

' 280 M
1/2
0.5 R

−1/2
2 km s−1, (5.2)

where G is the universal gravitational constant, RM is the magnetospheric radius from

which material is falls inwards along accretion flows, and M0.5 and R2 are the stellar mass

and radius in units of 0.5 M� and 2 R�.

The stellar radii for each source in our sample was calculated using the stellar lumi-

nosity and effective temperatures found in Alcalá et al. (2019) for the Lupus sample and

Manara et al. (2020) for the Upper Scorpius sample. The typical R? for our targets is

∼1.3 R� for Lupus and ∼1.05 R� for Upper Scorpius. We calculated the radius at which

the infalling material reaches free-fall velocities (Rff) using Equation 1 in Fischer et al.
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(2008) where:

vff = vesc

(
R?

Rff

− R?

RM

)1/2

(5.3)

For sources in Lupus, Rff is approximately 1.6 R? while in Upper Scorpius Rff ∼
1.3 R? (see Figure 5.7), which typically corresponds to ∼ 1.4–2 R� in line with the curves

in Figure 5.6 (see Section 5.5.2 for further discussion).

Figure 5.7: Stacked histogram of the radius in the disk at which the material reaches

free-fall velocities. The total value of each bin accounts for sources in both Lupus and

Upper Scorpius.

Figure 5.8: Stacked histograms of the observed red-shifted maximum velocities compared

to the free-fall velocities (left), and blue-shifted maximum velocities compared to the

escape velocity (right), where the total value in each bin is the number of sources in both

Lupus and Upper Scorpius.
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The blue-shifted velocities do not appear as confined to specific velocities and generally

do not reach escape velocities (where vesc =
√

2GM?/R?), however they generally appear

at lower velocities than their red-shifted counterparts.

Figure 5.9: (a) Source inclinations with respect to the maximum velocities of observed

absorption features in our sample. The data is separated by profile type. We see a

general trend of decreasing velocities with higher inclination. (b) and (c) highlight the

trend in maximum velocities with respect to source inclination for P Cygni and blue

combination profile features, and inverse P Cygni and red combination profile features.

Maximum velocities in blue-shifted features appear to be more strongly correlated with

the inclination than the red features.

In Figure 5.8, we plot histograms of the difference between the observed maximum

velocities and the free-fall velocity (left) and escape velocity (right) for each source in
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Lupus and Upper Scorpius. The red-shifted maximum velocities appear to be similar to

the free-fall velocities, given that the histogram is centred at velocities between the mean

of -61.5 km s−1and 0 km s−1. Meanwhile, the blue-shifted velocities are generally larger

than the escape velocity with a peak in the value of vmax-vesc at close to 100-200 km

s−1(with a mean value of 129 km s−1), but their distribution is flatter spanning a large

value of mostly positive velocity differences.

Figure 5.10: (a) Source inclinations with respect to the full-width half maximum of

observed absorption features in our sample. The data is separated by profile type and

the absorption features are narrower in sources with higher inclination. The line of best

fit (grey solid line) is fitted for P Cygni, inverse P Cygni and combination profiles for

the whole range of velocities. (b) and (c) highlight the trend in FWHM with respect to

source inclination for P Cygni and blue combination profile features, and inverse P Cygni

and red combination profile features.
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In Figure 5.9 we present the maximum absorption velocities with respect to the in-

clination of the source for both the Lupus and Upper Scorpius regions. We observe the

maximum blue-shifted velocity trending to lower velocities at higher inclinations. This is

not seen in their red-shifted counterparts, as the red-shifted velocities remain > 150 km

s−1 even for highly inclined targets. This is also noticeable in panel (a) of Figure 5.9 when

comparing this trend for the three most common profile type (P Cygni, inverse P Cygni

and combination profiles). We see sources with blue absorption features (i.e. those with

P Cygni and combination profiles) have a wider range of velocities and inclinations, while

sources with only red-shifted absorption (i.e. inverse P Cygni) are confined to a smaller

range of inclinations. In combination profiles (green in Figure 5.9), most absorption fea-

tures appear to have a maximum velocity of ' 150 - 200 km s−1. However, we also see a

second cluster of velocities closer to 350 km s−1 which are generally the red-shifted ab-

sorption feature for these profiles. Red-shifted velocities appear less related to the source

inclination than the blue-shifted features.

5.5 Discussion

In the following sections we discuss the results presented in Section 5.4. We begin by

focusing on the He I λ10830 Å profiles with pure emission profiles and the presence of

known jets in these sources. Following this, we examine the profiles with absorption

features for trends related to the source inclination and accretion properties.

5.5.1 Pure emission

We observe 12 sources in Lupus which have no sub-continuum absorption features. Emis-

sion in the He I λ10830 Å line arises due to scattering and in situ emission (Kwan et al.,

2007). These targets are classified as pure emission profiles which may arise due to a stel-

lar wind, launched from high latitudes on the star (Kwan et al., 2007). However, Kwan

et al. (2007) produced models of a polar stellar wind which appear only as pure emission

profiles at inclinations ' 70◦ (i.e. closer to i = 0◦ in Figure 5.3), compared to our emission

only profiles from sources with inclinations between ∼40-60◦ (see Figures 5.11 and 5.12).

Of the 12 stars with emission only profiles, 6 targets have known jets. These are:

Par-Lup3-4 (Whelan+2014); Sz102 (Murphy+2021); Sz69, Sz73, Sz123A and Sz123B

(show both a high-velocity component (HVC) and low velocity component (LVC) in the

[OI]λ6300Å line, Nisini et al. 2018). A further four sources show signatures of a LVC,

possibly a disk wind - these sources are Sz88A, Sz106, Sz133 and RX1556.1-3655 (Nisini

et al., 2018).
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Figure 5.11: Left: Histogram of the source inclinations for the emission only profiles.

Middle: Histogram of the centroid velocities. Right: Histogram of the ratio of the accre-

tion luminosity to stellar luminosity. In each of these histograms, sub-luminous sources

are plotted in blue.

Five of these sources (Par-Lup3-4, Sz102, Sz106, Sz123B, Sz133) are sub-luminous (sl)

sources, which are sources with a stellar luminosity much lower, by at least a factor 10

than other sources of the same spectral type (Alcalá et al., 2014; Nisini et al., 2018). Only

three of the sub-luminous sources have known inclinations, all of which are greater than

40◦. Sub-luminous objects are generally expected to be observed at high inclinations or

edge-on (Hughes et al., 1994). It is possible that the disc inclinations reported for these

sources are underestimated, or that there is a strong misalignment between the inner

and outer disk in some of these sources (Bohn et al., 2021). At high inclinations, it is

possible that only emission from the wind is observed, because the accretion flows would

be obscured by the disk leading to an absence of absorption features in the spectra. This is

consistent with the polar stellar wind model of Kwan et al. (2007). Additionally, there are

two other sub-luminous sources in the Lupus sample - these are Lup706 (inverse P Cygni

profile) and SSTc2dJ160703.9-391112 (absorption only profile), so the lower luminosity is

not unique to sources showing the emission only profiles.

Three of the sources with pure emission profiles exist in binary systems - these are

Sz88A, and Sz123A and Sz123B (Alcalá et al., 2014). The inclination of the remaining

source (J16085953-385627) with a pure emission profile is not known and it doesn’t appear

to be associated with any known jet. Pure emission profiles, however, are not the only

profile type to be created due to the presence of a jet or outflow. We can trace outflowing

material also in the P Cygni profiles and combination profiles (see Section 5.5.2).
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Figure 5.12: Left: Centroid velocities of the emission only profiles versus the source

inclination. Sub-luminous sources are plotted with the hollow markers. Sources with

unknown inclinations are plotted with square markers at 90◦. Right: FWHM versus the

centroid velocity of the emission only profiles. Sub-luminous sources are plotted with

hollow markers.

We searched for a correlation between the centroid velocity of the emission profiles

and the source inclination. Generally, the centroid velocities we measured were blue-

shifted by up to 100 km s−1, and those at higher velocities are narrower than the emission

profiles closer to 0 km s−1(see right-hand side of Figure 5.12). There appears to be a

correlation of the centroid velocity with inclination. However, here we examine only 9 of

the 12 emission only profiles for which the source inclinations are known and due to the

low-number statistics this relation is not statistically significant. Of the sources plotted

in Figure 5.12, only one is not observed with either a LVC or HVC in OI - this source is

Lup607 which has an inclination of 0◦. The inclinations of the other two sources without a

known jet or outflow (J16085953-3856275 and SSTc2dJ160708.6-391408) are not known.

The fact we tend to observe emission only profiles for sources with known jets and

at high inclinations lends support to the models of Kwan et al. (2007). They note that

when viewing the He I λ10830 Å line for sources at higher inclinations a stellar wind,

which appears as a P Cygni profile for lower inclinations, may become an emission only

profile as the blue-shifted absorption feature becomes weaker and eventually disappears

(see Figure 5.3 towards i = 0◦). It is also possible that disk occultation may result in the

emission profile becoming blue-shifted, which could explain a trend in the centroid velocity

with respect to source inclination. In two of our sources with a blue-shifted emission-only

profile (Sz73 and SSTc2dJ160708.6-391408), we observe asymmetric line profiles as is often

observed in forbidden line emission (for example, by Natta et al. 2014; Nisini et al. 2018).
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We observe asymmetric emission profiles at sources closer to or centred on 0km s−1too,

e.g. Sz88A and Sz102. While the majority of our targets with emission-only profiles are

associated with known jets, these profiles can still be produced in other scenarios. For

example, Sz73, Sz106, Sz133 and Par-Lup3-4 show asymmetric emission profiles, which

appear to have red-shifted absorption features that are not sub-continuum, and thus not

fitted by our fitting routine. This is also the case in the Taurus sample studied by Edwards

et al. (2006), where 4 targets show asymmetric emission profiles indicating possible red

and/or blue absorption that is not sub-continuum. Thus, the presence of a jet or an

edge-on target (as in Figure 5.3) are not the only ways to produce pure emission profiles

in the He I λ10830 Å line.

Further, in Figure 5.12, we plot the sub-luminous sources without known inclinations

at 90◦ (in line with the assumption that sub-luminous sources are often viewed edge-on).

These sources show centroid velocities that are blue-shifted to velocities up to -80 km s−1,

in line with the apparent correlation of centroid velocity and source inclination for the

emission profiles. However, if the inclinations for the two sub-luminous sources located

at ∼ 40-60◦ are underestimated, and instead we assume they should be greater than 70◦,

there is less of a correlation between the centroid velocity and the source inclination. This

correlation is even less evident if these sources are closer to edge-on.

Further, in Figures 5.17 and 5.18, where we show all Lupus profiles, for some of the

emission profiles (Par-Lup3-4, Sz106, Sz133 and RX1556.1-3655) there may be some low-

velocity absorption. However, since it is not sub-continuum absorption we do not fit this

feature separately. Overall, we find that sources showing an emission-only profile tend to

be associated with known jets and outflows, and appear at high source inclinations.

5.5.2 Profiles with absorption features

We observe absorption features in many spectra from both regions in the sample. The

absorption features are split into two types - red-shifted absorption features with velocity

centroids > 0 km s−1, and blue-shifted absorption features centred at velocities < 0 km

s−1. In the following sections we discuss observed trends in velocities, and investigate if

the measured absorption velocities have any dependence on the source inclination and/or

accretion properties.

5.5.2.1 Velocity of the absorption features

In Figure 5.8, we present histograms of the difference between our observed red- and blue-

shifted velocities and the free-fall and escape velocities, respectively. We also separate the
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histograms for each region such that each bin is the total number of sources in both

the Lupus and Upper Scorpius regions. In the left panel, both the Lupus and Upper

Scorpius histograms are centred around 0 km s−1, with some sources showing observed

red-shifted velocities which differ from the free-fall velocities. Hartmann et al. (2016)

note that magnetospheric accretion models assume free-fall along axisymmetric, dipolar

magnetic field lines at a constant infall rate. For measured vmax lower than the expected

free-fall velocities, it is possible that the material has simply not yet reached its terminal

speed. Cauley and Johns-Krull (2014, 2015) suggest that the maximum velocities can

be lower than free-fall velocities in cases where the magnetospheric accretion geometry

is more compact due to a weaker magnetic field. Fischer et al. (2008) note that for a

tilted dipolar field, or a multipolar field, red-shifted absorption features can be produced

by material infalling from a narrower range of initial radii. On the other hand, for larger

values of vmax, the general assumptions of axisymmetric and dipolar magnetic fields may

not apply and more complex fields may be present. Further, typical 3σ errors on the

measured velocities are on the order of a few tens of km s−1, which cannot explain why

some sources have vmax approximately 100 km s−1greater than the free-fall velocity.

Meanwhile, the blue-shifted velocities are consistent with the escape velocity, and often

larger by up to 300 km s−1. Where we measure velocities lower than the escape velocity,

this could suggest that not only gravitational forces act on the wind, but that there may

also be magnetic fields at play. In wind launching models, it is assumed that the wind

can be accelerated to a few times the escape velocity at the launching radius, especially

in MHD launching models (see review by ?). However, the escape velocity may not be

the same for all outflow components since they could be launched from different parts of

the system i.e. stellar winds launched closer to the star would have the highest escape

velocities, while disk winds and/or photoevaporative winds launched from larger radii

would have much lower escape velocities. It is possible to distinguish between which type

of wind based on the widths of the blue absorption features in the He I λ10830 Å profiles.

Narrower blue absorptions at low velocities are generally attributed to disk winds, while

wider features across a range of velocities are more likely to originate in stellar winds

(Edwards et al., 2006; Kwan et al., 2007). Thus, the velocities of the absorption features

in the He I λ10830 Å line profiles may reveal information about the geometry of both the

outflow(s) and the accretion flows in the system (and of the structure of the magnetic

field, e.g. Gregory et al., 2016).

In summary, the maximum velocity of the blue-shifted absorption features are often

larger than the escape velocities, by up to 300 km s−1, as required to launch material away

from the star. Conversely, the measured velocities of the red-shifted absorption features
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in our spectra tend to be lower than the expected free-fall velocities for these sources.

The simplest explanation for this is that the material has not yet reached its terminal

velocity. However, the discrepancy between the observed and expected velocities may also

suggest that these sources have a more complex magnetospheric accretion geometry than

the axisymmetric, dipolar field normally assumed (see e.g. Hartmann et al., 2016).

5.5.2.2 Dependence on source inclination

The inclination of the source can affect the observed profiles, thus in Figures 5.9 & 5.10

we compare the peak velocity and widths of the profile features to the inclination. In

these figures, the curves along the top and right-hand side are the kernel density estima-

tion (KDE) of each profile type which we use to estimate, for example, the most likely

inclination at which a certain profile type is observed. In panel (a) of Figures 5.9 & 5.10,

a line of best fit was fitted to the P Cygni, inverse P Cygni and combination profile types

to search for a trend with inclination. In panels (b) and (c), only the blue or red points

are fitted. We use the R2 values and p-values as a measure of the goodness of each fit. A

high R2 would indicate a good linear fit to the data, however, given the large scatter in

our data we tend to observe low R2 values. Instead, the p-value gives us a better indica-

tion as to whether or not there is a significant trend between, for example, the maximum

velocity and the inclination. Generally, a p-value lower than 0.05 is accepted as evidence

of a relationship between two variables. We adopt this value when searching for trends

in our data.

In Figure 5.9, we present the maximum velocity of the observed absorption features

with respect to the source inclination. In panel (a), we show the data categorised into

each of the six profile types with absorption (excluding the 2 miscellaneous profiles from

the Lupus sample). Panels (b) and (c) focus on profiles blue- and red-shifted absorption

features individually, i.e. P Cygni and inverse P Cygni profiles. In these panels, we also

plot the blue- and red-shifted features of the combination profiles, marked by downward

triangles. Given that the velocities for combination profiles appear across all inclinations,

we believe that they are not due only to a particular viewing angle. Red-shifted absorption

features tend to occur at higher velocities than the blue absorption features, and they also

appear generally wider (see Figure 5.10). This may suggest that we can observe a wider

range of accretion velocities than velocities in the wind, which may hint at a dependence

on the source inclination.

With the exception of a few sources, blue-shifted absorption features (see panel (b)) are

generally not observed at low inclinations. We see the lowest blue-shifted velocities present

at high inclinations which may suggest that we observe different velocity components of
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the wind at different relative inclinations to the star. This trend is generally seen across

all blue-shifted velocities, although only a few sources have velocities larger than 300 km

s−1. This dependence on inclination is also seen in models of the He I λ10830 Å line (e.g.,

Kwan et al., 2007), which is likely due to changing line-of-sight velocities when viewing

a conical shell wind at different inclinations (Kurosawa and Romanova, 2012). This is

illustrated by Xu et al. (2021) and in Figure 5.3, where at higher inclinations (edge-on)

absorption features are created by lower velocity disk winds leading to less blue-shifted and

narrow features. Meanwhile, for smaller inclinations or near face-on sources, the emission

is absorbed by the fastest components of a jet/wind which result in wider absorption

profiles at higher velocities (see Figure 5.3).

Red-shifted velocities (see panel (c)) appear to be more independent of the source

inclination. However, inverse P Cygni profiles are observed mostly at high inclinations.

We see a majority of red-shifted velocities near '200 – 250 km s−1 tailing off to higher

velocities up to '400 km s−1, but with no significant decrease in velocity at higher in-

clinations. Further, these velocities are consistent with free-fall velocities for stellar radii

between R? = 1 – 2 R� assuming a magnetospheric radius of RM = 5 R? (Hartmann et al.,

2016) (see Figure 5.6). This is similar to the calculations of Kwan and Fischer (2011)

that find that infalling gas can reach speeds of 150 km s−1 near 2 R? if the accretion flow

starts between 4 – 8 R?.

In Figure 5.10, we present the FWHM of the absorption features in the same way as

in Figure 5.9, with all profiles in panel (a), and panels (b) and (c) showing the blue- and

red-shifted features separately. The blue-shifted features are appear narrower than their

red-shifted counterparts, which was generally seen in previous observations of a smaller

sample (Edwards et al., 2006). In panel (b), a number of blue-shifted absorption features

have FWHMs of ∼ 50 km s−1, particularly for combination profiles. We note however that

the blue-shifted features become slightly narrower at high inclinations, thus knowledge of

the viewing angle is important to determine which type of wind is present. This trend is

also observed for the red-shifted features but is more prevalent in the blue-shifted features,

which was expected from models of the He I λ10830 Å line by Kwan et al. (2007). We

note again that this could be related to viewing only certain wind velocities along the line

of sight (see above).

Meanwhile, no such trend is observed in the red-shifted features. Previous models of

the red-shifted absorption in the He I λ10830 Å line for a star with a dipolar magnetic

field showed narrowing of the absorption at higher inclinations (Fischer et al., 2008),

suggesting that the sources in our sample may have a more complex magnetic field than

the dipolar axisymmetric fields normally assumed in models of magnetospheric accretion
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(Hartmann et al., 2016). We also note that the inclinations presented in these plots are

for the outer disk, which may be misaligned from the inner disk (Bohn+2021), where

material is traced by the He I λ10830 Å line.

Our measured velocities and widths of the blue-shifted absorption features are consis-

tent with previous studies, for example Kwan et al. (2007), that find that the blue-shifted

features in P Cygni profiles are expected to become less blue-shifted and narrower as

the inclination changes from face-on (0 degrees) to edge-on (90 degrees). However, the

red-shifted absorption features in inverse P Cygni profiles are also expected to become

narrower and less red-shifted for source inclinations closer to edge-on (Fischer et al., 2008),

as should also be the case for the red-shifted features in combination profiles. We do not

observe such a trend in the measured velocities and widths of the red-shifted absorption

features in our sample.

5.5.2.3 Dependence on accretion properties

We examine the occurrence of each profile type in relation to the accretion properties of

each source in Figure 5.13, where we plot the ratio of the accretion luminosity and the

stellar luminosity with respect to the stellar luminosity.

Figure 5.13: Lacc/L? versus the accretion luminosity Lacc for all profile types with ab-

sorption features.

We present all of the profile types with absorption features observed in both regions.

We see that P Cygni profiles (blue circles) are observed over a range of accretion luminosi-

ties, while inverse P Cygni (red squares) and combination profiles (green triangles) have

stronger peaks in their distribution across the range of accretion luminosities. P Cygni
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profiles however are observed less frequently than inverse P Cygni and combination pro-

files. Meanwhile, inverse P Cygni profiles occur most at sources with stellar luminosities

between 0.1-0.3 L�. The ratio of Lacc/L? also varies for each of these profile types, with

a bimodal distribution in the P Cygni profiles (peaking at Lacc/L? ' 0.1 and a second

peak at ' 0.001), however low number statistics brings into question the significance of

the bi-modality. Single peaks are observed for the inverse P Cygni profiles (at Lacc/L? '
0.01) and combination profiles (at Lacc/L? ' 0.03). These results appear to show that

profiles with blue-shifted absorption features, tracing the presence of an outflow, occur

in sources with higher accretion rates. Edwards et al. (2006) observed both stellar and

disk winds in the He I λ10830 Å profiles and found that these winds are likely accretion-

powered. Recent models of disk evolution have shown that MHD disk winds in particular

can account for the observed accretion properties of young stars in Lupus (Tabone et al.,

2021). This suggests that accretion is an important part of driving winds and outflows

from young stars and if these winds are accretion-powered, the He I λ10830 Å line is a

useful way to probe the connection between accretion and ejection.

We find that Lacc/L? for combination profiles is more constant across all stellar lu-

minosities than P Cygni or inverse P Cygni profiles, which appear to have a accretion

luminosities that are related to the stellar luminosity. We find that targets with blue

absorption features (i.e. P Cygni or combination profiles) have slightly stronger accretion

than those targets with only red absorption (i.e. inverse P Cygni profiles). This however

seems to be driven mostly by the number of combination profiles present at higher accre-

tion luminosities. Nonetheless, the higher accretion rates observed for targets with blue

absorption features supports the findings of Edwards et al. (2006), who observe stellar

winds at targets with a wide range of accretion rates.

In Figure 5.14 we plot the gaussian area of the absorption features in our spectra,

which is proportional to the mass accretion or mass ejection rates, versus the accretion

luminosity. The data is separated by profile type in panel (a), with the trend in the

Gaussian area with respect to Lacc for P Cygni and blue combination profile features

highlighted in panel (b), and that of the inverse P Cygni and red combination profile

feature in panel (c). In general, we find that sources with higher accretion luminosities

tend to have larger absorption features in the He I λ10830 Å line profile. Given that the

red-shifted absorption features trace accretion, we would expect these profiles (i.e. inverse

P Cygni and combination) to have higher accretion luminosities than profiles with only

blue absorption features. Instead, from the curves along the top of each panel in Figure

5.14, we see that P Cygni profiles peak at higher accretion luminosities (log(Lacc) ≈ -2 L�)

than inverse P Cygni and combination profiles (which peak at (log(Lacc) ≈ -3 L�).
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Figure 5.14: (a) Gaussian area of the observed absorption features in our spectra, with

respect to the accretion luminosity. The data is separated by profile type. The line of

best fit (grey solid line) is fitted for P Cygni, inverse P Cygni and combination profiles

only. Panels (b) and (c) highlight the trend in the Gaussian area with respect to Lacc for

P Cygni and blue combination profile features, and inverse P Cygni and red combination

profile features.

We investigate the combination profiles in more depth in Figure 5.15, where we present

the ratio of the gaussian area of the blue-shifted absorption feature divided by that of

the red-shifted feature. In this plot there is a trend towards higher accretion luminosities

where this ratio is close to or equal to 1 (dashed line), i.e. when the blue- and red-

absorption features are most similar. Overall, we find that the Gaussian area of the

absorption feature(s) in each spectrum serves as a good measure of the mass flux in our
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targets. Further, we observe trends between the Gaussian area and accretion luminosity

of the sources in our sample which highlights again the intimate connection between

accretion and ejection in young stars.

Figure 5.15: Plot of the gaussian area of the blue-shifted absorption feature divided by

that of the red-shifted feature for combination profiles. The horizontal dashed line (where

the ratio is equal to 1) marks where the area of the blue and red features are equal.

5.5.3 Further analysis using the He I λ5876 Å line

This study expands on past works (e.g. Beristain et al., 2001; Edwards et al., 2006), which

focused on smaller samples in single star-forming regions, by examining a larger sample

of young stars in star-forming regions of different ages. Additionally, another He i line is

present in the X-Shooter spectra at 587.6 nm, which also traces infalling and outflowing

gas. The immediate next step in this He i study is to examine the 587.6 nm line in the

sample and investigate if any correlation between its infall and/or outflow signatures exists

with those of the He I λ10830 Å line. An advantage of this X-Shooter dataset compared

to past studies (e.g. Beristain et al., 2001), is that both of these He i lines are observed

simultaneously. Therefore any correlations in infall and/our outflow properties observed

in these two lines are likely real, and not as a result of any variability.

Further, forbidden emission lines (such as O I, O II, S II, etc) are detected in X-Shooter

spectra (see e.g. Natta et al., 2014) and are also present in this sample. For example, the

[O i] 6300 Å line consists of both a low velocity component (LVC) (velocities of only a

few km s−1) and a high velocity component (HVC) (up to 200 km s−1). While the HVC

of forbidden lines can be attributed to the high-velocity jets, the origin of the LVC is less

clear. Natta et al. (2014) investigated the LVC of the [O i] 6300 Å line and found evidence

of an LVC origin in a slow dense wind. Similar work by Nisini et al. (2018) also examined

the HVC of this [O i] line to try to find a connection between the two velocity components.

Forbidden line profiles can also be investigated and compared to the outflow signatures
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already observed in the He i lines, providing another insight into the connection between

different outflow phenomena, and accretion in these young stars.

5.6 Conclusions

In this work, we present X-Shooter observations of the He I λ10830 Å line from a sam-

ple of 107 young stellar objects in the Lupus and Upper Scorpius star forming regions.

We characterised the line profiles into one of eight profile types to search for any signifi-

cant trends in our data with age, source inclination and accretion properties. Our main

conclusions are as follows:

• We observe variations in the proportions of each profile type between the two star

forming regions, particularly in the number of profiles with both blue- and red-

shifted absorption features. In Lupus, the majority of the targets have inverse P

Cygni profiles, followed by roughly equal proportions of P Cygni and combination

profiles. Meanwhile, in Upper Scorpius, the most common profile types are the

combination and inverse P Cygni profile type, with much fewer P Cygni profiles

observed. In contrast, Edwards et al. (2006) observed a majority of P Cygni profiles

and fewer inverse P Cygni profiles in the Taurus sample.

• The observed maximum velocities of the absorption features are consistent with the

expected free-fall and escape velocities of our targets. The free-fall velocities are

consistent with the observed velocities in the majority of targets (see Figure 5.8).

However, some sources show observed maximum velocities which differ from the

expected free-fall velocity which may occur if we are observing material which has

not reached the terminal velocity yet, or if the accretion geometry is more compact

due to a weaker magnetic field (Cauley and Johns-Krull, 2014, 2015). Generally, the

outflowing gas (traced by the blue absorption features), has a velocity larger than

the escape velocity, however, magnetic fields associated with MHD disk winds may

explain the launching of this material from sources with velocities smaller than the

escape velocity.

• We find a correlation between the maximum velocities and the source inclination,

and this correlation is stronger for sources with blue absorption features than those

with only red features. This implies that different velocity components of the wind

are observed at different inclinations, as suggested by models of the He I λ10830 Å

line (Kwan et al., 2007).
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• The full-width half-maximum of the absorption features show less of a correlation

with the source inclination than the velocities, which is important to note if we aim

to discriminate between a stellar wind or disk wind. Further, our results are consis-

tent with previous works by Edwards et al. (2006); Kwan et al. (2007); Fischer et al.

(2008) where the maximum absorption velocities also appeared to be dependent on

the viewing angle.

• We typically observe different accretion rates for each profile type in our sample.

We see higher accretion rates in targets where the He I λ10830 Å line profile has

a blue-shifted absorption feature, supporting the idea that these winds are in fact

accretion-powered (Edwards et al., 2006). This argument is again strengthened

when examining the combination profiles, which show the highest accretion rates

when the blue and red-shifted absorption features are similar in size.

While our study is still limited by small number statistics, we build on previous works

by providing statistics for a larger sample of stars in different star forming regions. We find

that the He I λ10830 Å line is a particularly good tracer of both infalling and outflowing

gas in the inner disk, which allows us to search for a connection between accretion and

ejection at young stars.

Table 5.1: Observed profile types, emission centroid velocity and absorption centroid

velocities in the Lupus sample.

Object Fit Profile Type Vem Vabs R? Vesc Vff

(km s−1) (km s−1) (R�) (km s−1) (km s−1)

Sz66 iPCy -53.88 17.53 1.34 287.09 260.29

AKC2006-19 PCy 26.97 -31.05 0.48 332.42 301.40

Sz69 Em -52.28 0.98 279.08 253.03

Sz71 iPCy -49.65 98.22 1.45 328.05 297.43

Sz72 M PCy -65.47 -196.31 1.37 321.18 291.20

Sz73 M Em -34.23 1.37 532.32 482.63

Sz74 M PCy 24.32 -65.33 3.22 188.58 170.98

Sz83 M PCy -10.53 -204.98 2.47 346.99 314.60

Sz84 M iPCy -48.76 16.41 1.23 236.07 214.03

Sz130 Combo 2.98 -64.98 1.12 417.30 378.35

170.18

Sz88A M Em -10.95 1.58 476.99 432.47

Sz88B M Combo 27.41 -12.55 1.82 204.86 185.74

175.06

Sz91 M Combo -30.0 -77.2 1.09 423.01 383.53

164.26
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Lup713 iPCy -34.62 103.91 0.51 288.25 261.35

Lup604s DA -9.26 0.71 253.17 229.54

113.76

Sz97 M iPCy -102.39 81.98 1.04 297.40 269.64

Sz99 M iPCy 0.0 83.52 0.70 354.57 321.48

Sz100 Combo -12.52 -77.39 1.01 212.89 193.02

107.47

Sz103 M iPCy -114.38 -17.67 1.08 284.87 258.28

Sz104 Combo -2.58 -59.24 0.90 259.82 235.57

108.29

Lup706 M Combo -69.37 38.98

121.65

Sz106 Em -78.15 0.57 616.00 558.50

Par-Lup3-3 iPCy 19.66 136.19 1.21 269.42 244.27

Par-Lup3-4 Em -56.02

Sz110 Combo -13.97 -174.80 1.32 257.41 233.39

132.01

Sz111 iPCy -109.70 76.29 1.11 417.88 378.88

Sz112 M Combo -9.89 -60.22 1.18 234.05 212.21

91.01

Sz113 M PCy -10.78 -147.44

2MASSJ16085953-3856275 Em -12.30 0.49 152.25 138.04

SSTc2d160901.4-392512 M iPCy -62.88 -10.34 0.99 298.16 270.33

Sz114 M iPCy 22.42 80.51 1.52 218.57 198.17

Sz115 Abs -15.58 1.08 265.43 240.65

Lup818s iPCy -24.91 85.09 0.53 240.43 217.99

Sz123A M Em 5.59 0.88 543.99 493.22

Sz123B M Em -14.05 0.46 578.41 524.42

SST-Lup3-1 PCy 72.55 108.47 1.71 189.00 171.36

Sz65 PCy 19.81 -439.49 1.91 373.91 339.01

AKC2006-18 iPCy 3.02 133.01 0.39 262.54 238.03

SSTc2dJ154508.9-341734 PCy -40.24 -127.07 0.87 238.34 216.09

Sz68 DA -141.33

15.77

SSTc2dJ154518.5-342125 PCy -15.97 -66.31 0.77 252.99 229.37

Sz81A Abs -100.49 1.03 291.78 264.54

Sz81B DA -125.68 1.67 185.01 167.74

15.29

Sz129 Combo 0.60 -103.65 1.33 533.35 483.57

212.72

SSTc2dJ155925.2-423507 Combo 6.07 -134.31 0.48 332.42 301.40

143.03

RY Lup PCy 36.31 -72.47

SSTc2dJ160000.6-422158 iPCy -128.615 -38.28 0.65 358.82 325.33
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SSTc2dJ160002.4-422216 M Abs 86.80 1.32 257.41 233.39

SSTc2dJ160026.1-415356 iPCy 3.75 117.0 1.01 230.17 208.69

MY Lup Abs -43.01 1.18 565.02 512.29

Sz131 M iPCy -71.51 13.46 1.11 321.34 291.35

Sz133 Em -88.30

SSTc2dJ160703.9-391112 Abs -11.43

Sz90 M LVA -8.88 8.86 1.31 568.08 515.06

Sz95 M Combo -108.51 -13.03 1.46 346.79 314.42

100.0

Sz96 M LVA -24.56 2.72 1.58 330.08 299.27

2MASSJ16081497-3857145 M Abs 41.41 0.36 327.16 296.62

Sz98 M PCy -46.63 -92.88 2.50 456.82 414.18

Lup607 M Em 1.52 0.87 199.08 180.50

Sz102 Em -8.23

SSTc2dJ160830.7-382827 Abs -16.80

SSTc2dJ160836.2-392302 M Misc 1.49 -180.90 2.02 511.84 464.07

-12.24

100.0

Sz108B M Combo -80.37 10.97 1.13 239.20 216.87

100.0

2MASSJ16085324-3914401 Combo 41.55 -33.77 1.31 290.45 263.34

150.35

2MASSJ16085529-3848481 iPCy 16.60 115.96 0.87 199.08 180.50

SSTc2dJ160927.0-383628 iPCy -71.56 23.62 0.86 318.99 289.21

Sz117 iPCy -47.30 123.37 1.58 245.45 222.54

Sz118 iPCy -89.95 28.03 1.50 514.88 466.82

2MASSJ16100133-3906449 iPCy 45.07 133.03

SSTc2dJ161018.6-383613 Abs 22.73 0.68 289.34 262.34

SSTc2dJ161019.8-383607 M Abs 42.15 0.77 221.88 201.17

SSTc2dJ161029.6-392215 DA -24.37 1.08 265.68 240.88

126.37

SSTc2dJ161243.8-381503 iPCy -70.65 21.68 1.52 336.25 304.87

SSTc2dJ161344.1-373646 M PCy 1.52 -78.32 0.68 308.03 279.28

Sz75/GQ Lup M Combo -85.14 0.0 2.30 364.57 330.54

161.403

Sz76 Misc 33.56 -108.97 1.32 278.90 252.87

-20.24

132.09

Sz77 Combo -18.51 -117.90 1.56 428.92 388.89

125.19

RXJ1556.1-3655 Em 22.10 1.24 388.31 352.07

Sz82/IM Lup Combo -7.86 -97.27 2.84 356.98 323.66

132.78

EX Lup Combo 0.736 -134.77 1.96 320.94 290.993
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217.083

Notes: An ’M’ in column 2 is spectra that was fit using manually defined initial guesses

Table 5.2: Observed profile types, emission centroid velocity and absorption centroid

velocities in the Upper Scorpius sample.

Object Fit Profile Type Vem Vabs R? Vesc Vff

(km s−1) (km s−1) (R�) (km s−1) (km s−1)

2MASSJ15534211-2049282 iPCy -87.78 23.79 0.99 304.57 276.14

2MASSJ15583692-2257153 M PCy 11.34 -80.22 1.79 589.50 534.48

2MASSJ16001844-2230114 M PCy 45.14 -274.83 0.98 279.34 253.27

2MASSJ16035767-2031055 PCy 11.78 -69.55 1.33 510.01 462.41

2MASSJ16035793-1942108 DA 14.11 0.87 428.31 388.34

144.62

2MASSJ16041740-1942287 Combo 71.3 -12.68 0.95 352.99 320.04

150.68

2MASSJ16041893-2430392 Combo 48.95 -9.45 1.77 282.67 256.29

157.44

2MASSJ15354856-2958551 E iPCy -11.78 106.82 1.03 272.08 246.69

2MASSJ15354856-2958551 W iPCy -0.33 126.56 1.03 272.08 246.69

2MASSJ15514032-2146103 M Abs 49.37 0.73 315.37 285.93

2MASSJ15530132-2114135 iPCy -55.62 118.21 0.73 315.37 285.93

2MASSJ15582981-2310077 M Combo -27.6 -100.0 0.73 315.37 285.93

101.87

2MASSJ16014086-2258103 M LVA -10.73 -27.51 0.99 345.39 313.15

2MASSJ16020757-2257467 Combo 35.15 -44.86 0.79 460.95 417.92

137.56

2MASSJ16024152-2138245 Combo -6.25 -124.45 0.62 272.31 246.89

124.24

2MASSJ16054540-2023088 Combo 1.66 -34.35 1.03 272.08 246.69

124.78

2MASSJ16062196-1928445 Combo 34.11 -73.48 1.42 351.83 318.99

191.51

2MASSJ16063539-2516510 M iPCy -78.39 -5.61 0.56 348.77 316.22

2MASSJ16064385-1908056 DA -78.86 1.09 535.63 485.64

118.42

2MASSJ16072625-2432079 iPCy -56.43 70.64 1.25 297.81 270.01

2MASSJ16081566-2222199 PCy 48.59 -8.53 1.00 395.08 358.21

2MASSJ16082324-1930009 M LVA -27.51 13.66 1.33 414.53 375.84

2MASSJ16082751-1949047 M iPCy -64.12 0.0 0.87 247.33 224.25

2MASSJ16090002-1908368 iPCy -43.78 115.16 0.73 315.37 285.93

2MASSJ16090075-1908526 M iPCy -57.09 50.0 1.35 411.62 373.20

2MASSJ16095361-1754474 M iPCy -72.74 126.61 0.56 348.77 316.22
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2MASSJ16104636-1840598 Combo 27.89 -67.28 0.65 333.46 302.34

114.3

2MASSJ16111330-2019029 Combo -23.26 -177.56 0.52 445.84 404.23

123.46

2MASSJ16123916-1859284 M PCy 0.0 -62.801 1.19 400.18 362.83

2MASSJ16133650-2503473 M LVA -13.8 -30.13 0.95 358.63 325.16

2MASSJ16135434-2320342 M Combo -12.73 -25.74 1.13 259.96 235.69

136.06

2MASSJ16141107-2305362 Abs -48.91 1.62 542.01 491.42

2MASSJ16143367-1900133 Combo -38.24 -137.23 2.10 229.36 207.96

68.81

2MASSJ16154416-1921171 M iPCy -115.87 59.07 1.21 504.34 457.27

2MASSJ16181904-2028479 M iPCy -80.19 -18.31 0.84 270.03 244.82

Notes: An ’M’ in column 2 is spectra that was fit using manually defined initial guesses

5.7 Appendices

5.7.1 Tables of source information

Table 5.3: Stellar, disk, and accretion properties for the targets in the Lupus region from

Alcalá et al. (2019). Information on the presence of winds or jets is from optical emission

lines analysed in Natta et al. (2014) and Nisini et al. (2018)

Object dist SpT AV L∗ logLacc M∗ logṀacc Notes

[pc] [mag.] [L�] [M�]

Sz66 157 M3 1.00 0.22 -1.76 0.29 -8.50 LVC

AKC2006-19 153 M5 0.00 0.02 -4.08 0.14 -10.97

Sz69 155 M4.5 0.00 0.09 -2.77 0.20 -9.48 LVC, HVC

Sz71 156 M1.5 0.50 0.33 -2.17 0.41 -9.02 LVC

Sz72 156 M2 0.75 0.27 -1.77 0.37 -8.60 LVC, HVC

Sz73 157 K7 3.50 0.46 -0.96 0.78 -8.12 LVC, HVC

Sz74 159 M3.5 1.50 1.16 -1.45 0.30 -7.81 LVC

Sz83 160 K7 0.00 1.49 -0.25 0.67 -7.08

Sz84 153 M5 0.00 0.13 -2.68 0.17 -9.23 td, LVC

Sz130 160 M2 0.00 0.18 -2.14 0.39 -9.09 LVC, HVC

Sz88A 158 M0 0.25 0.31 -1.40 0.61 -8.49 LVC

Sz88B 159 M4.5 0.00 0.07 -3.30 0.20 -10.05 LVC

Sz91 159 M1 1.20 0.20 -2.00 0.51 -9.07 td, LVC

Lup713 174 M5.5 0.00 0.02 -3.62 0.11 -10.40

Lup604s 160 M5.5 0.00 0.04 -3.89 0.12 -10.56 LVC

Sz97 158 M4 0.00 0.11 -3.11 0.24 -9.88 LVC
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Sz99 159 M4 0.00 0.05 -2.80 0.23 -9.73 LVC, HVC

Sz100 137 M5.5 0.00 0.08 -3.33 0.14 -9.87 td, LVC, HVC

Sz103 160 M4 0.70 0.12 -2.60 0.23 -9.33 LVC, HVC

Sz104 166 M5 0.00 0.07 -3.36 0.16 -10.03 LVC

Lup706 159 M7.5 0.00 0.002 -5.00 0.06 -11.90 sl

Sz106 162 M0.5 1.00 0.06 -2.68 0.57 -10.07 sl, LVC

Par-Lup3-3 159 M4 2.20 0.15 -3.10 0.23 -9.77

Par-Lup3-4 151 M4.5 0.00 0.002 -4.35 0.17 -11.81 sl, LVC

Sz110 160 M4 0.00 0.18 -2.20 0.23 -8.84 LVC

Sz111 158 M1 0.00 0.21 -2.40 0.51 -9.47 td, LVC

Sz112 160 M5 0.00 0.12 -3.39 0.17 -9.94 td, LVC

Sz113 163 M4.5 1.00 0.04 -2.28 0.19 -9.12 LVC, HVC

2MASSJ16085953-3856275 150 M8.5 0.00 0.01 -4.85 0.02 -11.02 LVC

SSTc2d160901.4-392512 164 M4 0.50 0.10 -3.17 0.23 -9.95 LVC

Sz114 162 M4.8 0.30 0.21 -2.68 0.19 -9.17 LVC, HVC

Sz115 158 M4.5 0.50 0.11 -2.91 0.20 -9.57

Lup818s 157 M6 0.00 0.02 -4.31 0.08 -10.96 LVC

Sz123A 159 M1 1.25 0.13 -2.00 0.55 -9.21 td, LVC, HVC

Sz123B 159 M2 0.00 0.03 -2.90 0.40 -10.24 sl, LVC, HVC

SST-Lup3-1 165 M5 0.00 0.04 -3.77 0.16 -10.53

Sz65 155 K7 0.60 0.89 -2.57 0.70 -9.52

AKC2006-18 139 M6.5 0.00 0.01 -4.60 0.07 -11.23 LVC

SSTc2dJ154508.9-341734 155 M5.5 5.50 0.06 -1.77 0.14 -8.36 LVC, HVC

Sz68 154 K2 1.00 5.42 -1.18 2.15 -8.39

SSTc2dJ154518.5-342125 152 M6.5 0.00 0.04 -4.29 0.08 -10.72 LVC, HVC

Sz81A 160 M4.5 0.00 0.25 -2.44 0.19 -8.92 LVC

Sz81B 160 M5.5 0.00 0.12 -3.14 0.15 -9.61 LVC

Sz129 162 K7 0.90 0.43 -1.13 0.78 -8.30 LVC

SSTc2dJ155925.2-423507 147 M5 0.00 0.02 -4.42 0.14 -11.29 LVC

RY Lup 159 K2 0.40 1.87 -0.85 1.53 -8.16 td, LVC

SSTc2dJ160000.6-422158 161 M4.5 0.00 0.10 -3.04 0.20 -9.73 LVC

SSTc2dJ160002.4-422216 164 M4 1.40 0.18 -2.92 0.23 -9.56

SSTc2dJ160026.1-415356 164 M5.5 0.90 0.08 -3.22 0.14 -9.76

MY Lup 157 K0 1.30 0.85 -0.65 1.09 -8.01 td

Sz131 160 M3 1.30 0.15 -2.34 0.30 -9.18 LVC, HVC

Sz133 153 K5 1.80 0.07 -1.78 sl, bz, LVC

SSTc2dJ160703.9-391112 159 M4.5 0.60 0.003 -5.40 0.16 -12.76 sl, td?, LVC

Sz90 160 K7 1.80 0.42 -1.79 0.78 -8.96 LVC, HVC

Sz95 158 M3 0.80 0.26 -2.70 0.29 -9.40

Sz96 157 M1 0.80 0.42 -2.51 0.45 -9.37 LVC

2MASSJ16081497-3857145 159 M5.5 1.50 0.01 -3.60 0.10 -10.60 LVC

Sz98 156 K7 1.00 1.53 -0.71 0.67 -7.54 LVC, HVC

Lup607 175 M6.5 0.00 0.05 -5.02 0.09 -11.60 LVC

Sz102 159 K2 0.70 0.01 -2.20 sl, bz, LVC, HVC
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SSTc2dJ160830.7-382827 156 K2 0.20 1.84 -2.02 1.53 -9.32 td, LVC

SSTc2dJ160836.2-392302 154 K6 1.70 1.15 -1.03 0.83 -8.04 td?, LVC, HVC

Sz108B 169 M5 1.60 0.11 -3.05 0.17 -9.62 LVC, HVC

2MASSJ16085324-3914401 168 M3 1.90 0.21 -3.25 0.29 -10.00

2MASSJ16085373-3914367 159 M5.5 4.00 0.00 -3.90 0.10 -10.94

2MASSJ16085529-3848481 158 M6.5 0.00 0.05 -4.31 0.09 -10.72 LVC, HVC

SSTc2dJ160927.0-383628 159 M4.5 2.20 0.07 -1.50 0.20 -8.25 LVC, HVC

Sz117 159 M3.5 0.50 0.28 -2.30 0.25 -8.91 LVC, HVC

Sz118 164 K5 1.90 0.72 -1.97 1.04 -9.21 LVC

2MASSJ16100133-3906449 193 M6.5 1.70 0.19 -3.43 0.14 -9.74 LVC

SSTc2dJ161018.6-383613 159 M5 0.50 0.04 -4.00 0.15 -10.76

SSTc2dJ161019.8-383607 159 M6.5 0.00 0.04 -4.10 0.08 -10.52

SSTc2dJ161029.6-392215 163 M4.5 0.90 0.11 -3.38 0.20 -10.05 td, LVC

SSTc2dJ161243.8-381503 160 M1 0.80 0.39 -2.19 0.45 -9.07 LVC

SSTc2dJ161344.1-373646 160 M5 0.60 0.04 -2.49 0.16 -9.24 LVC, HVC

Sz75/GQ Lup 152 K6 0.70 1.48 -0.69 0.80 -7.63 LVC

Sz76 160 M4 0.20 0.18 -2.55 0.23 -9.18 td, LVC

Sz77 155 K7 0.00 0.59 -1.67 0.75 -8.76

RXJ1556.1-3655 158 M1 1.00 0.26 -0.85 0.49 -7.85 LVC

Sz82/IM Lup 159 K5 0.90 2.60 -1.05 0.95 -7.98 td

EX Lup 158 M0 1.10 0.76 -0.91 0.53 -7.74

Notes: td : YSO with transitional disc ; sl : sub-luminous YSO; bz : sub-luminous object falling below

the zero-age main-sequence on the HR diagram

Table 5.4: Stellar, disk, and accretion properties for the targets in the Upper Scorpius

region from Manara et al. (2020)

Object Name dist SpT AV L∗ logLacc M∗ Ṁacc Notes

(pc) (mag) (L�) (L�) (M�) (M�/yr)

2MASSJ15534211-2049282 136 ± 4 M4 1.2 0.09 -2.6 0.24 3.66·10−10 f

2MASSJ15583692-2257153 166 ± 4 K0 0.0 2.57 -0.5 1.63∗ 1.59·10−08 f

2MASSJ16001844-2230114 138 ± 9 M4.5 0.8 0.08 -1.9 0.20 2.03·10−09 f

2MASSJ16035767-2031055 143 ± 1 K6 0.7 0.48 -1.8 0.91 8.81·10−10 f

2MASSJ16035793-1942108 158 ± 2 M2 0.3 0.13 -5.1 0.42 6.69·10−13 f

2MASSJ16041740-1942287 161 ± 2 M3 0.7 0.14 -4.3 0.31 6.04·10−12 f

2MASSJ16041893-2430392 145 M2 0.3 0.45 -3.1 0.37 1.48·10−10

2MASSJ16042165-2130284 150 ± 1 K3 1.4 0.90 -3.2 1.24 3.09·10−11 td

2MASSJ15354856-2958551 E 145 M4.5 0.0 0.10 -2.8 0.20 3.53·10−10 f,b

2MASSJ15354856-2958551 W 145 M4.5 0.0 0.10 -2.9 0.20 2.73·10−10 b

2MASSJ15514032-2146103 142 ± 2 M4.5 0.3 0.05 -3.5 0.19 5.01·10−11 e

2MASSJ15530132-2114135 146 ± 2 M4.5 0.8 0.05 -3.0 0.19 1.52·10−10 f

2MASSJ15582981-2310077 147 ± 3 M4.5 1.0 0.05 -2.3 0.19 7.16·10−10 f

2MASSJ16014086-2258103 145 M3 1.2 0.12 -1.2 0.31 7.42·10−09 f
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2MASSJ16020757-2257467 140 ± 1 M2 0.4 0.08 -3.8 0.44 1.08·10−11 f

2MASSJ16024152-2138245 142 ± 2 M5.5 0.6 0.03 -2.9 0.12 2.76·10−10 f

2MASSJ16054540-2023088 145 ± 2 M4.5 0.6 0.10 -2.8 0.20 3.58·10−10 f

2MASSJ16062196-1928445 145 M1 0.8 0.34 -1.3 0.46 6.13·10−09 td

2MASSJ16063539-2516510 139 ± 3 M4.5 0.0 0.03 -5.1 0.18 8.62·10−13 e

2MASSJ16064385-1908056 144 ± 7 K7 0.4 0.29 -2.3 0.82 2.65·10−10 e

2MASSJ16072625-2432079 143 ± 2 M3 0.7 0.18 -2.6 0.29 4.56·10−10 f

2MASSJ16081566-2222199 140 ± 2 M2 0.5 0.15 -3.7 0.41 1.99·10−11 f

2MASSJ16082324-1930009 138 ± 1 M0 1.1 0.32 -2.0 0.61 7.90·10−10 f

2MASSJ16082751-1949047 145 M5.5 0.6 0.06 -3.1 0.14 1.97·10−10 e

2MASSJ16090002-1908368 139 ± 3 M4.5 0.3 0.05 -4.2 0.19 1.02·10−11 f

2MASSJ16090075-1908526 138 ± 1 M0 1.0 0.32 -1.7 0.60 1.74·10−09 f

2MASSJ16095361-1754474 158 ± 5 M4.5 0.5 0.04 -4.5 0.18 4.54·10−12 f

2MASSJ16104636-1840598 143 ± 3 M4.5 1.2 0.04 -3.9 0.19 1.45·10−11 f

2MASSJ16111330-2019029 155 ± 1 M3.5 0.6 0.03 -1.9 0.27 9.77·10−10 f

2MASSJ16123916-1859284 139 ± 2 M1 0.6 0.22 -2.3 0.50 4.75·10−10 f

2MASSJ16133650-2503473 145 M3 1.0 0.11 -1.6 0.32 2.93·10−09 f

2MASSJ16135434-2320342 145 M4.5 0.3 0.12 -2.3 0.20 1.18·10−09 f

2MASSJ16141107-2305362 145 K4 0.3 1.05 -1.4 1.25 2.09·10−09 f

2MASSJ16143367-1900133 142 ± 2 M3 1.9 0.52 -2.7 0.29 5.17·10−10 f

2MASSJ16154416-1921171 132 ± 2 K7 2.8 0.30 -0.3 0.81 2.44·10−08 f

2MASSJ16181904-2028479 138 ± 2 M5 1.6 0.05 -3.4 0.16 8.05·10−11 e

Notes: Disk types from Barenfeld et al. (2016); Luhman and Mamajek (2012); Carpenter et al. (2006)

- f: full disk; td: transitional disk; e: evolved disk; b: binary source

5.7.2 Aligning the NIR and VIS spectra

During the data reduction, aligning the wavelength axis of both the NIR and VIS spectra

is a crucial step to ensure the correct velocities are measured in the He I λ10830 Å line.

We examined the Paδ 1004.94 nm and the Li 670.78 nm lines to measure the velocity

correction needed for this alignment. First, the radial velocity and heliocentric velocity

corrections are applied to the spectra. We then fit the Li line with a 1D Gaussian to

measure any shift from its rest wavelength of 670.78 nm. Both the NIR and VIS spectra

are shifted so the Li line in the VIS spectra is centred at 0km s−1. The majority of our

sample (109 sources in total consisting of 73 sources in Lupus, and 36 in Upper Sco) used

the velocity shift measured by the Gaussian fits. In 9 spectra (all in Lupus), the median

Li shift of -0.5km s−1is applied to the spectra. In these cases, the Li line is either not

detected or the signal-to-noise is too low to properly fit with a Gaussian.

Next, the Paδ 1004.94 nm line, in both the NIR and VIS spectra, is fitted using a 1D

Gaussian. The velocity difference between the peak of the Paδ lines in the NIR and VIS



5.7. Appendices 135

spectra is used to shift the NIR arm, to be aligned with the VIS arm. For the majority

of our spectra, the NIR and VIS arms were already well-aligned, so a total of 73 sources

(54 in Lupus and 19 in Upper Sco) are not shifted based on the Paδ line. In 45 sources

(28 in Lupus, 17 in Upper Sco), the velocity correction found with the Paδ line is applied

to align the NIR and VIS spectra. However, in 8 (7 in Lupus, 1 in Upper Sco) of these

sources the Paδ shift measured with the Gaussian fit was too large (> ± 20 km s−1), and

was not appropriate for aligning the spectra. This is due to a low signal-to-noise ratio in

the Paδ line for these sources. In these cases, the median value of the non-zero Paδ shifts

was used - this is 9 km s−1in Lupus, and -2.9 km s−1in Upper Sco.

Figure 5.16: Histograms of the velocity corrections applied to the spectra for sources in

both star forming regions. Panels (a) and (b) show the radial velocity and the heliocentric

velocity corrections. Panels (c) and (d) show the velocity corrections measured from the

Paδ and Li lines. The red dashed line marks the median value of the Paδ and Li shifts,

with the corresponding mean and standard deviation listed in each panel.

In Figure 5.16, we plot histograms of all velocity corrections applied to our spectra

in both star forming regions. In each panel, dark blue bars represent sources in Lupus,

while light blue shows the Upper Sco sources. Panels (a) and (b) show the radial velocity

and the heliocentric velocity corrections. Panels (c) and (d) show the velocity corrections
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measured from the Paδ and Li lines. The red dashed line marks the median value of the

Paδ and Li shifts, with the corresponding mean and standard deviation listed in each

panel. Vertical dashed lines in panels (c) and (d) mark the velocities above which we use

the median velocity shifts listed above.

We find the standard deviations for both the Li line and Paδ line velocity corrections,

σ, to be less than 3 km s−1(2.96 km s−1in the Li line velocity shifts and 2.24 km s−1for the

Paδ line). Adding these in quadrature, the combined error due to the velocity corrections

is 3.7 km s−1and thus do not introduce large uncertainties in the observed maximum

velocities in the He I λ10830 Å line (see Section 5.4). Also, since 3σ is less than the

velocity resolution (of ≈ 11 km s−1and 16 km s−1for the VIS and NIR arms, respectively),

these velocity shifts are not likely to affect the number of each profile type observed in

the sample.

5.7.3 He I λ10830 Å profiles in the Lupus sample

We present He I λ10830 Å profiles of the Lupus sample arranged by the fitted profile types

in Figures 5.17 & 5.18. The profiles are normalised to the continuum level and rescaled

between ± 1 for plotting. We mark two photospheric absorption features (i.e Si I 10830.1

Åand NaI 10837.8 Å, at -88 km s−1and +126 km s−1, respectively) on the each plot, as

these may contribute to the observed He I λ10830 Å absorption features.

5.7.4 He I λ10830 Å profiles in the Upper Scorpius sample

We present He I λ10830 Å profiles of the Upper Scorpius sample arranged by the fitted

profile types in Figure 5.19. The profiles are normalised to the continuum level and

rescaled between ± 1 for plotting. We mark two photospheric absorption features (i.e Si

I 10830.1 Åand NaI 10837.8 Å, at -88 km s−1and +126 km s−1, respectively) on the each

plot, as these may contribute to the observed He I λ10830 Å absorption features.

5.7.5 He I λ10830 Å profiles in Class III sources

43 Class III spectra, from Manara et al. (2013, 2017), are plotted centred on the He

I λ10830 Å line over a velocity interval of ± 350 km s−1. The subplots are arranged

by spectral type (noted on each panel in Figure 5.20). Each spectrum was normalized

to the continuum level by taking the mean continuum level on either side of the He I

line. All spectra are corrected for the radial and heliocentric velocities. The grey vertical

line marks 0 km/s. The black vertical dashes (at -88 km s−1and +126 km s−1) mark

strong photospheric absorption features (i.e Si I 10830.1 Åand NaI 10837.8 Å) which are
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Figure 5.17: He I λ10830 Å profiles of the Lupus sample, grouped by profile type. The

profiles are normalised to the continuum level and rescaled between ± 1 for plotting.

The black vertical dashes (at -88 km s−1and +126 km s−1) mark photospheric absorption

features (i.e Si I 10830.1 Åand NaI 10837.8 Å)
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Figure 5.18: He I λ10830 Å profiles of the Lupus sample, grouped by profile type. The

profiles are normalised to the continuum level and rescaled between ± 1 for plotting.

The black vertical dashes (at -88 km s−1and +126 km s−1) mark photospheric absorption

features (i.e Si I 10830.1 Åand NaI 10837.8 Å)
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Figure 5.19: He I λ10830 Å profiles of the Upper Scorpius sample, grouped by profile

type. The profiles are normalised to the continuum level and rescaled between ± 1 for

plotting. The black vertical dashes (at -88 km s−1and +126 km s−1) mark photospheric

absorption features (i.e Si I 10830.1 Åand NaI 10837.8 Å)
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particularly strong in SpTs G and K. For K-type SpT there also appears to be a persistent

absorption feature centred on 0 km/s. Generally, little to no emission is seen for these

sources. Strong and broad absorption centred on 0 km/s is seen in only two sources (Sz107

and RXJ0445.8+1556).
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Figure 5.20: He I λ10830 Å profiles for a sample of 43 Class III sources. We do not

observe absorption nor emission features suitable for classifying the profiles as in Section

5.3.2. The black vertical dashes (at -88 km s−1and +126 km s−1) mark photospheric

absorption features (i.e Si I 10830.1 Åand NaI 10837.8 Å)



6
Overall Conclusions

The aim of this thesis was to investigate the role of protostellar jets in star formation.

These jets are thought to aid in the removal of angular momentum from the star-disk

system, so it is crucial to understand the launching mechanism which may affect disk

evolution and planet formation (see reviews by Turner et al., 2014; Pudritz and Ray,

2019), and the evolution of jets throughout different stages of star formation (e.g. from

Class 0/I to Class II) (Frank et al., 2014a).

First, our case study of the bipolar jet in DO Tau revealed notable asymmetries in

the brightness, morphology and velocities of the jet and counterjet (see Chapter 3). The

collimation of the DO Tau jet lends support to a magnetic collimation mechanism, rather

than the jet being collimated by ambient pressure in the cloud. The similar degree of

collimation between the DO Tau jet and younger Class 0 jets suggests that the collimation

mechanism is independent of evolutionary stage (Cabrit et al., 2007). The presence of

magnetic fields collimating the jet, also supports the possibility of a magnetic jet launching

mechanism. An upper limit on a potential velocity asymmetry is observed across the DO

Tau jet, which was used to calculate an upper limit on the jet launching radius. Our

results suggest that the DO Tau jet is launched by an X-wind or a narrow MHD disk

wind, with material being ejected from within 0.5 au from the star. It is important

to understand the origin of the jet, because the presence of a disk wind, and therefore

142
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magnetic fields in the disk, has important implications for potential planet formation

ongoing in the disk (Salmeron and Ireland). However, jet axis wiggling can complicate

the interpretation of jet rotation since the assumption of axisymmetry may break down. In

the DO Tau jet, we have observed jet axis wiggling compatible with the precession model,

although the velocity and morphology asymmetries in the jet and counterjet require two

different precession solutions. The cause of the precession may be attributed to a substellar

companion in the disk, but may also be due to disk warping caused by the launching of a

disk wind. While this work revealed possible constraints on jet launching models, further

observations of asymmetric bipolar jets are clearly still required to determine how a jet

can be launched asymmetrically and to understand the implications for magnetic field

strengths in the inner regions of protoplanetary disks.

The second case study presented in this thesis consists of HST images of four well-

known Class 0/I sources - HH 1, HH 34, HH 46 and HH 111. Because these sources are

very young, they are still highly embedded and the material in the cloud obscures the

protostar and inner few hundred au of the jet. Our images provided the most detailed

view so far of the inner knots of the red-shifted lobes in all four sources. We compared our

images with archival images of our sources to trace the motion of the jet knots and extract

proper motion measurements which show velocity variations along the jet consistent with

previous proper motion studies. We also observed jet axis wiggling in three of the four

sources, which was consistent with jet precession. The jet axis wiggling was modelled for

HH 111 and appears to be consistent with a companion in the disk, which also supports

Spitzer and ALMA observations of a potential binary source driving this jet. Furthermore,

we were able to measure the extinction along the jet, which is very high near the star and

gradually decreases along the jet. These results will aid in the interpretation of future

James Webb Space Telescope (JWST) observations that will probe the innermost regions

of protostellar systems.

While case studies are important to understand details of protostellar systems, we

must also use larger samples and surveys to investigate any systematic trends in jet and

disk properties. In the final study presented in this thesis, a large sample of over 100

stars were examined using high-resolution X-Shooter spectra. This study highlights a

variety of He I λ10830 Å line profile shapes tracing either accretion flows or winds (or

both simultaneously) from the sources in our sample. The statistics of the various shapes

of the He I λ10830 Å line profiles vary between the two star forming regions examined in

the sample, which may suggest a trend with age. A correlation was found between the

maximum velocities and the source inclination, and this correlation is stronger for sources

with blue absorption features than those with only red-shifted absorption features. These
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results are consistent with previous works by Edwards et al. (2006); Kwan et al. (2007);

Fischer et al. (2008) who studied the He I λ10830 Å line in a sample of stars in Taurus.

Furthermore, higher accretion rates were observed in targets where the He I λ10830 Å

line profile has a blue-shifted absorption feature, supporting the idea that these winds

are in fact accretion-powered (Edwards et al., 2006). Thus, the He I λ10830 Å line is

a particularly good tracer of both infalling and outflowing gas in the inner disk, which

allows us to search for a connection between accretion and ejection.

Overall, these studies show that jets are a crucial part of star formation. The launching

of a protostellar jet appears to rely on the presence of magnetic fields in the disk, while

accretion in the disk relies on the removal of angular momentum to continue. Thus it is

crucial that we understand exactly how the jet is launched, particularly the method for

launching bipolar jets with asymmetries in velocities between the two lobes, and the link

between accretion and ejection. We also find that the jet axis wiggling may provide a new

way to detect close-in planets in the protoplanetary disk, even for the most embedded

sources where the inner ∼ 10 au of the disk is obscured by the envelope. These works

highlight the need for models which account for the launching of asymmetric jets, where

the past assumptions of axisymmetry may not apply. Also, because observing the jet

base remains a challenging observational task, further high spatial and spectral resolution

observations are needed to understand jet formation and the jets role in star and planet

formation.

As highlighted throughout this thesis, identifying the jet launching mechanism and

how this relates to mass and momentum transport in the disk, is a long-standing open

question in star formation. The true nature of the jet-disk connection, and their influence

on one another, is another question which remains unanswered in the field. Ultimately,

I aim to further understanding of the intimate connection between protostellar jets and

the disk.

I will be able to follow up on my work done in the infrared on the He i line as a member

of the PENELLOPE collaboration, a public survey of high-resolution spectroscopy tar-

geting T Tauri stars using the VLT/X-Shooter instrument, which complements the HST

ULYSSES program in the UV. I will analyse the He I λ10830 Å line in the PENELLOPE

data, building further statistics on this line. Also, combining the results of these two

collaborations, provides an exciting way to further investigate the accretion-ejection con-

nection at young stars. Additionally, I have access to further IFU data cubes of T Tauri

sources in the near-infrared and plan to conduct further detailed kinematics and morpho-

logical studies (similar to my work on DO Tau). These data can be used to investigate jet

wiggling close to the jet base which provides an exciting new way to search for ongoing



145

planet formation in the inner disk (i.e. at radii < a few au from the star). I will also be

able to use these data to examine T Tauri jets on a case-by-case basis to search for jet

rotation close to the jet base, while also including these data as part of a larger sample to

identify statistically significant trends which may bring to light important clues regarding

how jets are formed and how they evolve over time, and ongoing planet formation in the

disks of young stars. However, as shown in my work and many previous jet studies, jet

rotation studies are difficult to conduct because they push the limits of current telescope

capabilities.

Nonetheless, new facilities provide new opportunities to answer the open questions in

the field about the jet launching mechanism and the jet-disk connection. For example,

CRIRES+ has a high enough spectral resolution to measure even small differences in radial

velocities across the jet. In the next year, I plan to submit a proposal to use CRIRES+

to observe T Tauri jet targets in the infrared to search for jet rotation. At the time of

writing, the James Webb Space Telescope (JWST) has been launched and is currently in

commissioning before reaching its orbit point at L2. JWST will provide observations of

protostellar jets in the mid-IR with the same resolution that HST now achieves in the

optical and near-IR. JWST will allow us to investigate jet radial velocities in the jet base,

the most embedded parts of the jet, and measure the width and collimation of the jet

(and counterjet, if observed) closer to the star than previous observations. In the future,

the Extremely Large Telescope (ELT) will provide even higher spatial resolution in the

infrared than JWST - for nearby star-forming regions like Taurus, the ELT will be able

to resolve scales of a few au (compared to a few tens of au with JWST and HST). This

high resolution will enable us to probe the innermost regions of protoplanetary disks,

where Earth-like planets may form, and to study the earliest phases of star formation in

greater detail than is possible with current instrumentation. With JWST and ELT, it will

become possible to peer even deeper in the source natal envelope at infrared wavelengths,

and with their high resolution they will reveal previously unseen details of protostellar

systems, bringing us ever closer to answering fundamental questions about the origins of

our Solar System.
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Lilly, Simon L. Morris, Eric Prieto, Matthias Steinmetz, and P. Tim de Zeeuw.

MUSE: a second-generation integral-field spectrograph for the VLT. In Masanori Iye

and Alan F. M. Moorwood, editors, Instrument Design and Performance for Opti-

cal/Infrared Ground-based Telescopes, volume 4841 of Society of Photo-Optical Instru-

mentation Engineers (SPIE) Conference Series, pages 1096–1107, March 2003. doi:

10.1117/12.462334.

G. H. Herbig and K. Robbin Bell. Third Catalog of Emission-Line Stars of the Orion

Population : 3 : 1988. 1988.

George H. Herbig. The Spectra of Two Nebulous Objects Near NGC 1999. The Astro-

physical Journal, 113:697–699, May 1951. doi: 10.1086/145440.

Gregory J. Herczeg and Lynne A. Hillenbrand. An Optical Spectroscopic Study of T Tauri

Stars. I. Photospheric Properties. The Astrophysical Journal, 786(2):97, May 2014. doi:

10.1088/0004-637X/786/2/97.

Gregory J. Herczeg, Jeffrey L. Linsky, Frederick M. Walter, Gösta F. Gahm, and Christo-
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SJ Carey. The kinematics of hh 34 from hst images with a nine-year time baseline.

The Astrophysical Journal, 748(2):103, 2012.

T. Ray, C. Dougados, F. Bacciotti, J. Eislöffel, and A. Chrysostomou. Toward Resolving
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