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S U M M A RY

Jets are one of the most ubiquitous processes in the Universe, observed from astrophysical
objects spanning an extreme range of masses. Despite the difference in scale, the similar
morphologies and other characteristics between astrophysical jets suggest that the launch-
ing mechanism may be universal, although this suggestion is still controversial. It is widely
accepted that many astrophysical jets, including those from young stars, are driven by ac-
cretion and launched through magnetohydrodynamic (MHD) processes, in particular, the
centrifugal acceleration of material along magnetic field lines anchored to a rotating disk.
However, many open questions remain: Where is the precise origin of jet launch? What
is the role of the magnetic field? How does the jet evolve with time? These questions
are best answered within the domain of low-mass star formation, as the large numbers
of (relatively) nearby young stellar objects (YSOs) uniquely allows the region of jet launch
to be studied. The latest generation of radio interferometers are the prime instruments to
examine this region as they possess high angular resolution, improved sensitivity and can
penetrate the encompassing circumstellar material.

The aim of this thesis is to investigate the jets driven by young stars over a wide range of
radio frequencies and angular resolutions to study the role of their outflows on all scales
and how they evolve with time. Data at well-sampled frequencies are crucial to precisely
model and differentiate between competing emission mechanisms. Firstly, I investigate a
sample of Class 0–I YSOs at 16 GHz with low spatial resolution with the Arcminute Mi-
crokelvin Imager (AMI) to explore these protostellar systems on large scales where the
outflow has interacted with the surrounding envelope and/or molecular cloud. I subtract
the contribution of the circumstellar material from the radio luminosity through modelling
of the spectral energy distributions and show that free–free emission produced by the jet is
the dominant mechanism responsible for the radio emission in this sample. I next extend
this investigation to sub-arcsecond scales at 5 GHz with the highest angular resolution ob-
servations to date of the Class II YSO, DG Tau, taken with the expanded Multi-Element
Radio Linked Interferometer Network (e–MERLIN). With these data I measure the initial
opening angle of the DG Tau jet, a vital constraint for the origin of MHD jet launch, and
demonstrate that the jet is initially generated as a poorly collimated wind which then be-
comes collimated on scales of 50 au. I calculate the mass-loss rate in the ionised component
of the DG Tau jet and find it compatible with MHD disk-wind theory. Finally, I explore
a spatial scale intermediate to AMI and e–MERLIN with observations of Class I–II YSOs
taken with the Giant Metrewave Radio Telescope (GMRT) at 325 and 610 MHz, which are

v



the first investigations of young, low-mass stars at such low frequencies. The most signi-
ficant result from this investigation is the detection of a prominent bow shock associated
with the DG Tau outflow which exhibits a synchrotron spectrum. This result provides
tentative evidence for the acceleration of particles to relativistic energies due to the shock
impact of this otherwise very low-power jet against the ambient medium which suggests
the possibility of low energy cosmic rays being generated by young Sun-like stars.
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Do I dare
Disturb the universe?

— T. S. Eliot —
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Part I

I N T R O D U C T I O N





1
M O T I VAT I O N A N D T H E S I S O U T L I N E

1.1 motivation

Astrophysical jets are powered by objects spanning an extreme range of masses, from young
brown dwarfs (< 0.08 M�) and protostars (∼ 1 M�) to Galactic microquasars and active
galactic nuclei (AGN, ∼ 108 M�). In spite of the enormous differences in scale, their sim-
ilar morphologies and other characteristics suggest that the launching mechanism may
be universal (e.g. Livio, 2011), although this suggestion is still controversial. It is widely
accepted that many astrophysical jets, including those from young stellar objects (YSOs),
are driven by accretion and launched through magnetohydrodynamic (MHD) processes, in
particular, the centrifugal acceleration of material along magnetic field lines anchored to a
rotating disk (e.g. Blandford & Payne, 1982; Pudritz & Norman, 1983). In the case of YSOs,
the rotation of a circumstellar disk, and therefore of the magnetic field lines, creates a hel-
ical configuration that is believed to collimate the jet via “hoop stresses” occurring tens of
au from the protostar. The role of the magnetic field on larger scales, however, is not well
understood (Ray, 2009) and direct observational support for its existence is still lacking. In
addition, open questions regarding the precise origin of jet launch and how the jet evolves
with time remain.

Jets from AGN have been mapped extensively in the radio. The intensity of their emitted
synchrotron radiation can be used to estimate the strength of the magnetic field whilst the
polarisation can be used to measure the direction of the magnetic field once the degree of
Faraday rotation is known. However, relatively little is known about the other basic phys-
ical characteristics of AGN jets. In contrast, the fundamental parameters such as density,
temperature, velocity, mass-loss rate and ionisation fraction are known for jets from YSOs;
the only element missing to obtain a complete physical demography of low-mass YSO jets
is the strength of their magnetic fields (Ray, 2010).

Synchrotron radiation has been detected in the jet of a massive YSO using linear po-
larisation measurements at radio wavelengths, allowing for the direct measurement of
the strength and direction of the magnetic fields within the young system (HH 80− 81,
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Carrasco-González et al., 2010a). This is a remarkable result as the presence of relativistic
particles was previously thought to be unlikely in jets from young stars where the velocities
are only of the order of hundreds of kilometres per second, in comparison with jets from
AGN where the jet velocities are close to the speed of light. Many features of the observed
polarisation in HH 80− 81 are similar to those seen in more highly energetic AGN jets,
strengthening the argument that certain jet formation characteristics span huge mass and
energy scales.

Due to their proximity (140 pc to the nearest star-forming regions), numbers (hundreds),
and diversity of available tracers, jets from low-mass young stars make ideal laboratories
for investigations of the physics, chemistry, acceleration, collimation, propagation and re-
gion of jet launch in these systems (e.g. Bally et al., 2007). The latest generation of radio
interferometers are the prime instruments to make these investigations as they possess high
angular resolution, improved sensitivity and can penetrate the encompassing circumstellar
material. The results of these studies can potentially be applied to astrophysical jets on all
scales.

1.2 thesis outline

The aim of this thesis is to explore young stars over a wide range of radio frequencies and
angular resolutions to study the role of their jets on all scales and how they evolve with
time. Chapter 2 provides an introduction to the current understanding of how stars like the
Sun form, the characteristics and role of the outflow in star formation, current jet-launching
theory and the radio emission observed from these young systems. Chapter 3 introduces
the principles of radio astronomy with some basic definitions, the modelling of radio emis-
sion with radiative transfer, a crash course in aperture synthesis and technical details on
the specific instruments used for the work in this thesis. Chapter 4 presents my large-scale
investigations of a sample of protostellar jets at 16 GHz using AMI, Chapter 5 extends these
investigations to sub-arcsecond scales at 5 GHz with the e–MERLIN and Chapter 6 explores
these systems on intermediate-scales in a new, very low frequency regime with the GMRT.
In Chapter 7, I summarise the main results of this thesis and make some brief concluding
remarks.
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2
T H E O RY: L O W- M A S S S TA R F O R M AT I O N

Over sixty years ago, George Herbig and Guillermo Haro were believed to have discovered
the nebulous cradles within which stars are formed (Herbig, 1950; Haro, 1952). It was not
until some time later that these Herbig–Haro (HH) objects were identified as the optical
manifestations of highly supersonic protostellar jets. Their spectra were indicative of mostly
low-excitation radiative shock waves (e.g. Bally et al., 2007), and the objects powering these
highly collimated outflows were sometimes found to be located light-years away from the
HH object. Outflows are now known to be a fundamental aspect of star formation.

This chapter introduces the current understanding of low-mass star formation and the
important role of the outflow. Low-mass refers to stars which will have final main-sequence
masses of 0.2− 2 M�, where M� is the mass of the Sun. Stars with masses in the range
2− 8 M� are intermediate-mass and stars with masses > 8 M� are high-mass. This chapter
additionally presents the characteristics of the radio emission typically associated with
these young systems.

2.1 protostellar evolution : from cloud to sun-like star

The stage for star formation is set with the fragmentation of a molecular cloud into a
number of gravitationally bound cores (see Figure 2.1). These cores are initially supported
against gravity due to a combination of magnetic, thermal and turbulent pressures, but
eventually succumb to the Jeans instability (i.e. when the core mass, Mcore, is greater than
the Jeans mass, MJeans, which scales with the temperature and density as T3/2ρ−1/2) and
collapse isothermally (see Figure 2.1; e.g. Larson, 1969). The released gravitational energy
is radiated away and the collapsing fragment produces a prestellar core, consisting of a
strong central concentration of matter with a radial density gradient approaching ρ ∝ r−2.
The prestellar core phase ends with the formation of an opaque, hydrostatic protostellar
object and the young system enters the main accretion phase of evolution, building up its
mass (M?) from a surrounding infalling envelope (of mass Menv) and accretion disk while
progressively heating up (see Figure 2.1).
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theory : low-mass star formation

Figure 2.1.: Current view of protostellar evolution. Image credit: Persson (2014a).

The youngest protostars have Menv � M? and the only source of energy in these systems
is their accretion luminosity:

Lacc ≈
GM?Ṁacc

R?
, (2.1)

where G is the gravitational constant, R? is the protostellar radius, and Ṁacc is the mass
accretion rate. The protostar becomes a pre-Main Sequence (PMS) star once it has accumu-
lated most (& 90%) of its final main-sequence mass, and continues to evolve approximately
at fixed mass on the Kelvin–Helmholtz contraction timescale (see Figure 2.1). When most
of the PMS star’s energy output is derived from hydrogen fusion, it evolves to a zero-age
Main Sequence (ZAMS) star (see Figure 2.1). The internal pressure then exactly balances
gravity, and the star begins a long-lived phase of overall equilibrium on the Main Sequence.

Historically, the classes of evolutionary sequence were designated by the slope of their
spectral energy distributions (SEDs) at infrared (IR) wavelengths between λ ∼ 2.2− 25 µm.
This slope is also referred to as the spectral index (αIR) and is defined as

αIR =
d log(λFλ)

d log λ
, (2.2)
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2.1 protostellar evolution : from cloud to sun-like star

Figure 2.2.: The proposed classification scheme for protostellar evolutionary Classes 0–III is based
on the slope of the spectral energy distribution (Equation 2.2) between ∼ 1− 100 µm.
Image credit: Persson (2014b).

where Fλ is the flux at wavelength λ. Originally, three distinct classes were identified
(Class I, II and III, Lada, 1987) according to their infrared excess with respect to stellar
blackbodies as measured by αIR. This classification scheme was revised (Greene et al.,
1994) to include an additional “flat spectrum” class, where the evolutionary status is uncer-
tain. Finally, observations of molecular clouds in the sub-millimetre led to the discovery
and designation of the youngest class (Class 0, André et al., 1993). What follows are the
observational properties associated with each protostellar evolutionary class, however the
observational divides are not clear-cut as these processes are gradual and can suffer from
observational limitations.

2.1.1 Class 0

Class 0 protostars (André et al., 1993) represent the youngest stage of low-mass star forma-
tion and are still deeply embedded in their natal circumstellar envelopes. As they have not
yet accumulated most of their mass, Menv & M? (where Menv ∼ 0.5 M� or more). Powerful,
highly collimated (jet-like) outflows are generated as a result of active accretion from the
infalling envelope, with mass-loss rates of Ṁjet ∼ 10−6 M� yr−1 (e.g. Bachiller, 1996). The
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morphology and dynamical timescales of these outflows indicate lifetimes in this phase of
∼ (1− 3)× 104 yr.

Due to their deficit of emission shortward of ∼ 10 µm (see Figure 2.2), Class 0 sources
are often identified indirectly such as through the detection of a compact centimetre radio
continuum source, a collimated molecular outflow or an internal heating source, which are
all evidence for a central YSO. These properties distinguish them from prestellar (starless)
cores. The Class 0 SED is dominated by centrally peaked but extended sub-millimetre con-
tinuum emission tracing the dense and dusty envelope and is typically well characterised
by a single-temperature blackbody with 15 . Td . 30 K (André et al., 1993), where Td is the
dust temperature. As the envelope mass exceeds the mass of the central star, Class 0 YSOs
have a high ratio of sub-millimetre to bolometric luminosity (Lsmm/Lbol) at wavelengths
longer than 350 µm, distinguishing them from the more evolved Class I–II systems. For
further distinction, bolometric temperature (Tbol, the effective temperature of a blackbody
with the same flux-weighted mean frequency as the observed SED) is also used to differ-
entiate between evolutionary classes (Myers & Ladd, 1993), where Tbol < 70 K for Class 0
YSOs (Chen et al., 1995).

2.1.2 Class I

The protostar enters the subsequent Class I phase (Lada, 1987) when a majority of the
envelope has accreted onto the protostar or circumstellar disk and Menv < M?. These YSOs
are relatively evolved with typical ages ∼ (1− 2)× 105 yr (e.g. Kenyon & Hartmann, 1995).
The outflows from Class I sources are typically much less powerful and less collimated than
those from Class 0 objects due to a decline in the accretion rate, with Ṁjet ∼ 10−8 M� yr−1

(Bontemps et al., 1996). Although the accretion rate declines, the stellar mass increases
and the luminosity is dominated by the accretion luminosity, Lacc (Equation 2.1; Greene &
Lada, 1996). For accretion rates of the order Ṁacc ∼ 10−6 − 10−7 M� yr−1, the luminosity
should be of order Lacc ∼ 10 − 50 L�, however observed luminosities are more than an
order of magnitude lower than predicted at ∼ 1 L� (Kenyon & Hartmann, 1995). Episodic
accretion could explain this discrepancy, where most of the matter accretes in eruptive
bursts followed by long periods of quiescence such as that observed in FU Orionis stars
(Hartmann & Kenyon, 1996).

Observational diagnostics for Class I protostars include αIR & 0.3 (see Figure 2.2; Greene
et al., 1994) and 70 K < Tbol < 650 K (Chen et al., 1995) although misclassifications can be
made due to inclination effects, aspherical geometry and extinction. In particular, a Class I
object may resemble a Class 0 system when observed at high inclination angles to the line
of sight (Yorke et al., 1995). However, the fact that Class 0 outflows are typically an order
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2.1 protostellar evolution : from cloud to sun-like star

of magnitude more powerful than outflows from Class I protostars (Bontemps et al., 1996)
provides a qualitative difference between the two classes.

2.1.3 Class II

The protostar enters the Class II phase (Lada, 1987) when the envelope has dissipated and
the star has accumulated most (& 90%) of its final main-sequence mass. Class II objects
are optically visible due to the dissipation of the envelope and were therefore the first
young low-mass stars to be detected (Joy, 1945) through strong hydrogen Balmer (Hα) line
emission. The physical characteristics of these objects were observed to be similar to those
of the star T Tau in the Taurus Molecular Cloud, and thus were dubbed T Tauri stars. The
young variable stars observed by Joy (1945) exhibited irregular light-variations, spectral
types F5–G5 with emission lines resembling the solar chromosphere, low luminosity and
association with dark or bright nebulosity. They served as prototypes for Class II objects,
or ”classical” T Tauri stars (CTTS).

The further depletion of the envelope exposes the central object, base of the outflows
and surrounding optically thick protoplanetary disk (of size ∼ 100 au, from which the
young star still accretes) and the system can now be observed at all wavelengths. Accretion
lessens to Ṁacc ∼ 10−7 − 10−9 M� yr−1 (Gullbring et al., 1998) and the outflows become
weaker still at around 10% of the accretion rate (e.g. Cabrit, 2007). In the IR classification
scheme, the SEDs of Class II YSOs peak between 1 − 10 µm with moderate IR excesses
reaching beyond 100 µm and −1.6 . αIR < −0.3 (see Figure 2.2; Greene et al., 1994). Their
bolometric temperatures are found to range between 670 K < Tbol < 2800 K (Chen et al.,
1995).

2.1.4 Class III

The star enters the Class III phase (Lada, 1987) when accretion and ejection abates and
the disk becomes optically thin. These objects are also referred to as “weak-lined” T Tauri
stars (WTTS) as they do not show strong Hα emission like CTTS. They also no longer
show IR excesses and have αIR < −1.6 (see Figure 2.2; Greene et al., 1994) with bolometric
temperatures Tbol > 2800 K (Chen et al., 1995). Most of the emission from WTTS comes
from the stellar surface and coronal activity and non-thermal processes begin to dominate
(White et al., 1992).
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2.1.5 ZAMS

The zero-age main sequence is the endpoint of PMS evolution, defined by the the onset of sus-
tained fusion. This is the first time when energy generation by nuclear reactions in the stel-
lar core fully compensates the energy losses due to radiation from the stellar photosphere.
The interior of the star is hot enough (> 1.5× 107 K) to ignite hydrogen burning and estab-
lish a dominant CNO cycle (Schulz, 2005). It takes stars of ∼ 1 M� about 1.6× 107 years to
reach this state.

2.2 protostellar jets and outflows

As mentioned at the beginning of this chapter, outflows from young stars were inadvert-
ently and independently discovered by Herbig and Haro, but it was decades later before the
origin of the HH objects was realised. The original HH objects were located in a dark cloud
region in the vicinity of Orion population stars which associated them with processes of
star formation and the exciting sources were initially suggested to be either sub-luminous
hot stars or late K or M dwarfs (Herbig, 1951). Herbig suggested that the infall of ma-
terial onto a protostar could produce enough energy to excite the nebula, although this
was refuted by Böhm (1956). However, the lack of visually detectable stars at the HH sites
raised more questions than answers regarding the energy source for these emission nebu-
lae. Throughout the first two decades of research, no evidence was presented to confirm
the presence of protostars within the HH objects (Schwartz, 1983).

In the 1970s, studies in the infrared revealed optically obscured IR sources spatially
displaced from the sites of the HH objects, although close enough (within 5′′− 1′) to suggest
association. They exhibited energy distributions similar to T Tau (Strom et al., 1974a,b) and
were proposed to be direct predecessors of T Tauri stars. Although the nearby HH objects
were believed to be associated with the IR sources, it was becoming apparent that the HH
objects themselves were not newly forming stars. Schwartz (1975) noticed the similarity
between the spectra of HH objects to that of quasi-stationary knots in supernova remnants
and suggested that HH objects were shock waves produced by supersonic winds from
young stars, interacting with the ambient medium. It was not until the advent of the
CCD camera that the protostellar jet origin of HH objects was fully realised (e.g. Mundt &
Fried, 1983). It is now well established that HH objects are shocks in bipolar outflows from
newborn stars, but the range of environments, varying evolutionary stages and the chaotic
nature of shocks all contribute to a rich morphological menagerie (Reipurth & Bally, 2001).

Although jets were not initially predicted by star formation theory, it is now clear that
outflows play an important role in forming stars. Jets are believed to remove angular
momentum from the circumstellar disk therefore allowing accretion to proceed, dictate the
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final stellar mass, and inject feedback into the parent molecular cloud preventing it from
collapsing under the force of gravity.

2.2.1 Morphology

The classical picture of a protostellar jet involves two tightly collimated, oppositely dir-
ected (bipolar) outflow lobes exhibiting several shocks and knots along their lengths and
terminating in a bright, symmetric bow shock (see Figure 2.3). Such fine morphologies are,
however, rare. HH objects come in many irregular shapes and sizes (from ∼ 1 to several
arcseconds), and appear as linear or gently wiggling chains of compact knots with length-
to-width ratios of 10 : 1 or more (Reipurth & Bally, 2001). The central surface of a bow
shock is normal to the axis of the outflow direction, but becomes increasingly oblique away
from the axis with swept-back wings. An inhomogeneous pre-shock medium can produce
asymmetries in observed bow shock shapes (Bally et al., 2007).

Large-format CCDs and the Hubble Space Telescope (HST) revealed that protostellar out-
flows can span parsecs, with some exceeding 10 pc in length and penetrating out of their
parent molecular cloud (see e.g. Figure 2.3; Bally & Devine, 1994). Outflows provide a
fossil record of the mass-loss history of forming stars which therefore provides the accre-
tion history due to the intrinsic relationship between accretion and ejection. Additionally,
large-scale symmetries in the outflow can provide information on the central jet engine
(Bally et al., 2007). For example, S- and Z-shaped symmetries can infer a change in the out-
flow axis over time due to precession (induced by a companion or interactions with other
stars in a cluster), and C-shaped bends can indicate motion of surrounding gas or motion
of the driving source itself.

The highly collimated jets from young stars have similar morphologies to those observed
from other astrophysical objects, including pre-planetary nebulae, X-ray binaries and AGN
(see Figure 2.4). It is for this reason, along with their other similar characteristics, that the
jet launching mechanism is suspected to be universal (e.g. Livio, 2011, see also Section 2.3).
In particular, collimated outflows occur in most astrophysical systems in which accretion,
rotation and magnetic fields interact. Understanding how outflows from young stars are
launched and collimated into jets can potentially be applied to all classes of astrophysical
jets.

2.2.2 Jet Physics

In order to obtain a complete picture of outflows, observations across the entire electromag-
netic spectrum are required to provide information through the diverse range of tracers
of physical conditions. The rich optical emission line spectra of protostellar jets can al-
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Figure 2.3.: Pillar and jets HH 901/902 in one of the largest known star-forming regions in the
galaxy, the Carina Nebula, with the Hubble Space Telescope Wide Field Planetary Cam-
era 3. The colours in this composite image correspond to the glow of oxygen (blue),
hydrogen and nitrogen (green) and sulfer (red). Image credit: NASA, ESA, and M.
Livio and the Hubble 20th Anniversary Team (STScI).
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Figure 2.4.: (Left) Jets from the pre-planetary nebula CRL 618. Image credit: ESA & A.G.G.M.
Tielens (SRON/Kapteyn Astronomical Institute). (Right) Merging X-ray data (blue)
from NASA’s Chandra X-ray Observatory with microwave (orange) and optical images
reveals the jets and radio-emitting lobes emanating from Centaurus A’s central black
hole. Image credit: ESO/WFI (optical); MPIfR/ESO/APEX/A. Weiss et al. (microwave);
NASA/CXC/CfA/R. Kraft et al. (X-ray).

low radial velocities, excitation conditions and electron densities to be determined using
long-slit spectroscopy. For example, radial velocities determined from spectroscopy sug-
gest jet velocities of the order of hundreds of kilometres per second, in agreement with
tangental velocities determined using images from ground-based instruments over several
epochs (e.g. Eislöffel & Mundt, 1998) and close to the gravitational escape velocities expec-
ted from young stars. Velocities as fast as 500 km s−1 have been measured for the HH 111
jet (Reipurth et al., 1992). Typical temperatures are found to be ∼ 104 K from excitation
levels, yielding sound speeds of tens of kilometres per second and therefore the jets are
highly supersonic with Mach numbers in the range 10− 30.

Atomic lines such as Hα and forbidden transitions such as [OI], [NI] and [SII] in the
optical and near-IR can be used to trace shocks and post-shock cooling layers, analysis
of which reveals typical shock velocities of tens of kilometres per second (e.g. Bally et al.,
2007). When the supersonic flow slams directly into the undisturbed ambient medium it
creates a terminal working surface, and milder collisions occur within the outflows due to
velocity variations in time. When faster-moving gas over-runs slower-moving material that
was ejected earlier, an internal working surface can form (Raga et al., 1990). Both cases result
in a two-shock structure, consisting of a reverse shock, which decelerates the supersonic flow,
and a forward shock, which accelerates the material with which it collides and typically takes
the form of a bow shock (Hartigan, 1989; Reipurth & Bally, 2001). Radiative shocks consist
of a thin layer of hot, ionised gas at the shock front followed by an extended cooling zone
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where most of the radiation from the shock arises (e.g. Bally et al., 2007). The highest
velocity shocks can sometimes be detected in X-rays (e.g. Güdel et al., 2008).

If the position of the driving source is known along with its jet inclination angle, the
proper motions measured through multi-epoch imaging allow a direct calculation of the dy-
namical ages of individual HH objects and therefore of ejection timescales from the central
star, which suggest an elapsed time between ejections of 1000− 2000 years (e.g. Reipurth
et al., 1992). Episodic accretion (e.g. Kenyon & Hartmann, 1995; Dunham & Vorobyov,
2012), on the scale of FU Orionis outbursts or slightly weaker accretion events, could be re-
sponsible for the multiple major jet ejections observed in YSOs. Several trends from proper
motion measurements are apparent (Reipurth & Bally, 2001): the jets in these HH com-
plexes often exhibit large flow velocities and small velocity dispersions, and the tangental
velocities tend to decline with increasing distance from the outflow axis. The tips of the
bow shocks have much faster motion than their wings and in some cases, both upstream-
and downstream-facing bow shocks are found (e.g. HH 2, Figure 2.7).

Various line ratios can additionally provide information on the ionisation fraction (xe)
and the electron number (ne) and total mass (ρ) densities. The measured density can be
combined with the jet velocity and radius to derive an estimate of the mass-loss rate using
a simple jet density and cross section model: Ṁj ≈ πr2

j ρjvj where rj is the jet radius, ρj

is the density and vj is the velocity. Depending on evolutionary stage, mass-loss rates
range from Ṁj ∼ 10−9 − 10−6M� yr−1 (see Section 2.1). Accretion rates can be inferred
from the accretion luminosity (Equation 2.1) and when compared to the mass-loss rates,
imply outflow efficiencies (the ratio of mass ejection rate to mass accretion rate, Ṁj/Ṁacc)
of 1− 10% (Cabrit, 2007).

Outflows can appear to have onion-like kinematic structure, with higher velocity and
more collimated gas (the so-called high-velocity component, HVC) continuously bracketed
by wider and slower material (the low-velocity component, LVC), and the flow can become
gradually denser and of higher excitation close to the central jet axis (e.g. Bacciotti et al.,
2000). Evidence for rotation has also been shown in jets from T Tauri stars, which is a
fundamental ingredient for the modelling of the acceleration of the outflow and of the
interplay between accretion and ejection of matter (e.g. Bacciotti et al., 2002; Coffey et al.,
2004).

2.2.3 Molecular Outflows

The molecular emission observed from sub-millimetre to centimetre wavelengths is mostly
produced by gas entrained and accelerated by the highly collimated, supersonic jets, which
produces the so-called molecular outflow (e.g. Arce et al., 2007). These outflows are studied
through observations of molecular rotational line transitions, in particular through detec-

14



2.2 protostellar jets and outflows

tion of their CO emission lines. Molecular outflows are typically much less collimated
than the jets. They have typical length-to-width ratios of ∼ 3− 10, extend over 0.1− 1 pc
and the degree of collimation appears to decrease as the driving source evolves (e.g. Ko-
nigl & Pudritz, 2000). The velocities are quite low in comparison to the high speed jets,
generally ≤ 25 km s−1, but can exhibit high velocities > 40 km s−1 near the flow axis
from the more highly collimated CO outflows (e.g. Arce et al., 2007). Momentum rates
of FCO ∼ 10−5 M� km s−1 yr−1 are observed, with mass flux ṀCO ∼ 10−6 M� yr−1 (Bon-
temps et al., 1996).

There are some cases of highly collimated molecular outflows, the so-called “molecular
jets”, with high-velocity CO emission tracing jet-like activity from the central (Class 0)
protostar, nested within a cavity of lower-velocity gas. HH 211 is a prototypical example
of a molecular jet (Gueth & Guilloteau, 1999), where the high-velocity CO jet terminates
at the location of strong H2 bow shocks, and the low-velocity CO traces a cavity that is
located in the wake of the shocks, supporting the theory that the propagation of shocks
in a protostellar jet entrain the ambient molecular gas and thus produces the molecular
outflow (Arce et al., 2007). Many of the older outflows (from Class I–II sources) show CO
emission dominated by low-velocity cavities with a lack of high-velocity, jet-like features,
suggesting that the jet power has decreased over time and that a wide-angle wind is now
responsible for driving the outflow (Richer et al., 2000).

2.2.4 The Jet–Disk (Ejection–Accretion) Connection

Protostellar jets are believed to be powered by the gravitational energy liberated in the
accretion process and fed by disk material, which is supported by the strong correlation
between the presence of both outflow and accretion signatures (e.g. Cabrit et al., 1990;
Antoniucci et al., 2008). Diagnostics for outflow include P Cygni line profiles, forbidden line
emission, thermal radio emission or well developed molecular outflows. Diagnostics for
accretion include inverse P Cygni line profiles, ultraviolet, infrared and millimetre excesses
(Konigl & Pudritz, 2000). Additional support is provided by the correlations of evolutionary
stage with outflow activity, disk frequency and mass accretion rate (André et al., 2000).
Incidence rates of of outflows are almost 100% among Class 0 objects, & 60% among Class I
objects, ∼ 10% among Class II objects and 0% among Class III objects (Gomez et al., 1997).
The inference that jets are powered by accretion disks is strengthened by the evidence for
disks in the youngest protostars and confirmed by the absence of any detectable jet in stars
without accretion disks (Cabrit et al., 1990).

The ejection-to-accretion correlation in T Tauri stars was quantified by Hartigan et al.
(1995), who inferred a mean, one-sided ratio of the mass ejection rate to the mass accretion
rate, Ṁj/Ṁacc ' 0.01 (one-sided due to the fact that the mass loss rate in the jet, Ṁj, was
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measured from only one side of the bipolar outflow). However, revised accretion rate
estimates are an order of magnitude lower on average (Gullbring et al., 1998) and therefore
provide a ratio 10 times higher (i.e. Ṁj/Ṁacc ' 0.1). Multiplying by two to account for
the typically occulted (redshifted) counterjets, the two-sided ejection/accretion ratio is of
the order (2Ṁj)/Ṁacc ' 0.2 for Class II objects (Cabrit, 2007), and similar efficiencies have
been found for Class I objects (Hartigan et al., 1994). It is therefore clear that the accretion
process is essential to the observed jets, however the precise physical connection remains a
matter of ongoing debate.

2.3 current jet-launching theory

The close association of astrophysical jets and outflows with accretion disks has led to the
wide acceptance that jets are driven by accretion and launched through magnetohydro-
dynamic (MHD) processes. A disk wind was first suggested as the origin of jets from
accretion disks around black holes (Blandford & Payne, 1982), where the magnetic field
lines are anchored to the rotating disk, and therefore material is accelerated centrifugally
like “beads on a wire”. This scenario was soon proposed as the mechanism for protostellar
jets (Pudritz & Norman, 1983, 1986). In the case of YSOs, the rotation of the circumstellar
disk, and therefore of the magnetic field lines, creates a helical configuration that is be-
lieved to collimate the jet via “hoop stresses” occurring tens of au from the protostar. The
basic principle of this model is that outflows from magnetised, rotating disks are extremely
efficient in extracting angular momentum and rotational energy from the system and there-
fore allow accretion to proceed and the central protostar to grow (Pudritz & Norman, 1983).
In spite of the general consensus that the launching process involves the dynamical inter-
action of accreted matter with the stellar and/or disk magnetic field, the precise location
of jet-launch is still hotly debated.

Launch distances depend on the model: (1) a few stellar radii for stellar winds, (2)
around 0.05 au for those launched at the stellar magnetosphere-disk interface or the so-
called X-wind and (3) possibly as far as several au for magneto-centrifugal disk winds.
However, the projected dimensions on the sky for even the largest launch regions are tens of
milliarcseconds, so observing the jet very close to the YSO (ideally within a few stellar radii)
is beyond current resolution capabilities, although should be possible in the near future
with the next generation of near-IR interferometers. In any case, the region close to the star
is often obscured by circumstellar material. The jets often only become optically observable
a few arcseconds from the YSO, and are therefore surrounded by what is referred to as
a “black box”: an unobservable region with an angular size of up to a few arcseconds
(Eisloffel et al., 2000). Luckily, the launch-zone does not have to be spatially resolved to
begin to test the different models. The mechanisms on small scales can be inferred from
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Figure 2.5.: Variation with distance of the measured jet full width at half maximum (FWHM) for a
sample of T Tauri stars. Image credit: Dougados et al. (2000).

jet properties measured on larger scales such as the ejection-to-accretion ratio, collimation,
angular momentum transport and velocity structure (Frank et al., 2014).

If the jet is responsible for removing excess angular momentum from the accretion disk,
then the angular momentum flux in the jet, J̇j ' Ṁj Ω r2

A, should equal the amount to
be removed from the accreting flow, J̇acc ' Ṁacc Ω r2

l , where Ω is the angular velocity at
the launch radius rl , and rA is the Alfvén radius (e.g. Frank et al., 2014). It follows then
that the magnetic field configuration is related to the ejection-to-accretion ratio Ṁj/Ṁacc '
(rl/rA)

2 = 1/λ, with λ defined as the magnetic lever arm parameter braking the rotating
star or disk (e.g. Ferreira et al., 2006). Thus for CTTS, a value of λ ' 10 is expected from the
observed ejection-to-accretion efficiencies of 10%, irrespective of the location of jet-launch.

It is well-established that jets become collimated on scales less than 100 au. An important
constraint on jet collimation is set by measuring the width of a jet as a function of distance
from its source to determine the jet opening angle. There are two opening angles to describe
the collimation properties of the jets: an initial jet opening angle θ0 which is the average
opening angle of the jet within the “black box” and an average opening angle θa outside
the “black box.” To determine θ0, a jet width measurement just outside the unobservable
region is needed, and zero width at the source must be assumed (Eisloffel et al., 2000).
It has been shown that for most cases, θ0 � θa, implying that the jet must be poorly
collimated close to the source (θ0 ∼ 20− 30◦), behaving more like a wide-angle wind that
then undergoes collimation further along the flow (Mundt et al., 1991). Narrow opening
angles of θa ∼ 0− 3◦ are often observed beyond ' 50 au of the source (e.g. Ray et al., 1996;
Dougados et al., 2000, see Figure 2.5) and since T Tauri stars do not possess dense envelopes
that could confine the flow, it is clear that the jets must be intrinsically collimated.
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Figure 2.6.: MHD jet-launching models for the (a) D-wind, (b) X-wind and (c) stellar wind scenarios.
Image credit: Ferreira et al. (2006).

2.3.1 D-winds vs X-winds

The two main competing theories for a MHD jet-launching mechanism are the X-wind and
disk wind (also known as the D-wind or extended disk wind) models. In both models, the
jets are driven magneto-centrifugally from open field lines anchored to the rotating disk;
the distinction lies in where precisely in the disk the magnetic field lines are anchored (see
Figure 2.6). In the X-wind model, the jet originates from the interface between the star’s
magnetosphere and disk, at the so-called X-point (for comprehensive reviews, see Shu et al.,
2000; Shang et al., 2007, and references therein). In the D-wind model, the foot-points are
located in an extended region of the disk, ranging from 0.1 to a few au (for reviews, see
Konigl & Pudritz, 2000; Pudritz et al., 2007). Despite this difference in the origin of the
magnetic field, the ejection processes are identical: in both models, jets carry away the
amount of angular momentum required to allow accretion to proceed. However, since the
range in launching radii and the shape of the Alfvén surface are different, predicted ter-
minal velocities and angular momentum fluxes are also different and can be tested against
observations (Ferreira et al., 2006).

Signatures of jet rotation infer launching radii of 0.2 − 3 au (e.g. Bacciotti et al., 2002)
suggesting that at least the outer portions of jets from CTTS originate from an extended disk
wind. X-winds and stellar winds predict 10− 100 times less angular momentum removal
than indicated by the rotation signatures observed. The moderate magnetic lever arm
parameters λ ' 10 derived from ejection-to-accretion ratios, onion-like kinematic structure
and collimation of protostellar jets also favour an extended disk wind origin (Ferreira et al.,
2006). Although current observational results cannot be readily explained by the X-wind
theory, the large uncertainties and current resolution restrictions can not yet explicitly rule
out this model and direct observational evidence is still required to differentiate between
the competing theories.
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2.3.2 Stellar Winds

Pure stellar winds extract their energy from the protostar itself (e.g. Mestel, 1968; Hart-
mann & MacGregor, 1982; Sauty et al., 1999), however this model is less favoured because
observed jets carry far too much momentum. In order to produce a jet, the protostar would
have to be much more luminous or rotating faster than observed (Konigl, 1986). How-
ever, a scenario in which an accretion powered stellar wind is produced from open stellar
magnetic field lines in addition to a disk wind is more plausible (Matt & Pudritz, 2005).
It is likely that several MHD ejection sites coexist in young stars, although the relative
contribution from each to the observed jet have yet to be determined (Ferreira et al., 2006).

2.4 radio emission from protostellar systems

Radio emission from young stars has been observed for decades (e.g. Cohen et al., 1982).
It is typically observed to be compact and elongated along the outflow axis and arising
from thermal radiation, leading to the designation of these sources as “thermal radio jets”
(e.g. Rodríguez, 1995). In a few YSO sources, the optical jets trace material on scales of
several hundred au and larger, while small-scale radio jets from ionised material are only
present very close to the projected bases of the optical jets (see Figure 2.7; e.g. Rodríguez
et al., 2003a). The youngest protostars (Class 0–I) are still deeply embedded within their
embryonic envelopes and are only able to be studied at longer wavelengths which can pen-
etrate the circumstellar dust. The dynamical timescales of the radio emission are of only a
few years, indicating that the observed emission traces newly ejected material (Curiel et al.,
1993). Proper motions of radio emission indicate jet velocities of hundreds of kilometres
per second, in agreement with optical observations.

2.4.1 Thermal Bremsstrahlung

Bremsstrahlung (or free–free) radiation is emitted continuously by the acceleration of elec-
trons due to Coulomb interactions with positive ions, and in the radio range is expected
to occur from any environment populated by an ionised plasma. It is the basic thermal
emission process in HII regions and is commonly the source of centimetre (∼ 1− 20 GHz)
radio emission for low-mass young stars. A number of mechanisms have been proposed
to produce free–free emission from YSOs: a fully ionised, spherical stellar wind with
ne ∝ r−2 (Panagia & Felli, 1975; Wright & Barlow, 1975, although this may only apply to
more evolved stars than very young YSOs), as could a partially ionised, collimated outflow
(Reynolds, 1986). Shock induced ionisation through the impact of a neutral stellar wind
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Figure 2.7.: Left: 1997 epoch Hubble Space Telescope image of the HH 1 − 2 system at optical
wavelengths (Bally et al., 2002). Right: An insert of the radio emission tracing the
source of the HH 1− 2 jet, VLA 1 (Rodríguez et al., 2000).

or molecular outflow against the surrounding envelope could also generate a substantial
radio signal (Curiel et al., 1987, 1989). In all cases, it is clear that the outflow is responsible.

Free–free emission at these wavelengths typically has a flat or positive power-law spectral
index α, where the flux density Sν ∝ να at frequency ν and varies from α ≈ −0.1 for
optically thin emission to α ≈ +2 for optically thick emission. The classic example of
an unresolved, constant velocity, fully ionised, isothermal, (standard) spherical wind has
α ≈ 0.6 (Panagia & Felli, 1975). Reynolds (1986) showed that α < 0.6 for the standard
case of a collimated jet, which is the model commonly used to analyse radio observations
of protostellar jets. Basic modelling of thermal bremsstrahlung from radio sources can be
found in Section 3.2.

2.4.2 Thermal Dust Emission

The radio emission can also be attributed, at least at very short wavelengths (& 20 GHz), to
the dusty disks around these young stars (e.g Rodríguez et al., 2008b; Scaife et al., 2012a)
which is heavily dominated by blackbody emission. The observed continuum flux density
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from the dust emission in the Rayleigh-Jeans region and optically thin limit is characterised
as

Sν ∝ νβ Bν(Td), (2.3)

where β is the opacity index of the dust population and Bν(Td) is the Planck function for
a dust temperature Td (see Section 3.2). β depends on the dust composition and grain size
distribution: smaller grains have larger opacity indices which lead to steeper spectra at
longer wavelengths, whereas larger grains have lower indices and therefore flatter spectra.
The opacity index can be related to the spectral index of flux density measurements as
β ∝ (α− 2) (e.g. Scaife, 2013). At frequencies ∼ 20 GHz, there are contributions from both
free–free and thermal dust emission to the radio flux densities of protostars (e.g. Scaife
et al., 2011a) which need to be separated in order to accurately constrain the properties of
each.

2.4.3 Non-thermal Emission

Non-thermal emission is known to arise from the more evolved and jet-less Class III YSOs
(White et al., 1992). However, radio observations for a handful of low-mass Class 0–II
protostars also imply non-thermal processes may be at work, such as gyro-synchrotron
emission (Ray et al., 1997), suggesting the presence of at least mildly relativistic electrons
spiralling along magnetic field lines. In contrast to that of free–free emission, the synchro-
tron spectrum has α < −0.5 which, together with the brightness, relates to the energy
spectrum of the electrons. Synchrotron radiation is the dominant source of radio emission
from supernova remnants and extragalactic radio sources, such as the relativistic outflows
from AGN, but there are some YSOs that have yielded spectral indices too negative to
be explained by free–free emission alone, such as the Serpens MMS 1 triple radio source
(Rodríguez et al., 1989b; Curiel et al., 1993), suggesting that non-thermal processes must
contribute.

As mentioned in Chapter 1, synchrotron radiation has been detected in the jet of HH 80−
81, a high-mass YSO (Carrasco-González et al., 2010a). This is a remarkable result as the
presence of relativistic particles was previously thought to be unlikely in jets from young
stars where the velocities are only of the order of hundreds of kilometres per second, in
comparison with jets from AGN where the jet velocities may be a significant fraction of
the speed of light. Linear polarisation has yet to be detected in low-mass protostellar jets,
which is crucial for obtaining information on the magnetic field strength and distribution.
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2.4.4 The Need for Multi-scale, Multi-frequency Observations

The jet-like structure shows that the radio emission is collimated on a scale smaller than
10 au (Shang et al., 2004), therefore extremely high angular resolution observations (≤ 0′′.07)
are required to distinguish between the competing theories of jet-launch. The observed
fluxes of radio jets are weak (∼ 1 mJy) making radio measurements very difficult in the
past. The next generation of radio interferometers will have the improved sensitivity to
image such outflows and spatial resolution (< 0′′.1) to begin to resolve the central engine.
A direct measurement of the jet at its base may favour a disk origin, where the base of
the jet should be eventually resolved angularly, or a central star origin, where the base of
the jet will be very small and unresolved, allowing us to directly distinguish between the
D-wind and X-wind models observationally.

Multi-frequency, multi-scale investigations of YSOs are vital to obtain a complete demo-
graphy of how stars like the Sun form. Data at well-sampled frequencies are crucial to
precisely model and differentiate between the competing emission mechanisms, such as at
the boundary between centimetre and sub-millimetre wavelengths where the flux densities
have contributions from both the jet and the circumstellar material. These systems have yet
to be explored at frequencies < 1 GHz, a regime in which high energy processes dominate
the radio spectra of other astrophysical jets, in particular jets from AGN. In addition, radio
data over a range of angular scales will shed light on the outflow properties. High spatial
resolutions will allow us to peer into the depths closest to the protostar and search for the
region of jet-launch. Large scale structures in these outflows can be exposed with modest
spatial resolution whilst instruments with low angular resolution can detect the overall
interaction of these outflows with their surroundings. All of these ingredients are vital to
complete the picture of low-mass star formation.
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I N S T R U M E N TAT I O N : P R I N C I P L E S O F R A D I O A S T R O N O M Y

Karl Jansky joined the staff of Bell Telephone Laboratories in 1928 to investigate the sources
of static that might interfere with transatlantic radio voice transmissions. He constructed an
antenna to detect radio waves at 20.5 MHz and, after several months, identified three types
of static: nearby thunderstorms, distant thunderstorms, and an unidentified faint, steady
hiss. Jansky studied the unknown signal for many months, discovering that it followed
sidereal time, not solar time, and therefore must be emitted by an object distant to the solar
system. He pinpointed the signal’s origin to the centre of the Milky Way, in the constellation
Sagittarius, and published his results (Jansky, 1933a,b). Unfortunately, Jansky’s brief stint
in radio astronomy ended here, as the static would not interfere with transatlantic radio
communications and Bell Labs reassigned him to another project. His measurements were
followed up at 160 MHz by another radio engineer, Grote Reber (Reber & Conklin, 1938),
and the field of radio astronomy was born.

Today, the extent of the ground-based radio window is roughly 10 MHz≤ ν ≤ 1.5 THz
(30 m≤ λ ≤ 0.2 mm; Wilson et al., 2013) although is more generally considered to be
100 MHz≤ ν ≤ 100 GHz. This was the first new spectral range that became available
to astronomy after the near infrared–optical window, exposing radiation with non-thermal
origin and where different physical mechanisms apply than in the optical wavelength range.
There are many advantages to observing at radio wavelengths, the most obvious of which
is that radio waves can reach ground-based instruments. The only other wavelength range
that can be seen from the ground is the optical, all other wavelengths must be observed
from space as they cannot penetrate the Earth’s atmosphere (see Figure 3.1). Additionally,
radio telescopes can observe objects or phenomena that are difficult or impossible to detect
at other wavelengths, such as heavily obscured young stars, and radio emission can be
used for quantitative physical diagnostics of object parameters. This chapter details the
basic principles of radio astronomy.

23



instrumentation : principles of radio astronomy

Figure 3.1.: Only optical and radio waves from space can be observed by ground-based telescopes
on Earth. The atmosphere partially or completely blocks other wavelengths which only
space-based telescopes can observe. Image credit: NASA/IPAC.

3.1 some basic definitions

We consider the electromagnetic radiation to travel in straight lines or rays. The infinites-
imal power dP intercepted by an infinitesimal projected surface cos θdσ is then defined as

dP = Iν cos θ dΩ dσ dν (3.1)

where (in SI units) dP is in W, Iν is the brightness in W m−2 Hz−1 sr−1, Ω is the angular area
subtended by an object, θ is the angle between the normal to dσ and the direction to dΩ,
dσ is in m2, and dν is the infinitesimal bandwidth in Hz (Wilson et al., 2013). Equation 3.1
is the definition of the brightness, Iν (energy per unit time per unit area per unit frequency
per unit solid angle), also referred to as intensity or specific intensity (see Figure 3.2a).

The total flux density (energy per unit time per unit area per unit frequency) of a source
can be obtained by integrating Equation 3.1 over the total solid angle Ωs subtended by the
source

Sν =
∫

Ωs

dP
dσ dν

=
∫

Ωs

Iν(θ, ϕ) cos θ dΩ (3.2)

where Sν is measured in SI units of W m−2 Hz−1. However, as the flux densities of radio
sources are typically small, the commonly used flux density unit in radio astronomy is the
Jansky (Jy), where 1 Jy = 10−26 W m−2 Hz−1 = 10−23 erg s−1 cm−2 Hz−1. Sν has an expected
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(a) (b)

Figure 3.2.: Figures to illustrate (a) the definition of brightness (Equation 3.1; image credit: Condon
& Ransom, 2010) and (b) the distance dependence of flux density (Equation 3.2; image
credit: Condon & Ransom, 2010).

r−2 dependence on distance. Consider a sphere with radius R and uniform brightness Iν

(see Figure 3.2b). From Equation 3.2, the total flux density observed at distance r from the
observer is then

Sν =
∫

Ωs

Iν(θ, ϕ) cos θ dΩ = Iν

2π∫
0

 θc∫
0

sin θ cos θdθ

 dϕ

where sin θc = R/r defines the angle θc that the radius of the sphere subtends at r and
dΩ = sin θdθdϕ (Wilson et al., 2013). Then,

Sν = π Iν sin2 θc = Iν
πR2

r2 = Iν∆Ω. (3.3)

The spectral luminosity Lν of a source is the total power per unit frequency radiated at
frequency ν, and is related to the flux density,

Lν = 4πr2Sν (3.4)

in SI units of W Hz−1.

3.2 radiative transfer

For radiation in free space, the specific intensity Iν remains independent of the distance
along a ray and will only change if radiation is emitted or absorbed (e.g. Wilson et al.,
2013). This change in Iν along the line of sight is described by the equation of transfer,
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Figure 3.3.: Illustration of absorption between a source and a detector to define the quantities used
in the equation of radiative transfer. Image credit: Wilson et al. (2013).

which is composed of a gain term, dIν+ = ενds where εν is the emissivity, and a loss term,
dIν− = −κν Iνds where κν is the absorption coefficient. The change in a slab of material of
thickness ds will be

[Iν(s + ds)− Iν(s)]dσ dΩ dν = [εν − κν Iν]dσ dΩ dν ds (3.5)

(see Figure 3.3) resulting in the equation of transfer

dIν

ds
= εν − κν Iν. (3.6)

If the radiation is in thermodynamic equilibrium with its surroundings, Kirchhoff’s law
states that the brightness distribution Iν can be described by the Planck function Bν(T)
which is dependent only on the temperature T of the surroundings (Iν = Bν(T); e.g. Wilson
et al., 2013). In this case, the equation of transfer (Equation 3.6) is

dIν

ds
= 0 (= εν − κν Iν)→ Iν =

εν

κν
= Bν(T) (3.7)

where

Bν(T) =
2hν3

c2
1

ehν/kBT − 1
(3.8)

is Planck’s law, c is the speed of light, h is Planck’s constant and kB is the Boltzmann
constant. In the limit of low frequencies (hν � kBT), Planck’s law becomes the Rayleigh–
Jeans law,

Bν(T) =
2kBTν2

c2 , (3.9)
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and becomes Wien’s law in the limit of high frequencies (hν� kBT),

Bν(T) =
2hν3

c2 e−hν/kBT. (3.10)

In general, Iν will differ from Bν(T) as full thermodynamic equilibrium is applicable only
in closed systems. For the more general case of local thermodynamic equilibrium, consider
the optical depth, which is defined as dτν = −κ ds, or

τν(s) =
s∫

s0

κν(s)ds. (3.11)

Dividing Equation 3.6 by −κν and using Kirchhoff’s law (Equation 3.7), the equation of
transfer then becomes

− 1
κν

dIν

ds
=

dIν

dτν
= Iν − Bν(T), (3.12)

the solution of which is

Iν(s) = Iν(0)e−τν(s) +

τν(s)∫
0

Bν(T(τ))e−τdτ. (3.13)

Due to the definition in Equation 3.11, s and τν increase in opposite directions as indicated
in Figure 3.3 and integration has been performed back along the line of sight in each case.
If the medium is isothermal, i.e. T(τ) = T(s) = T = constant, then

Iν(s) = Iν(0)e−τν(s) + Bν(T)(1− e−τν(s)) (3.14)

(e.g. Wilson et al., 2013). For large optical depth (τν(0)→ ∞) Equation 3.14 approaches the
limit Iν = Bν(T). The observed brightness, Iν, for the optically thick case is equal to the
Planck blackbody brightness distribution independent of the material.

3.2.1 Thermal Bremsstrahlung

Bremsstrahlung radiation is emitted continuously by the acceleration of electrons due to
Coulomb interactions with positive ions, and is expected to be the source of radio emission
from low-mass young stars. In order to model radio sources emitting bremsstrahlung, the
absorption of this radiation within the medium must be taken into account and thus the
transfer of radiation through the medium must be considered. Assuming an isothermal
object without a background source (i.e. only radiation from the object is measured and
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the background intensity Iν(0) is negligible) and with total optical depth τν, Equation 3.14

can be expressed as

Iν = Bν(T)(1− e−τν). (3.15)

It follows that if τν � 1, then Iν = Bν(T)τν, and if τν � 1, then Iν = Bν(T).

If the emission coefficient εν is known, the absorption coefficient κν can be calculated
from Kirchhoff’s law (Equation 3.7) using the Rayleigh–Jeans approximation (Equation 3.9),
and then integrated following Equation 3.11 to get τν (see e.g. Wilson et al., 2013, for a full
description). For bremsstrahlung,

τν ≈ 8.235× 10−2
(

Te

K

)−1.35 ( ν

GHz

)−2.1
(

EM
pc cm−6

)
(3.16)

when ν ≤ 20 GHz and Te ≥ 5000 K (approximated by Altenhoff et al., 1960) and where EM
is the emission measure defined as

EM
pc cm−6 =

s∫
0

( ne

cm−3

)2
d
(

s
pc

)
. (3.17)

Following Equation 3.3 and assuming the emission is extended in comparison to the
resolution of the telescope, the resulting flux density from the emission is given by(

Sν

Jy beam−1

)
= 3.07× 104

( ν

GHz

)2
(

Te

K

)
(1− e−τν)

(
Ωb

sr

)
(3.18)

where Ωb is the beam size. The integrated flux density of a discrete source, in units of
Janskys, may be found by replacing Ωb in Equation 3.18 by Ωs, the source size in steradians
(e.g. Scaife, 2013).

Assuming a plasma of uniform density, the free–free emission will give rise to a charac-
teristic spectrum comprised of two components: an optically thick component and an optic-
ally thin one. In the optically thick regime (τν � 1), the optical depth term in Equation 3.18

becomes unity and the flux density Sν ∝ ν2. In the optically thin regime (τν � 1), the op-
tical depth term becomes ≈ τν and the flux density Sν ∝ ν−0.1. Where the optically thick
and thin regimes meet is the turnover frequency (ν0), i.e. the frequency at which the optical
depth equals unity (τν = 1, see Figure 3.4).

In practice, unresolved sources can exhibit partially opaque spectra with spectral indices α

ranging anywhere between −0.1 and 2 due to non-uniform density distributions. Partially
opaque plasmas can be associated with stellar winds or ionised jets, both of which are
common from young stars. In the case of a stellar wind, the “standard” geometry is that of
constant velocity, fully ionised, isothermal, spherical winds with a radial density gradient
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Figure 3.4.: An idealised radio spectrum (log-log plot) for a source emitting bremsstrahlung, e.g. an
HII region. Image credit: Condon & Ransom (2010).

ne ∝ r−2 (Panagia & Felli, 1975) and the spectrum behaves as Sν ∝ ν0.6 over a wide range
of frequencies.

Reynolds (1986) showed that well-collimated jets are much more efficient than spherical
winds at producing radio flux, and mass-loss rates from such jets can be overestimated by
an order of magnitude by spherical calculations. For a more general outflow where the
physical conditions are parameterised by different radial dependencies (i.e. the temperat-
ure, velocity, density, ionisation fraction and optical depth are assumed to vary as r/r0 to
the powers of qT, qv, qn, qx and qτ, respectively), the spectral index of the radio emission is
of the form

α = 2 +
2.1
qτ

(1 + ε + qT) (3.19)

where

qτ = ε + 2qx + 2qn − 1.35qT (3.20)

and ε relates to the opening angle of the jet such that w(r) = w0(r/r0)ε where w is the
radius of the jet perpendicular to the direction of outflow. For the “standard” case of a
collimated jet (ε = 2

3 , qn = − 4
3 , qT = 0, qv = 0, qx = 0 and qτ = −2) the spectrum behaves

as Sν ∝ ν0.25 (Reynolds, 1986).
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3.3 aperture synthesis

The angular resolution (θ) of a single-dish radio telescope is limited by the diffraction limit of
the telescope, and depends on the diameter (D) of the dish and the observing wavelength
(λ):

θ ≈ 1.22
λ

D
(3.21)

for a circular dish and measured in radians. It is easy to see that unrealistically large dia-
meters are needed to achieve sub-arcsecond resolution at radio wavelengths. The largest
steerable, single-dish radio telescopes have diameters D ≈ 100 m (e.g. Effelsberg and the
Green Bank Telescope). For example, observations at 6 cm (5 GHz) with the Green Bank
Telescope have a resolution of approximately 150′′. Because of this limited spatial resol-
ution, single elements are combined into multi-element arrays to form a single telescope
where the spatial resolution is now determined by the maximum separation between the
dishes, called the baseline (b). These multi-element arrays are interferometers, and the diffrac-
tion limit becomes

θ ≈ λ

b
(3.22)

where the baseline can extend to many kilometres to reach sub-arcsecond resolution.

3.3.1 The Two-Element Interferometer

The simplest interferometer comprises a pair of identical radio antennae (1, 2) whose
voltage outputs are correlated, that is, multiplied and integrated, as shown in Figure 3.5
(e.g. Condon & Ransom, 2010). The antennae are separated by a baseline vector b ob-
serving the same monochromatic cosmic point source which is sufficiently distant that the
incident wavefront can be considered to be a plane over the distance b. The angle of the
pointing direction s from the baseline vector is θ and the projected length of the baseline on
the sky is b sin θ; changing as the Earth rotates. The wavefront from the source in direction
θ reaches antenna 1 at a time τg = b · s/c = (b/c) cos θ before it reaches antenna 2, where
τg is the geometric delay and c is the speed of light. See Figure 3.5 for a schematic of the
two-element interferometer. In the case of an interferometer with a very narrow bandwidth
centred on frequency ν = ω/(2π), the output voltages of antennae 1 and 2 can be written
as

V1(t) = V cos[ω(t− τg)] and V2(t) = V cos(ωt), (3.23)
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Figure 3.5.: The two-element interferometer. Image credit: Condon & Ransom (2010).

where t is time. The correlator first multiplies the voltages together,

V1 ×V2 = V2 cos(ωt) cos[ω(t− τg)] =
V2

2
[
cos(2ωt−ωτg) + cos(ωτg)

]
(3.24)

and then takes a time average long enough to remove the high frequency term from the
correlator response R and keep only the slowly varying term

R(τg) = 〈V1V2〉 =
(

V2

2

)
cos(ωτg). (3.25)

The response of the interferometer can be written in terms of measurable quantities
(Condon & Ransom, 2010). The amplitudes V1 and V2 are proportional to the electric field
produced by the source multiplied by the voltage gains of antennae 1 and 2, and therefore
the output amplitude V2/2 is proportional to the point source flux density Sν multiplied by
A(s) = (A1A2)1/2, where A1 and A2 are the effective collecting areas of the two antennae.
Equation 3.25 can therefore be written as

R(τg) = A(s)Sν cos(ωτg). (3.26)

The correlator response R varies sinusoidally with the change of source direction in the
interferometer frame and thus measures interference fringes as a function of time (Condon
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& Ransom, 2010). The relative phase φ of the fringes is dependent on the geometric delay
and the observing frequency, φ = ωτg = (ωb/c) cos θ, and the change in the phase as a
function of θ is dφ/dθ = (ωb/c) sin θ = 2π(b sin θ/λ), with the instantaneous frequency
being maximum when the source is at the zenith and minimum when the source is either
rising or setting due to the relative change in the projected baseline. The relative phase
varies with time since the delay changes as the interferometer tracks the source on the sky.
A change in the phase by 2π, corresponding to the fringe period, occurs for a change in θ

by λ/b sin θ.

The field of view is defined by the primary beam, which is the power reception pattern
of the individual elements in the array (Condon & Ransom, 2010). The primary beam
is limited by diffraction, so objects at radii & λ/D are strongly attenuated. If the two
antennae forming the interferometer have different primary beams, the effective primary
beam is the geometric mean of the two. In the current example, the antennae are identical
and thus the primary beam has angular extent Θ ≈ 1.22λ/D (in radians, Equation 3.21),
which represents the beam width between first nulls of the receiving power pattern. The half
power beam width (HPBW) or full width at half maximum (FWHM) are also commonly used,
with angular extent (in radians)

ΘFWHM ≈
λ

D
. (3.27)

Next consider a more realistic case where the antennae are tracking an extended, quasi-
monochromatic source with source brightness distribution Iν(s). The extended source can
be treated as the sum of independent point sources and the output from the correlator
becomes

Rc(b, s) =
∫

A(s)Iν(s) cos(2πb · s/λ)dΩ (3.28)

where dΩ is the solid angle of the source (Condon & Ransom, 2010). However, the cosine
function in this response is sensitive only to the even part of the source brightness distribu-
tion and to detect the odd part a “sine” correlator (with output Rs = (V2/2) sin(ωτg)) is
needed. Then,

Rs(b, s) =
∫

A(s)Iν(s) sin(2πb · s/λ)dΩ. (3.29)

Equation 3.28 and Equation 3.29 can be measured simultaneously with a two-correlator
device called the complex correlator, with two different instrument delays. Using the identity
eiφ = cos φ + i sin φ, the complex visibility is defined to be

V ≡ Rc − iRs → V = Ae−iφ (3.30)
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where A = (R2
c + R2

s)
1/2 is the visibility amplitude and φ = tan−1(Rs/Rc) is the visibility

phase (Condon & Ransom, 2010). Thus the correlator response can be expressed in terms
of a fringe pattern corresponding to that of a hypothetical point source in the direction s.
The modulus and phase of V are equal to the amplitude A and phase φ of the fringes. The
response of a complex correlator to an extended source with brightness distribution Iν(s)
is thus

V =
∫

A(s)Iν(s)e−i2πb·s/λdΩ (3.31)

which has the dimensions of flux density, consistent with its Fourier transform relationship
with Iν.

Even the most elaborate interferometers with N � 2 elements can be treated as N(N −
1)/2 independent interferometer pairs, allowing the two-element interferometer analysis
to be applied. The complex visibility function can be generalised to Vi,j, measured with
multiple baselines bi,j (from antenna i to antenna j) in an array of radio telescopes and an
appropriate instrumental delay τi (where the correlator response becomes R(τ) ∝ cos(ωτ)

with τ = τg − τi; Thompson et al., 2001):

Vi,j =
∫

A(s)Iν(s) e−i2πbi,j·s/λdΩ. (3.32)

3.3.2 The u, v-plane

A convenient coordinate system is introduced to make use of Equation 3.31 (Thompson
et al., 2001). Let the coordinates of the baseline vector measured in wavelengths, bλ, be
given in a right-handed rectilinear coordinate system (u, v, w). The w-axis is in the phase
reference direction s0 (usually chosen to contain the target source) at an angle θ from the
arbitrary direction s. u and v will be in the projected easterly and northerly directions in
the plane perpendicular to w, commonly referred to as the u, v-plane. Positions on the sky
are defined in (l, m, n), the direction cosines (where n = cos θ =

√
1− l2 −m2) measured

with respect to the axes u, v and w, see Figure 3.6. With this convention,

bλ · s0 = w (3.33)

bλ · s = ul + vm + wn = ul + vm + w
√

1− l2 −m2 (3.34)

dΩ =
dl dm√

1− l2 −m2
(3.35)
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Figure 3.6.: The geometric relationship between an interferometer, a source under observation with
Iν(l, m) and the u, v-plane. The angle between s0 and s is θ. Image adapted from
Thompson et al. (2001).

(Thompson et al., 2001). Equation 3.31 then becomes

V(u, v, w) =
∫ ∫

A(l, m)Iν(l, m)e−i2π[ul+vm+w(
√

1−l2−m2−1)] dl dm√
1− l2 −m2

. (3.36)

This reduces to a two-dimensional Fourier transform relation when l and m are small
enough that the term w(

√
1− l2 −m2 − 1) ≈ − 1

2 (l
2 + m2)w ≈ 0. Then Equation 3.36

reduces to

V(u, v) =
∫ ∫ A(l, m)Iν(l, m)√

1− l2 −m2
e−i2π(ul+vm)dl dm (3.37)

and thus V(u, v) is the Fourier transform of a modified source brightness which can be
inverted to give

AN(l, m)Iν(l, m)√
1− l2 −m2

=
∫ ∫

V(u, v)ei2π(ul+vm)du dv (3.38)

and thus the source brightness distribution can be retrieved through a sampling of the
u, v-plane (Thompson et al., 2001).
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3.3.3 Sensitivity

The sensitivity of an array is given by

σrms =
2 kB Tsys

Ae
√

N(N − 1)∆ν τ
(3.39)

where σrms is the rms noise in Jy, Ae is the effective collecting area, N(N− 1) is the number
of baselines and ∆ν is the effective bandwidth measured in Hz (Condon & Ransom, 2010).
Tsys (= TR + Tsky + Tground) is the system temperature in K, which embodies many sources
of noise such as the receiver temperature TR, the sky temperature Tsky and the ground
spillover temperature Tground. This equation can be rearranged to compute the required
on-source integration time τ for an observation to achieve an rms noise σrms:

τ =

(
2 kB Tsys

Ae σrms

)2

× 1
N(N − 1)∆ν

. (3.40)

3.4 specific telescopes

3.4.1 AMI

The Arcminute Microkelvin Imager (AMI; Zwart et al., 2008) is located at the Mullard Radio
Astronomy Observatory (MRAO), five miles south–west of Cambridge, at Lord’s Bridge,
and is operated by the Cavendish Laboratory. AMI comprises a pair of interferometer
arrays, the Small Array (SA) and the Large Array (LA), aimed principally at Sunyaev–
Zel’dovich (SZ) imaging of clusters of galaxies. Each of the AMI arrays observes using
a nominal 6 GHz bandwidth centred at 15 GHz and the band is divided into eight equal
bandwidth channels of 0.75 GHz. Due to interference from geostationary satellites, the two
lowest frequency channels are not ordinarily used, and therefore, the six usable channels
span frequencies from 13.5− 18 GHz.

The data in Chapter 4 were taken with the AMI-LA (see Figure 3.7). The LA was ori-
ginally the Ryle Telescope (5 –km Telescope), designed as an east–west interferometer with
eight 13 m dishes to observe individual radio sources with an angular resolution compar-
able to that of the large optical telescopes in the early 1970s. Four of the antennae are
moveable along a railway track and the positions of the remaining antennae are fixed. All
eight antennae have been arranged into a close, two-dimensional array with 28 baselines
ranging from 18− 110 m. The AMI-LA primary beam has a width at half power of 6′ and
an angular resolution of ≈ 30′′.
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Figure 3.7.: The AMI Large Array at Lord’s Bridge near Cambridge, UK. Image credit:
www.mrao.cam.ac.uk.

3.4.2 e–MERLIN

The expanded Multi-Element Radio Linked Interferometer Network (e–MERLIN) synthesis
telescope is a seven element interferometer with baselines of up to 217 km and connected
by a new optical fibre network to Jodrell Bank Observatory near Manchester, UK (see
Figure 3.8). An inhomogeneous array, e–MERLIN is comprised of the 76 m Lovell telescope,
a 32 m dish at Cambridge, and the following 25 m antennae: Mark II, Knockin, Defford,
Pickmere and Darnhall. At 5 GHz, the e–MERLIN primary beam has a width at half power
of 5′ with the Lovell Telescope and 7′ without Lovell, and the resolution is better than 50
milliarcseconds, higher than that of the HST.

The data in Chapter 5 were taken during the commissioning phase (Cycle-0, Semester
2012A) of e–MERLIN with only the five 25 m dishes, resulting in a primary beam of θ ≈ 10′.
The maximum baseline was 133.7 km (between Pickmere and Defford), yielding an angular
resolution of 0′′.1, and the minimum baseline was 11.2 km (between Pickmere and Mark
II). A bandwidth of 0.512 GHz was observed centred around 5 GHz and divided into four
equal sub-bands of 128 MHz.

The final, fully expanded array will have a bandwidth of 2 GHz per polarisation (up
to 0.4 GHz at 1.4 GHz and 4 GHz bandwidth at 5 and 22 GHz), providing more than ten
times the continuum sensitivity as the original MERLIN (e.g. up to 2 µJy beam−1 at 5 GHz
when Lovell is included). The final array with have 16 × 32 MHz sub-bands at 1.4 GHz
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Figure 3.8.: e–MERLIN is an array of radio telescopes distributed around Great Britain, with
baseline separations of up to 217 km. Image credit: www.e-merlin.ac.uk.

and 16× 128 MHz sub-bands at 5 and 22 GHz. Without the Lovell telescope, sensitivity
decreases by a factor of 2− 3 and the FWHM of the primary beam is reduced.

3.4.3 GMRT

The Giant Metrewave Radio Telescope (GMRT, Ananthakrishnan 2005), is located near
Khodad village, about 80 km north of Pune, India. The array consists of thirty anten-
nae, each 45 m in diameter, and has the largest collecting area amongst the multi-element
earth rotation aperture synthesis telescopes operating at metre wavelengths. Fourteen of
the thirty antennae are dispersed more or less randomly in a compact central array within
a square kilometre, and the remaining sixteen dishes are spread out along three arms of an
approximately ‘Y’-shaped configuration, with the longest interferometric baseline of about
25 km (see Figure 3.9). Hence, a single observation with the GMRT samples the u, v-plane
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Figure 3.9.: The GMRT is an array of radio telescopes distributed in an approximate ‘Y’-shaped
configuration, with separations of up to 25 km. Image credit: www.gmrt.ncra.tifr.res.in.

adequately on both short and long baselines with reasonable sensitivities. The maximum
instantaneous operating bandwidth at any frequency band is 32 MHz.

There is a rotating turret at the focus of each antenna on which the following feeds are
mounted: 150, 325, 610/235, and the 1000− 1450 MHz (L-band) feeds, where L-band can be
subdivided into 1060, 1170, 1280 and 1390 MHz sub-bands. The reflecting surface consists
of a wire mesh and the efficiency of the antennae varies from 60− 40% from the lowest to
the highest frequency. The data in Chapter 6 of this thesis were taken at 325 and 610 MHz.
The GMRT primary beam has a width at half power of ≈ 81′ at 325 MHz and ≈ 43′ at
610 MHz. The angular resolution is ≈ 9′′ at 325 MHz and ≈ 5′′ at 610 MHz.
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4
L A R G E - S C A L E S T U D I E S O F Y S O S AT 1 6 G H Z W I T H A M I

In this chapter, I present 16 GHz observations of a sample of classic low-mass young
stars driving outflows. These sources are selected to match the target sample for the e–
MERLIN Legacy Programme at 5 GHz on the “Morphology and Time Evolution of Thermal
Jets Associated with Low-mass Young Stars” (P.I. L. Rodríguez). The high spatial resolu-
tion observations provided by the e–MERLIN programme will resolve out the larger scale
emission from these objects and only detect the small-scale localised emission from the
central source and shocks along the length of their collimated outflows. In contrast, the
data presented here will not resolve the separate components of the radio emission but
will measure the integrated radio emission from these objects. This total radio emission
at 16 GHz from YSOs has been demonstrated to show clearly defined trends with other
global properties of these systems, such as bolometric luminosity, envelope mass, and out-
flow force (Scaife et al., 2011a,b, 2012b). If such free–free emission is to be reconciled with
ionisation mechanisms arising from the impact of the molecular outflow or protostellar
jet/wind on its surroundings (see Section 2.4) then it is vital to measure it in its entirety
to determine quantitatively its physical correspondence to other global properties of the
protostellar system. Such indirect measures of protostellar activity in the early embedded
phase of YSO lifetimes may provide a window into the evolution of these objects, which is
otherwise obscured.

In this chapter, I investigate the properties of the integrated radio emission from this
sample of low-mass YSOs. In general, these new data confirm trends found in previous
works and improve upon the statistics. I identify outliers that may provide useful targets
for further study at high spatial resolution. I combine these results for the flux densities
with those found in an extensive literature search to calculate the spectral indices at radio
wavelengths, which are overwhelmingly consistent with free–free emission as the mechan-
ism for the radio emission. In Section 4.1 I describe the sample of targets to be observed. In

This chapter has been published as: Ainsworth R. E., Scaife A. M. M., Ray T. P. and AMI Consortium, 2012,
AMI radio continuum observations of young stellar objects with known outflows, Monthly Notices of the Royal
Astronomical Society, 423, 1089− 1108, doi:10.1111/j.1365− 2966.2012.20935.x.

41



large-scale studies of ysos at 16 ghz with ami

Section 4.2 I describe the AMI observations and the data reduction process. In Section 4.3
I comment on the results of the observations, and Section 4.4 contains detailed notes on
the individual fields. In Section 4.5 I discuss the detections and non-detections, the expec-
ted contamination from extragalactic sources, the spectral energy distributions, the radio
spectral indices, the derivation of physical parameters, the correlations between radio lu-
minosity and other global properties, and, finally, evidence for variability. I summarise the
results in Section 4.6.

4.1 the sample

As detailed in Section 2.1, YSOs are divided into a number of evolutionary classes. The
target sample in this work is comprised of 11 Class 0 and Class I protostars driving known
outflows. The coordinates of each of these objects are listed in Table 4.1 along with their
identifier. I follow the classification scheme described in Hatchell et al. (2007b) for Class 0
or Class I protostars, based on three evolutionary indicators, which for a Class I are Tbol >

70 K, Lbol/Lsmm > 3000, and F3.6/F850 > 0.003, where F3.6 is the flux at 3.6 cm and and
F850 is the flux at 850 µm. There are eight Class 0 and three Class I protostars in the target
sample, listed in Table 4.1. A number of additional sources were detected within the AMI
fields. I identify these additional sources assuming a generous threshold of 10 arcsec of a
known protostellar source to allow for low signal to noise, however the maximum offset
is found to be < 4 arcsec. The additional sources detected are listed in Table 4.2. When
combined with the original target list, these additional sources will be referred to as the
“extended sample”. For the purposes of this work, all other detected sources are considered
to be extragalactic and this is discussed further in Section 4.5. Physical properties of the
sources including parent cloud association, distance, bolometric temperature, bolometric
luminosity, envelope mass, and outflow force are listed in Table 4.3.

A number of the physical properties listed in Table 4.3 depend on the distance to the
source. For example, many studies assume a distance to Perseus of 320 pc (e.g. Hatchell
et al., 2007b), but here I assume a distance of d = 250 pc in order to remain consistent with
the Spitzer “Cores to Disks” (c2d) catalogue of deeply embedded protostars (Dunham et al.,
2008). Values in the literature also differ for the distance to the Taurus and Orion molecular
clouds, and the values I adopt, along with their references, are listed in Table 4.3. Physical
quantities from the literature have been adjusted for distance where necessary.
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4.2 observations and data reduction

The data in this work were taken with the Arcminute Microkelvin Imager (AMI) Large Ar-
ray at the Mullard Radio Astronomy Observatory near Cambridge, UK (Zwart et al., 2008).
AMI is comprised of eight 13 m dishes, operating between 13.5 and 17.9 GHz with eight
0.75 GHz bandwidth channels. The channels 1− 3 were not used due to a poorer response
in this frequency range and interference due to geostationary satellites. The FWHM of the
primary beam of the AMI is ≈ 6 arcmin at 16 GHz. See Section 3.4 for more information.

AMI data reduction is performed using the local software tool reduce. This applies both
automatic and manual flags for interference, shadowing and hardware errors. reduce

Fourier transforms the lag correlator data to synthesise frequency channels and performs
phase and amplitude calibration before output to disk in uv FITS format. Flux (primary)
calibration is performed using 3C48 for all fields except for L1251 where 3C147 was used,
and assumed flux densities can be found in Table 4.4. Phase (secondary) calibration is car-
ried out using the bright point sources listed in Table 4.1. Absolute calibration is typically
accurate to 5% but an increased absolute calibration error of 10% is applied to flux densities
from channel 8 in order to reflect the poorer phase stability of this channel relative to the
others.

Table 4.4.: AMI frequency channels and primary calibrator flux densities measured in Jy.

Channel No. 4 5 6 7 8
Freq. [GHz] 14.62 15.37 16.12 16.87 17.62

3C48 1.75 1.66 1.58 1.50 1.43
3C147 2.62 2.50 2.40 2.30 2.20

Reduced data were imaged using the National Radio Astronomy Observatory’s (NRAO)
Common Astronomy Software Applications package (CASA)1. Multiple data sets were
concatenated, additional baseline flagging was carried out, and the clean task was used
for deconvolution to produce the combined frequency image as well as the separate spectral
channel images. Primary beam correction and fitting Gaussian models to radio sources in
order to extract flux densities were performed in NRAO’s Astronomical Image Processing
System (AIPS)2. All errors quoted are 1σ.

1 http://casa.nrao.edu
2 http://aips.nrao.edu
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4.3 results

4.3 results

Maps were made using naturally-weighted visibilities to ensure optimal signal-to-noise
levels, except in the case of HH 1− 2 in which uniform weighting was used to improve
resolution. As HH 1− 2 is the lowest-declination source, the beam would otherwise have
been very extended. The dimensions of the synthesised beam for each source are listed in
Table 4.1. Source detection for these data was performed in the un-primary-beam-corrected
maps, where I identified all objects within the FWHM of the AMI primary beam with a
peak flux density > 5σrms, where σrms is the rms noise determined from the maps. σrms

for each target field is listed in Table 4.1. Integrated flux densities for detected sources
were then extracted from the primary-beam-corrected maps using imfit and are listed in

Table 4.5. The errors on the flux densities are calculated as σ =
√
(0.05Sν)2 + σ2

fit + σ2
rms,

where σfit is the fitting error returned from imfit and 0.05Sν is a conservative 5% absolute
calibration error (except for channel 8 where I use a 10% absolute calibration error, 0.1Sν).
Including σfit provides an over-estimation to the total error.

Extracted flux densities are listed in Table 4.5, and column 8 of Table 4.5 lists the spec-
tral indices αAMI calculated over the AMI channels. The uncertainties of these values are
large due to the short frequency coverage of AMI. Spectral indices are discussed further in
Section 4.5. In two cases, HH 26 IR and NGC 2264, the flux density was extracted only from
the 16 GHz combined-channel image. For these objects, the flux density in the combined-
channel image is < 5

√
nσ, where n is the number of combined channels, indicating that

the sources would be detected at < 5σ in the individual channel maps. Combined-channel
maps for each source may be found in Appendix A with the exception of L1448 IRS 3 which
is shown in Figure 4.1 for illustration purposes.
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4.4 notes on individual fields

L1448

L1448 IRS 3 is made up of the L1448 North group of Class 0 protostars: NA, NB, and NW
(Curiel et al., 1990; Terebey & Padgett, 1997). AMI does not resolve the separate sources,
so the data at 16 GHz (see Figure 4.1) represents the integrated radio emission from the
three protostars and appears mostly point-like with respect to the beam, but exhibits slight
extension in a north–south direction, with another slight bulge to the west. The spectral
energy distribution of this source is shown in Figure 4.2, and includes the observed radio
spectra over the AMI frequency channels 3 − 8 combined with flux densities from the
literature. Spectral energy distributions and spectral indices are discussed in Section 4.5.

L1448 NA and NB are in a 7′′ separation protobinary system (Curiel et al., 1990) and
L1448 NW lies approximately 20′′ northwest of L1448 NA (Terebey & Padgett, 1997) in
the Perseus Molecular Cloud. The outflows in this region have been discussed extensively
by Wolf-Chase et al. (2000). Only redshifted gas associated with the outflow of L1448 NA
is detected in their CO maps, with a position angle (PA, measured from north through
east) of ≈ 150◦ and a total length of at least 0.7 pc (at their assumed distance of 300 pc).
They suggest that the lack of blueshifted CO emission from L1448 NA could be due to the
likelihood that the cloud boundary has been reached in this direction and that the flow has
broken out of the molecular cloud. The outflow associated with L1448 NB has a PA ≈ 129◦

and 6′ to the northwest along the outflow axis lie the blueshifted optical emission knots of
HH 196 (Bally et al., 1997). L1448 NB is confirmed as the exciting source for HH 196 from
the CO maps of Wolf-Chase et al. (2000), where the true extent of the L1448 NB CO outflow
is demonstrated for the first time. They determine that the most conservative length for
the L1448 NB outflow, where the major axis is taken from the HH 196 knots through the
lower end of the redshifted lobe, is ∼ 12′. The directions of these outflows are illustrated
in Figure 4.1.

L1448 C is also detected within the primary beam, which is the driving source of the
high velocity outflow in L1448 (Bachiller et al., 1990). The northern (blueshifted) lobe is
highly collimated within 10′′ of the source (Guilloteau et al., 1992) with bow shaped knots
pointing to the northwest (PA= 159◦, see Figure 4.1; Bachiller et al., 1995) before being
deflected through a total angle of ∼ 32◦ due to a possible collision with the core containing
L1448 NA and NB (Davis & Smith, 1995; Curiel et al., 1999). The southern (redshifted)
knots begin to appear after a gap of 30′′ and the jet is deflected by ∼ 20◦ from its initial
direction abruptly near the position of the CO “bullet” known as R3 (Bachiller et al., 1990).
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Figure 4.1.: The AMI 16 GHz combined channel map uncorrected for the primary beam response for
L1448. The positions of known Class 0 YSOs are indicated as crosses (+) from Hatchell
et al. (2007b). The dashed black lines indicate the outflow axes for L1448 NB (northern
axis) and L1448 C (southern axis) from Wolf-Chase et al. (2000), details in Section 4.4.
The half power point of the primary beam is plotted as a solid circle (≈ 6 arcmin at
16 GHz) and the synthesised beam as the filled ellipse in the bottom left corner (see
Table 4.1). Contours at 5, 10, 15, 20 σrms etc, where σrms = 24µJy beam−1.
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Figure 4.2.: The SED for L1448 IRS 3 with the observed radio spectra over the AMI frequency chan-
nels 3− 8 combined with flux densities from the literature. The dashed line represents
the power-law with index α′ tracing the jet and the dotted line represents the modified
blackbody model of the envelope/disk, with the parameters listed in Table 4.8.

HH 7− 11

The AMI 16 GHz data presented here (see Appendix A) shows emission extended in a
direction almost perpendicular to the direction of the HH 7− 11 outflow, but consistent
with the distribution of objects detected with the Very Large Array (VLA) by Rodríguez
et al. (1999), almost all of which are associated with YSOs.

HH 7− 11 SVS 13 is a designated Class I object in NGC 1333 within the Perseus Molecular
Cloud, and is generally believed to be the driving source of the chain of HH 7− 11 knots to
the southeast. However, using high-resolution VLA data, Rodríguez et al. (1997) propose
that VLA 3, detected ∼ 6′′ southwest of SVS 13 (VLA 4), is instead the driving source of the
HH 7− 11 outflow. VLA 3 is better aligned with the HH 7− 11 knots and the elongation
of the source is approximately along the axis of the HH and molecular flows. Rodríguez
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et al. (1997) suggest that SVS 13 is the driving source of a much smaller, nearby chain of
HH objects to the east.

NGC 1333 IRAS 2A and 2B are also detected within the primary beam, which were first
detected by Jennings et al. (1987) as IRAS 2, and subsequently by Sandell et al. (1994) who
detected a quadrupolar outflow centred on the source suggesting that it might be a binary.
The two sources, IRAS 2A and 2B, were detected at 3.6 and 6 cm by Rodríguez et al. (1999,
VLA 7 and 10 respectively) who suggest that the quadrupolar outflow may originate from
IRAS 2A and which therefore itself may be a binary.

L1551

L1551 IRS 5 is a deeply embedded multiple protostellar Class I source in the Taurus Molecu-
lar Cloud that drives a binary jet (Rodríguez et al., 2003a). At 16 GHz (see Appendix A) this
source appears point-like and it has been suggested that the emission for this source near
1 cm arises from nearly equal contributions of dust emission from the disks and free–free
emission from the ionised ejecta (Rodríguez, 1998).

Rodríguez et al. (2003b) have shown that the emission at centimetre wavelengths is pro-
duced by a pair of closely aligned (within ≈ 12◦) bipolar ionised jets, which themselves
are aligned with the larger scale bipolar molecular outflow. Lim & Takakuwa (2006) de-
termined that L1551 IRS 5 is a triple protostellar system by identifying two main (N and S)
components, separated by ' 0′′.3, each comprised of a circumstellar dust disk and bipolar
ionised jet, and a third component lying ≈ 0′′.09 southeast of the N component as another
circumstellar dust disk.

The Class 0 source L1551 NE (Moriarty-Schieven et al., 1995) is detected to the east of
IRS 5 at 1.9 cm, but is not resolved. L1551 NE has a molecular outflow and is likely to
drive the HH objects 28, 29, and 454 (Devine et al., 1999). Radio continuum observations at
3.5 cm identified L1551 NE as a binary source with separation 0′′.5 (Reipurth et al., 2002).

L1527

L1527, or IRAS 04368 + 2557, is detected at 16 GHz as a point-source (see Appendix A).
This object is an embedded Class 0 (Melis et al., 2011) protostar in the Taurus Molecular
Cloud with a compact accretion disk and a ≈ 0′′.2 binary companion (Loinard et al., 2002).
The HH 192 outflow associated with this object has an east–west orientation (Gomez et al.,
1997) with an edge-on disk perpendicular to the outflow axis (Tobin et al., 2010) that is
infalling onto the central source (Ohashi et al., 1997). Scaife et al. (2012a) found an opacity
index β = 0.32± 0.04 for this source, consistent with the presence of large dust grains, or
pebbles, in the disk.
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HH 192 VLA 2 and 3 (Rodríguez & Reipurth, 1998) are also detected at 16 GHz. There
are no other references to these objects in the literature. A spectral index of αAMI = −0.10
is found for VLA 2 consistent with optically thin free–free emission and αAMI = −1.25
for VLA 3 which is inconsistent with free–free emission and suggests that it could be
extragalactic. For the purposes of this work, VLA 2 and 3 are considered to be extragalactic
sources (see Section 4.5) although the emission from VLA 2 could be consistent with an HII
region.

HH 1− 2

At 16 GHz, the HH 1− 2 driving source is detected as a point source (see Appendix A).
HH 1 and 2 are considered to be the prototypes of the HH phenomena, displaying two
bright bow shocks which expand as a part of a bipolar outflow moving away from the
central source that drives a finely collimated jet (see Figure 2.7; Rodríguez et al., 2000). The
Class 0 driving source of HH 1 and 2, VLA 1, was detected as a centimetre continuum
radio source by Pravdo et al. (1985), and subsequent observations have shown that the
source powers a small thermal radio jet along the axis of the HH flow (see Figure 2.7;
Rodríguez et al., 1990). Another source, VLA 2, was found 3′′ from VLA 1, producing the
HH 144 flow which is at a large angle to the HH 1 flow axis. AMI does not resolve the two
sources VLA 1 and 2 and the combined thermal emission is approximately point-like.

The Herbig–Haro objects HH 1 and HH 2 themselves have been previously detected at
centimetre wavelengths (e.g. Rodríguez et al., 1990, 2000) and HH 2 is detected but HH 1
is not at 16 GHz. Rodríguez et al. (1990) find a flux density of 0.78 mJy at 2 cm for HH 1,
however I constrain an upper flux density limit of 0.34 mJy, suggesting that this source is
variable. Radio continuum emission from other HH objects has been found to be time
variable (Rodríguez et al., 2008a; Carrasco-González et al., 2010b). Rodríguez et al. (1990)
find flux densities of 1.75 mJy for the central source and 0.98 mJy for HH 2, for which these
data are consistent.

HH 26 IR

HH 26 IR is detected weakly at 16 GHz (see Appendix A), and is a Class I protostar (Davis
et al., 1997) located within the L1630 cloud in Orion that drives a molecular outflow. L1630
is rich in star formation activity and has a complex morphology. Two embedded Class 0
protostars, HH 24 MMS and HH 25 MMS, are also in this star formation region and both
have compact jets, while HH 26 IR drives a more extended outflow (Gibb & Heaton, 1993).
H2 knots HH 26A, B, C, and D exist along the axis of the HH 26 IR outflow which is
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approximately orthogonal to the HH 25 outflow (Davis et al., 1997). HH 25 MMS is also
detected within the AMI primary beam to the northeast of HH 26 IR.

HH 111

At 16 GHz, HH 111 (see Appendix A) is significantly extended along an approximate north–
south direction, perpendicular to the known outflow direction. The driving source is IRAS
05491 + 0247, a suspected Class I binary source (Yang et al., 1997) that drives a bipolar
molecular outflow. The outflow was first discovered in the optical by Reipurth (1989).
However, based on the classification criterion defined in Section 2.1 and Section 4.1, this
source has a bolometric temperature consistent with a Class 0 object and this is discussed
further in Section 4.5. The jet is well-collimated, aligned approximately in the east–west
direction, and has knots with velocities ranging from 300 to 600 km s−1 for different parts
of the jet complex (Reipurth et al., 1992). It was found that the optical jet is part of a giant
HH complex extending over 7.7 pc (Reipurth et al., 1997).

Near-infrared observations (Gredel & Reipurth, 1994) revealed a second bipolar flow,
HH 121, emerging from around the same position as the optical outflow and is aligned ap-
proximately in the north–south direction, consistent with the extension observed here. Such
a quadrupolar outflow is indicative of a binary companion. 3.6 cm (Reipurth et al., 1999)
and 7 mm (Rodríguez et al., 2008b) VLA observations suggest a common origin within
≈ 0′′.1. It has been suggested that the most viable interpretations for the structure are that
the observations are of two orthogonal disks around separate protostars or a disk with a
perpendicular jet (Rodríguez et al., 2008b).

NGC 2264

Emission from NGC 2264 G is detected at 5σrms in the AMI combined-channel map (see
Appendix A). The NGC 2264 G molecular outflow was one of nine discovered in a CO
survey of the Monoceros OB1 cloud conducted by Margulis & Lada (1986) and was found
to have very high velocity emission and a well-collimated, bipolar morphology (Margulis
et al., 1988). It is centred on IRAS 06384 + 0958 and extends ≈ 1.6 pc in an approximately
east–west direction (Caratti o Garatti et al., 2006). Lada & Fich (1996) show that the outflow
is S-shaped and symmetric with respect to the driving source, VLA 2, which was detected
by Gómez et al. (1994) using VLA ammonia observations. They obtained a spectral index
for the outflow of α ' 0.3± 0.2 which is consistent with optically thin free–free emission of
a thermal jet, and their 3.6 cm VLA images show VLA 2 to be elongated in the direction of
the outflow. Subsequent observations of VLA 2 by Ward-Thompson et al. (1995) using the
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James Clerk Maxwell Telescope (JCMT) obtained a ratio of sub-millimetre and bolometric
luminosity indicative of a Class 0 protostar.

Serpens

At 16 GHz, AMI does not resolve the triple radio source SMM 1 but measures the integ-
rated radio emission. The emission is oriented in an approximate north–south direction
(see Appendix A), despite the outflow orientation of northwest–southeast which could be
due to the presence of multiple objects in this region. The Serpens Molecular Cloud is a
nearby star formation region containing clusters of low-mass protostars as well as several
HH objects and outflows. The most luminous and most deeply embedded object in the
Serpens cloud core is the triple radio source SMM 1, comprised of a central source, a NW
component, and a SE component, and is a known Class 0 source associated with a highly
collimated radio continuum jet (Rodríguez et al., 1989b).

Curiel et al. (1993) presented high-sensitivity, multi-frequency VLA radio continuum ob-
servations of the triple radio source, showing a one-sided radio jet morphology, but did not
detect a counter jet. These authors show that the central source is extended at 3.6 cm, but
the difference between the direction of the major axis and the orientation of the radio jet
appear to be significant, suggesting that the central source is precessing or nutating. They
find that the central source has a spectral index α ' 0.15± 0.09, consistent with the value
of α ' 0.1± 0.1 obtained by Rodríguez et al. (1989b), while the NW and SE components
have spectral indices α ' −0.05± 0.05 and α ' −0.30± 0.04 respectively. These results
suggest a thermal origin for the emission associated with the central source and the NW
component, and a borderline thermal/non-thermal origin for the SE component. Scaife
et al. (2012b) present evidence for radio variability in SMM 1, as previously suggested by
Enoch et al. (2009a) who detect a high mass disk around the source. Here I adopt a bolo-
metric luminosity of Lbol = 17.3 L� (Enoch et al., 2009a), however I note that significantly
higher luminosities have been reported for this object (e.g. 46 L� from Hurt & Barsony,
1996).

L723

L723, also known as IRAS 19156 + 1906, appears point-like at 16 GHz (see Appendix A).
L723 is a designated low-mass, Class 0 object (Lee et al., 2002). The associated outflow
consists of a pair of bipolar lobes aligned along the east–west direction and another pair of
bipolar lobes aligned roughly in the north–south direction, with IRAS 19156+ 1906 located
at their common centre (Lee et al., 2002). VLA observations at 3.6 cm reveal two sources,
VLA 1 and VLA 2, toward the centre of the outflow (Anglada et al., 1991), although VLA 1
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is likely a background source (Anglada et al., 1996; Girart et al., 1997). VLA 2 has a jet-
like morphology and partially optically thick free–free emission, characteristic of a thermal
radio jet, and was first identified as the powering source of the east–west pair of molecular
lobes by Anglada et al. (1996). Recent VLA observations by Carrasco-González et al. (2008)
at 3.6 cm and 7 mm resolve VLA 2 into several components and the two brightest sources
at 3.6 cm, VLA 2A and 2B, are separated by ≈ 0′′.29.

L1251

The emission at 16 GHz of L1251 A is detected as a point-source (see Appendix A). L1251 A
is a star-forming region toward Cepheus, and is centred on the bright source IRAS 22343 +
7501 which is associated with a large-scale (∼ 10′) molecular outflow (Sato & Fukui, 1989;
Schwartz et al., 1988). VLA observations (Meehan et al., 1998; Beltrán et al., 2001; Reipurth
et al., 2004) show several radio sources (VLA 6, 7, and 10) within this region that could
possibly drive the molecular outflow. Reipurth et al. (2004) show two sources with clear ex-
tensions, VLA 7 and 10, and suggest that VLA 10 could drive the molecular outflow found
by Sato & Fukui (1989), which extends for 10′ in the approximate northeast–southwest dir-
ection. However, VLA 7 is consistent with the outflow found by Schwartz et al. (1988) that
has an outflow direction in an almost perpendicular direction, and the emission detected
with AMI is consistent with this. AMI does not resolve these sources, but measures the
integrated radio emission.

4.5 discussion

4.5.1 Detections and Non-detections

100% of the objects in the target sample are detected with AMI at 16 GHz, which includes
eight Class 0 and three Class I protostars based on the classification scheme described in
Section 2.1 and Section 4.1. Four additional Class 0 and one additional Class I sources are
detected within the AMI primary beam of these fields.

In the L1448 field there is one Class 0 source (31; Hatchell et al., 2007b) that is not
detected, in the HH 7− 11 field there is one Class 0 (62; Hatchell et al., 2007b) and one
Class I (50; Hatchell et al., 2007b) that are not detected, and in the Serpens field there is one
Class 0 (VLA 5; Scaife et al., 2012b) and two Class I (VLA 9, 16; Scaife et al., 2012b) sources
that are not detected.

I identify AMI 7 as the radio counterpart to HH 2, but HH 1 is not detected at 16 GHz
even though it has been previously detected at centimetre wavelengths. Additionally, none
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Table 4.6.: Summary of detection statistics. The original sample includes only objects listed in
Table 4.1. The extended sample includes all objects listed in Table 4.1 and Table 4.2, in-
clusive of the original sample.

Class Present Detected %

Original Sample:
Class 0 8 8 100
Class I 3 3 100

Extended Sample:
Class 0 15 12 80
Class I 7 4 57

of the HH 192 objects are detected in the L1527 field which lie within the AMI primary
beam.

Detection statistics for the original and extended samples divided by evolutionary class
are listed in Table 4.6. It is not surprising that 100% of the target sample is detected as all
sources have been previously detected at centimetre wavelengths and have known radio
jets. Therefore, the original sample is biased, and for these reasons it is difficult to draw
strong statistical conclusions from this sample. Detection rates for Class 0 objects in the
extended sample is typical compared to Scaife et al. (2011b, 2012b) but high for Class I.
This is likely due to the small sample size or the fact that a majority of the extended
sample consists of the original sample which was chosen on the basis that these objects
have been detected at these wavelengths before.

4.5.2 Expected Contamination by Extragalactic Radio Sources

At 16 GHz, a certain number of extragalactic radio sources are expected to be seen within
each of the fields. Following Scaife et al. (2011a,b, 2012b), I quantify this number using
the 15 GHz source counts model from de Zotti et al. (2005) scaled to the 10C survey source
counts (Davies et al., 2011). The average rms noise from these data is ' 30 µJy beam−1

and therefore this model predicts that there should be 0.043 sources arcmin−2, or ' 2 ra-
dio sources within a 6 arcmin FWHM primary beam above a 5σrms flux density of 150 µJy.
Accounting for the radial attenuation of the primary beam, ≈ 10± 3 extragalactic radio
sources are therefore expected within the target fields. Making the assumption that all
sources which cannot be identified with a previously known protostellar object are ex-
tragalactic, there are 4 radio sources, lower than predicted but consistent at the 2σ level.
The low number of extragalactic sources detected in these fields compared to the model
may represent an over-estimation from the 15 GHz source counts, which are extrapolated
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from a completeness limit of 0.5 mJy and is high compared with the detection limit of
0.15 mJy. One break in the observed source counts is already known at mJy flux density
levels (Davies et al., 2011) and it is possible that a further break exists below 0.5 mJy.

4.5.3 Spectral Energy Distributions

I conducted an extensive literature search for unresolved, integrated flux densities to in-
clude in the spectral energy distribution for each source. It should be noted that Wendker
(1995) was a useful reference. High resolution data that were highly discrepant due to
flux loss or data with high uncertainties (e.g. 450 µm data from di Francesco et al., 2008)
were not included. Spectral energy distributions are shown in Figure 4.2, Figure 4.3, and
Appendix B, with the maximum likelihood models from Table 4.8 overlaid. The list of
archival data used in the spectral energy distributions can be found in Appendix C. Where
uncertainties were not provided, an error of 10% was used in the model fittings and this is
indicated by a † in Appendix C. Only data ν < 3 THz (λ > 100 µm) were included in the
fit, but IRAS data ν > 3 THz are included in the plots for illustration.

Maximum Likelihood SED Fitting

Power-law spectral indices, αAMI, were fitted to the AMI channel data alone for each ob-
ject, see Table 4.2 and Table 4.5, using the Markov Chain Monte Carlo based Maximum
Likelihood algorithm METRO (Hobson & Baldwin, 2004). The fit is of the form:

Sν ∝ ναAMI (4.1)

where Sν is the flux density measured at frequency ν.
METRO was then used to fit a combined radio power-law, with spectral index α′, and

blackbody model to the larger dataset for each source. This fit utilised data at wavelengths
longer than 100 µm and had the form:

Stotal = S1 + S2 = K1

(
ν

ν1

)α′

+ K2
νβBν(Td)

ν
β
2 Bν2(Td)

, (4.2)

where β is the dust opacity index, Bν is the Planck function for a dust temperature Td, K1

is the normalised flux density at ν1 = 16 GHz and K2 is the normalised flux density at
ν2 = 300 GHz. Fitting was performed in two scenarios to obtain the maximum likelihood
values for the spectral index α′ of each source. These two scenarios are:

(i) fixing the dust temperature based on evolutionary class, and

(ii) allowing the dust temperature to be fitted as a free parameter.
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It can be seen that when ν = ν1, S1 equals K1, the normalised flux density at 16 GHz and
when ν = ν2, S2 equals K2, the normalised flux density at 300 GHz, and we define these
parameters as Snorm

16 and Snorm
300 respectively. Uniform and separable priors were used for

all parameters, with ranges

Π = Πα(−2, 2)Πβ(0, 3)ΠTd(5, 45). (4.3)

The Greybody Contribution

When ν = ν1 = 16 GHz, the free–free component should dominate the total flux density
Stotal, however at 16 GHz there is also expected to be a small contribution to the radio flux
density of protostars due to the long wavelength tail of the thermal dust emission from the
envelopes around these objects (e.g. Scaife et al., 2012a).

It is important to separate the greybody component from the free–free emission and I
calculate this predicted contribution to the 16 GHz flux density in the following way:

Sgb,16 = f (K2, β, Td) = K2
νβB16(Td)

ν
β
2 B300(Td)

, (4.4)

with an associated error

σ2
S,16 =

(
∂ f

∂K2
σK2

)2

+

(
∂ f
∂β

σβ

)2

+

(
∂ f
∂Td

σTd

)2

, (4.5)

where ν = 16 GHz, ν2 = 300 GHz, and σK2 , σβ and σTd are the uncertainties on K2, β

and Td respectively and listed in Table 4.7 and Table 4.8. In all cases, I find that the error,
σS,16, is dominated by the uncertainty on β. For example, in the case of L1448 IRS 3:
σ2

S,16 = 4.392 + 75.82 + 14.32 µJy2.
The value of Sgb,16 is subtracted from the measured 16 GHz flux density to remove the

contribution of thermal dust emission and obtain values of only the radio emission due
to the outflow component at 16 GHz, Srad,16. This is to ensure that the values used do
not include contributions from the thermal dust tail which varies greatly between sources
and which might therefore influence any conclusions being drawn from the correlations
examined in a later section of this chapter. I compute the radio luminosity Srad,16d2 using
the greybody-subtracted radio flux densities and the distance values listed in Table 4.3 to
use in the correlations in Section 4.5.6. If the greybody subtracted flux density is not distinct
from zero by > 3σ, I consider the radio luminosity consistent with zero (see Table 4.7 and
Table 4.8).

59



large-scale studies of ysos at 16 ghz with ami

Ta
bl

e
4

.7
.:

M
od

el
re

su
lt

s
fo

r
fix

ed
T d

.
C

ol
um

n
1

co
nt

ai
ns

th
e

so
ur

ce
na

m
e;

2
th

e
sp

ec
tr

al
in

de
x;

3
th

e
op

ac
it

y
in

de
x;

4
th

e
du

st
te

m
pe

ra
tu

re
,

w
he

re
15

K
w

as
us

ed
fo

r
C

la
ss

0
so

ur
ce

s
an

d
20

K
fo

r
C

la
ss

I;
5

th
e

no
rm

al
is

ed
flu

x
de

ns
it

y
at

16
G

H
z;

6
th

e
no

rm
al

is
ed

flu
x

de
ns

it
y

at
30

0
G

H
z;

7
th

e
pr

ed
ic

te
d

gr
ey

bo
dy

co
nt

ri
bu

ti
on

at
16

G
H

z;
an

d
8

th
e

ra
di

o
lu

m
in

os
it

y
m

ea
su

re
d

at
16

G
H

z
w

it
h

th
e

pr
ed

ic
te

d
th

er
m

al
du

st
co

nt
ri

bu
ti

on
su

bt
ra

ct
ed

.“
U

C
”

is
us

ed
to

in
di

ca
te

th
at

th
e

pa
ra

m
et

er
is

un
co

ns
tr

ai
ne

d.

So
ur

ce
α
′

β
T d

Sno
rm

16
Sno

rm
30

0
S g

b,
16

S r
ad

,1
6d

2

(K
)

(m
Jy

)
(J

y)
(µ

Jy
)

(m
Jy

kp
c2 )

L1
44

8
IR

S
3

0.
37
±

0.
09

1.
48
±

0.
05

15
1.

88
±

0.
09

4.
96
±

0.
15

29
7.

47
±

52
.5

0
0.

13
1

H
H

7
−

11
1.

12
±

0.
04

1.
92
±

0.
02

20
3.

03
±

0.
08

5.
30
±

0.
19

77
.9

6
±

4.
83

0.
22

2
L1

55
1

IR
S

5
0.

10
±

0.
04

1.
52
±

0.
14

20
3.

90
±

0.
17

4.
47
±

0.
43

21
4.

58
±

13
0.

38
0.

09
3

L1
52

7
0.

17
±

0.
08

0.
96
±

0.
10

15
0.

85
±

0.
05

0.
49
±

0.
02

13
4.

94
±

52
.7

5
0.

02
3

H
H

1
−

2
0.

23
±

0.
04

2.
38
±

0.
08

15
1.

49
±

0.
07

0.
99
±

0.
02

4.
33
±

1.
25

0.
29

9
H

H
26

IR
U

C
0.

62
±

0.
07

20
0.

04
±

0.
06

0.
56
±

0.
03

37
2.

00
±

10
1.

97
−

H
H

11
1

0.
88
±

0.
07

1.
66
±

0.
07

15
2.

16
±

0.
09

0.
90
±

0.
02

31
.9

5
±

8.
81

0.
43

4
N

G
C

22
64

G
−

0.
29
±

0.
24

1.
44
±

0.
39

15
0.

50
±

0.
10

0.
54
±

0.
65

37
.0

6
±

19
2.

75
−

Se
rp

en
s

SM
M

1
−

0.
06
±

0.
02

1.
47
±

0.
05

15
6.

89
±

0.
14

5.
22
±

0.
20

32
7.

71
±

56
.6

2
0.

47
3

L7
23

−
0.

26
±

0.
09

1.
83
±

0.
07

15
0.

58
±

0.
03

0.
93
±

0.
05

20
.0

4
±

5.
15

0.
05

0
L1

25
1

A
1.

79
±

0.
15

2.
92
±

0.
27

15
0.

91
±

0.
07

0.
32
±

0.
07

0.
29
±

0.
51

0.
10

7

L1
44

8
C

1.
12
±

0.
12

2.
10
±

0.
04

15
0.

53
±

0.
02

1.
64
±

0.
04

16
.2

5
±

2.
41

0.
04

6
N

G
C

13
33

IR
A

S
2A

2.
42
±

0.
07

2.
01
±

0.
05

15
0.

43
±

0.
02

1.
52
±

0.
10

19
.3

3
±

3.
67

0.
02

3
N

G
C

13
33

IR
A

S
2B

1.
31
±

0.
05

1.
95
±

0.
09

20
1.

02
±

0.
04

0.
53
±

0.
04

7.
16
±

2.
69

0.
03

1
L1

55
1

N
E

−
0.

13
±

0.
31

1.
41
±

0.
03

15
0.

60
±

0.
09

1.
83
±

0.
02

13
6.

09
±

11
.0

8
0.

01
2

H
H

25
M

M
S

2.
13
±

0.
04

1.
68
±

0.
16

15
0.

97
±

0.
07

0.
83
±

0.
10

27
.8

2
±

22
.3

0
0.

21
2

60



4.5 discussion

Ta
bl

e
4

.8
.:

M
od

el
re

su
lt

s
fo

r
va

ri
ab

le
T d

.
C

ol
um

n
1

co
nt

ai
ns

th
e

so
ur

ce
na

m
e;

2
th

e
sp

ec
tr

al
in

de
x;

3
th

e
op

ac
it

y
in

de
x;

4
th

e
du

st
te

m
pe

ra
tu

re
;

5
th

e
no

rm
al

is
ed

flu
x

de
ns

it
y

at
16

G
H

z;
6

th
e

no
rm

al
is

ed
flu

x
de

ns
it

y
at

30
0

G
H

z;
7

th
e

pr
ed

ic
te

d
gr

ey
bo

dy
co

nt
ri

bu
ti

on
at

16
G

H
z;

an
d

8
th

e
ra

di
o

lu
m

in
os

it
y

m
ea

su
re

d
at

16
G

H
z

w
it

h
th

e
pr

ed
ic

te
d

th
er

m
al

du
st

co
nt

ri
bu

ti
on

su
bt

ra
ct

ed
.

“U
C

”
is

us
ed

to
in

di
ca

te
th

at
th

e
pa

ra
m

et
er

is
un

co
ns

tr
ai

ne
d.

So
ur

ce
α
′

β
T d

Sno
rm

16
Sno

rm
30

0
S g

b,
16

S r
ad

,1
6d

2

(K
)

(m
Jy

)
(J

y)
(µ

Jy
)

(m
Jy

kp
c2 )

L1
44

8
IR

S
3

0.
46
±

0.
09

1.
81
±

0.
12

10
.7

7
±

0.
95

2.
02
±

0.
09

5.
13
±

0.
12

14
5.

74
±

77
.3

1
0.

14
0

H
H

7
−

11
1.

28
±

0.
04

3.
00
±

0.
08

12
.5

3
±

0.
90

3.
24
±

0.
07

6.
21
±

0.
27

4.
92
±

1.
59

0.
22

7
L1

55
1

IR
S

5
0.

09
±

0.
03

1.
46
±

0.
05

26
.7

4
±

2.
07

3.
87
±

0.
09

4.
54
±

0.
17

23
3.

58
±

43
.5

4
0.

09
3

L1
52

7
0.

20
±

0.
08

0.
81
±

0.
11

44
.8

6
±

1.
57

0.
86
±

0.
06

0.
44
±

0.
03

13
8.

81
±

60
.0

0
0.

02
3

H
H

1
−

2
0.

21
±

0.
04

2.
18
±

0.
19

16
.9

3
±

1.
80

1.
46
±

0.
07

1.
01
±

0.
02

7.
35
±

7.
38

0.
29

9
H

H
26

IR
U

C
0.

66
±

0.
16

17
.3

6
±

5.
25

0.
04
±

0.
09

0.
59
±

0.
04

36
8.

59
±

30
0.

38
−

H
H

11
1

0.
84
±

0.
07

1.
55
±

0.
17

17
.3

3
±

3.
68

2.
11
±

0.
10

0.
90
±

0.
02

41
.3

1
±

35
.8

9
0.

36
6

N
G

C
22

64
G

−
0.

31
±

0.
11

1.
71
±

0.
13

18
.3

0
±

1.
88

0.
49
±

0.
06

0.
36
±

0.
02

10
.0

2
±

5.
59

0.
18

6
Se

rp
en

s
−

0.
07
±

0.
02

1.
25
±

0.
04

28
.5

4
±

1.
54

6.
74
±

0.
14

4.
85
±

0.
18

45
1.

87
±

71
.0

1
0.

46
4

L7
23

−
0.

29
±

0.
09

1.
59
±

0.
13

17
.5

6
±

1.
31

0.
56
±

0.
04

0.
92
±

0.
04

37
.7

3
±

20
.7

0
0.

04
9

L1
25

1
A

1.
70
±

0.
14

2.
27
±

0.
41

20
.8

5
±

4.
36

0.
86
±

0.
07

0.
38
±

0.
06

1.
98
±

7.
84

0.
10

7

L1
44

8
C

1.
17
±

0.
15

2.
22
±

0.
11

12
.7

0
±

1.
25

0.
54
±

0.
03

1.
69
±

0.
04

12
.8

8
±

5.
99

0.
04

7
N

G
C

13
33

IR
A

S
2A

2.
56
±

0.
03

2.
76
±

0.
19

9.
85
±

1.
10

0.
46
±

0.
02

1.
17
±

0.
07

2.
22
±

2.
20

0.
02

4
N

G
C

13
33

IR
A

S
2B

1.
40
±

0.
05

2.
89
±

0.
26

9.
55
±

1.
90

1.
06
±

0.
03

0.
57
±

0.
06

0.
76
±

1.
28

0.
03

1
L1

55
1

N
E

U
C

0.
78
±

0.
05

40
.6

4
±

3.
29

0.
17
±

0.
07

1.
69
±

0.
02

58
5.

75
±

0.
05

−
H

H
25

M
M

S
U

C
0.

55
±

0.
09

41
.2

7
±

3.
65

0.
00

4
±

0.
18

1.
51
±

0.
09

10
21

.7
6
±

35
2.

26
−

61



large-scale studies of ysos at 16 ghz with ami

Comparison of the Two Scenarios

In Scenario (i), METRO was run by fixing Td to 15 K for Class 0 objects and to 20 K for
Class I objects, and allowing the other parameters to be fitted as free parameters to determ-
ine their maximum likelihood values. Overall, fixing the dust temperature provided reas-
onable fits to the spectral energy distributions, with the exception of L1527, NGC 2264 G,
Serpens SMM 1, and L1551 NE where it provided a poor fit to the greybody peaks. The
results for the maximum likelihood values of α′, β, Snorm

16 and Snorm
300 in each case are listed in

Table 4.7, along with the dust temperature used (columns 2− 6), the greybody contribution
at 16 GHz (column 7), and the radio luminosity at 16 GHz with the greybody contribution
subtracted out (column 8). A weighted average spectral index of α′ = 0.20± 0.41 is found
for the original sample, consistent with free–free emission from a collimated jet, and a dust
opacity index of β = 1.75± 0.36 consistent with the value for the interstellar medium (ISM).
Quoted errors represent the standard deviation of the distribution of values, rather than
the standard error on the mean.

In Scenario (ii), I do not fix Td and allow the algorithm to determine the maximum
likelihood value for this parameter along with α′, β, Snorm

16 and Snorm
300 . The results for these

parameters along with Sgb,16 and Srad,16d2 are listed in Table 4.8. Again, a weighted average
spectral index of α′ = 0.20± 0.46 is found for the original sample consistent with free–free
emission from a collimated jet. An opacity index of β = 1.52± 0.56 and a dust temperature
Td = 18.46± 9.77 K are found for the original sample.

In the first scenario, with fixed Td, 80% of the sources in the original sample for which
the spectral indices could be constrained had maximum likelihood values of −0.1 < α′ < 2,
consistent with free–free emission. In the second scenario, with Td varying, again 80% of
the sources in the original sample had α′ consistent with free–free emission. In both cases,
NGC 2264 G and L723 have spectral indices α′ < −0.1, inconsistent with free–free emission
and suggestive of non-thermal emission. The one source for which an accurate value of
α′ is unconstrained in the original sample is HH 26 IR, due to insufficient low-frequency
data. Unconstrained parameters are indicated in Table 4.7 and Table 4.8 by “UC”. Since α′

is unconstrained for HH 26 IR, the algorithm attributes all the flux density at 16 GHz to
thermal dust emission, resulting in a value of Srad,16d2 ≈ 0 when subtracted from the AMI
flux density. Consequently, it does not appear in the correlations in Section 4.5.6.

A spectral index of α > 2 is generally considered un-physical for free–free emission, and
is attributed to dust emission. In the cases where the likelihood distribution pushed the
upper limit of the prior range, I increased the prior range to Πα(−2, 3). In the extended
sample, NGC 1333 IRAS 2A has α′ > 2 in both model scenarios, suggesting that the lower
frequency data is an extension of the greybody emission and that there is no free–free
component. This will not be reflected accurately in the calculation of the greybody emis-
sion at 16 GHz since the algorithm constrains a separate α′ component, and this will in
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4.5 discussion

turn affect the radio luminosity calculated for this source and the correlations discussed
in Section 4.5.6. When Td is fixed in Scenario (i), HH 25 MMS also has α′ > 2, suggest-
ing that it is purely greybody emission. This will have the same consequences as for
NGC 1333 IRAS 2A. However, α′ is unconstrained for HH 25 MMS when Td is allowed to
vary in Scenario (ii) and this will have the reverse affect on the radio luminosity. Examining
the SED plot (see Appendix B), it is possible that HH 25 MMS has a free–free component
based on one or two data points, but the model is unable to constrain it without more
low-frequency data.

For L1551 NE, α′ is constrained in Scenario (i) but not in Scenario (ii). Consequently,
the calculated radio luminosities differ significantly between the two scenarios and this
will affect the correlations in Section 4.5.6. Specifically, Srad,16d2 is a factor of 4.3 higher
when Td is allowed to vary than when it is fixed to 15 K (see Table 4.7 and Table 4.8).
When Td is fixed for this source, the peak of the greybody is constrained by the given
dust temperature (and does not fit the higher frequency data), allowing the algorithm to
determine α′ using the two low-frequency data points (see Figure 4.3a). However, when
Td is allowed to vary, the AMI data point at 16 GHz is fit as part of the greybody emission
and α′ is left unconstrained, as there is only one remaining low-frequency data point (see
Figure 4.3b). This results in a more significant greybody contribution at 16 GHz. Therefore
the radio luminosity will be significantly lower when Sgb,16 is subtracted in this scenario
compared to that when the dust temperature is fixed, and this will drastically change its
position on the correlation plots between the two scenarios. The same situation is also
found in the case of HH 25 MMS.

4.5.4 Dust Temperatures

In Scenario (ii), where Td varies, the results for Td range between 9− 45 K. Values in the
literature for the dust temperatures associated with Class 0 and I sources are found to
range between 10− 40 K (Reipurth et al., 1993; Dent et al., 1998; Shirley et al., 2002; Young
et al., 2003; Hatchell et al., 2007b). Dent et al. (1998) find that their sample of Class 0
protostars can be fitted with optically thin emission, opacity indices between 1− 1.5, and
dust temperatures between 20− 30 K. For their Class I sources, these authors derive opacity
indices between 1− 2 and dust temperatures of ∼ 30 K, with which the results in this work
are consistent.

For Class 0 sources, I find weighted average values of β = 1.35± 0.29 and Td = 20.1±
10.89 K, and for Class I sources I find β = 1.81± 0.74 and Td = 14.85± 5.15 K. These results
are reversed from what is expected based on the first SED scenario, but this is likely to be
due to the low number of Class I sources in our sample compared to Class 0. Scaife et al.
(2012a) find β = 0.3 for L1527 by fitting data from 5 GHz to 350 GHz jointly using the sum
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Figure 4.3.: The spectral energy distribution fits for L1551 NE when (a) Td = 15 K, and (b) when Td
is allowed to vary. In the first case, the method determines α′ for the two low-frequency
data points, but in the second case the AMI data point is fit as greybody emission and
α′ is unconstrained. The same situation is also found in the case of HH 25 MMS but no
other sources suffer from this discrepancy between the two scenarios.
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of two power-laws, which is slightly shallower than the value of β = 0.81± 0.11 found in
this work. However, both are consistent with the value of β ≤ 1, indicating the presence of
large dust grains.

4.5.5 Radio Spectral Indices

Typically, the radio emission detected at centimetre wavelengths for Class 0 and I protostars
is observed to possess a flat or rising spectrum, indicating that it occurs as a consequence of
free–free radiation from ionised gas (see Section 2.4 and Section 3.2). Unresolved sources
can exhibit partially opaque spectra with spectral indices in the range −0.1 ≤ α ≤ 2, where
a value of −0.1 indicates optically thin free–free emission and a value of +2 indicates
optically thick. For the case of a “standard”, spherical wind, the spectral index α = 0.6.
Shallower spectral indices (α < 0.6) are expected for unresolved, well-collimated, constant
velocity, isothermal, fully ionised (“standard collimated”) jets, and similar values are expec-
ted for fully ionised, adiabatic jets (Reynolds, 1986). In this section I compare the results
for αAMI (Table 4.2 and Table 4.5) and α′ from the spectral energy distribution scenario (ii)
where Td is allowed to vary (Table 4.8).

Across the AMI band, 7/9 (78%) of the target sources, where the spectral index αAMI

could be constrained, are within the range −0.1 ≤ αAMI ≤ 2 indicating free–free emission
(see Table 4.5). When including the additional protostellar sources detected in these fields
(see Table 4.2), 11/14 (79%) of the sources have αAMI within this range. The three sources
that lie outside this range, HH 111, Serpens SMM 1 and L1448 C, have αAMI < −0.1, sug-
gesting that another emission mechanism is at work. Spectral indices inconsistent with
free–free emission have been found previously for Serpens SMM 1 (Rodríguez et al., 1989b;
Curiel et al., 1993). The weighted average spectral index of the original sample calcu-
lated from the AMI fluxes is αAMI = 0.42± 0.59, consistent with a standard, collimated jet.
The flux densities for HH 26 IR and NGC 2264 could only be extracted from the 16 GHz
combined-channel map, so it was not possible to measure αAMI for these sources. For the
extended sample, αAMI = 1.52± 0.64, still consistent with free–free emission although quite
steep. The steep αAMI could result from fitting only the AMI data from which the greybody
contribution had not been subtracted. α′ does not suffer from this which will be shown
in the next paragraph. The large uncertainties of αAMI in Table 4.5 are due to the short
frequency coverage of AMI.

For comparison, 8/10 (80%) of the original sample have −0.1 ≤ α′ ≤ 2 when including
archival data (again, excluding HH 26 IR, see Table 4.8). For the extended sample, 10/13
(77%) of the sources (excluding L1551 NE and HH 25 MMS) have α′ within this range.
The values for α′ that lie outside this range are NGC 2264 and L723 (α′ < −0.1) and
NGC 1333 IRAS 2A (α′ > 2). The original sample has a weighted average spectral index
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α′ = 0.20± 0.46 and the extended sample has α′ = 0.37± 0.63, both consistent with free–
free emission and a well-collimated flow. This is a much more accurate representation of
the radio emission arising from the jet, as the dust contribution from the envelope/disk
has been taken into account.

In the case of NGC 2264 G, there are two known radio continuum sources in this outflow
region: VLA 1, which was proposed as the driving source by Rodríguez & Curiel (1989),
and VLA 2, which is suggested to be the driving source source by Gómez et al. (1994).
Gómez et al. (1994) find a spectral index α ' −1.3 ± 0.4 for VLA 1 and a significantly
lower flux density than Rodríguez & Curiel (1989), suggesting that it appears to be highly
variable and an extragalactic nature cannot be ruled out. For VLA 2, these authors find
a spectral index α ' 0.3± 0.2, consistent with free–free emission. The negative spectral
index α′ = −0.31± 0.11 obtained here for NGC 2264 G is likely contaminated by VLA 1 as
the sources are unresolved by AMI. Additional high resolution observations are needed to
confirm the non-thermal component.

L723 is like NGC 2264 G, i.e. there is a nearby source, VLA 1, with a spectral index
α ≤ −0.1 that could be contaminating the SED for the prospective driving source, VLA 2.
Anglada et al. (1996) find a spectral index α = −0.3 ± 0.2 for VLA 1, and discuss the
possibility that the source is a radio-emitting, optically obscured T Tauri star. These authors
find a spectral index α = 0.5± 0.2 for VLA 2, consistent with free–free emission, and the
results of Carrasco-González et al. (2008) for the spectral index of VLA 2 are also indicative
of free–free emission. I find αAMI = 0.42± 0.82 for L723, consistent with free–free emission
from a canonical jet even though these sources are not resolved. The negative spectral index
α′ = −0.29± 0.09 obtained is likely affected by both VLA 1 and insufficient low-frequency
data to better constrain α′.

From the data presented here, L1527 is found to have a spectral index αAMI = 1.15± 0.57,
which agrees with the value of αAMI = 1.17± 0.42 found by Scaife et al. (2012a). A spectral
index of α > 0.8 can be easily produced by velocity gradients or the recombination that
might be expected for rapidly diverging flows (Reynolds, 1986). For consistency purposes,
I have used the same archival data as in Scaife et al. (2012a) for the SED, who find α′ =

−0.11 ± 0.09. However, I find α′ = 0.70 ± 0.06 in this work. I attribute this difference
to the fact that the data is fit with multiple greybody components in Scaife et al. (2012a).
L1527 has a known disk (Loinard et al., 2002; Tobin et al., 2010) which dominates the SED
at sub-millimetre frequencies, while the envelope contribution dominates at far-infrared
frequencies. The single greybody model used in this work does not provide the best fit to
both the envelope and disk. However, in both scenarios the SED model here predicts β ≤ 1,
consistent with the presence of large dust grains in the disk (Scaife et al., 2012a).

Overall, the values for the spectral indices are not unexpected as all sources listed in
Table 4.5 and the protostellar sources listed in Table 4.8 have known outflows. In the cases
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of NGC 2264 G and L723, higher spatial resolution data can help constrain the emission
mechanism for the driving sources of these outflows and identify non-thermal components.

4.5.6 Correlations

Radio luminosity has been shown to correlate with global properties such as bolometric
luminosity, envelope mass, and outflow force (Scaife et al., 2011a,b, 2012b). I combine these
data with the previous work to redraw the correlations, see Figure 4.4 and Figure 4.5. I use
the radio luminosity (Srad,16d2) results calculated by subtracting the predicted greybody
contribution at 16 GHz (Sgb,16) from the measured flux density (S16 GHz), in the correlations
that follow to ensure that the values used are representative of only the outflow component
of the radio emission. I compare the correlations between both SED scenarios and examine
the relation of this sample to existing correlations.

Note on Classification

Scaife et al. (2011b) found that when comparing bolometric temperatures determined using
IRAS data (Hatchell et al., 2007b) and those found from fluxes calculated using Spitzer
SEDs (Dunham et al., 2008), the IRAS temperatures were, on average, a factor of 1.6 higher
than the corresponding Spitzer values. Bolometric temperature is one of the indicators
for protostellar class and within this sample, one of the sources with 70 ≤ Tbol ≤ 150 K
(HH 111) will change from Class I to 0 when the Spitzer temperature is used.

Correlation between Radio Luminosity and Bolometric Luminosity

The correlation of radio luminosity with bolometric luminosity for low-mass protostars
was first shown by Anglada (1995) using 3.6 cm emission, and more recently by Shirley
et al. (2007) with the inclusion of 6 cm emission. The correlation is believed to arise as
a consequence of the correlation between outflow force and bolometric luminosity as the
degree of shock ionisation is expected to be larger for more powerful outflows from higher
luminosity sources (Shirley et al., 2007). Scaife et al. (2011b) find the correlation between
16 GHz radio luminosity and bolometric luminosity to be

log[Lrad(mJy kpc2)] = −(1.74± 0.18) + (0.51± 0.26) log[Lbol(L�)]. (4.6)

Figure 4.4a shows the correlation of radio luminosity with bolometric luminosity for
Scenario (i), where Td is fixed, and Figure 4.4b for Scenario (ii), where Td varies. These
new data extend the trend into higher luminosities. Note that the bolometric luminosity
for the Serpens SMM 1 source used here is Lbol = 17.3 L� (Enoch et al., 2009a), however
significantly higher luminosities have been reported for this object in the literature which

67



large-scale studies of ysos at 16 ghz with ami

could explain the offset from the trend (see Section 4.4). The value of α′ is unconstrained
for HH 26 IR due to insufficient low-frequency data. As a result, this method calculates
a significant value for Sgb,16, resulting in a value of Srad,16d2 consistent with zero due to
the low flux density detected by AMI. HH 26 IR is therefore not included in the plots.
Data below 8 GHz is needed to constrain the spectral index of this source and establish an
accurate measure of the radio luminosity.

Two sources, L1551 NE and HH 25 MMS, have their location change significantly between
Figure 4.4a and Figure 4.4b, due to the large difference in their radio luminosities between
the two SED scenarios (as discussed extensively in Section 4.5.3). Larger radio luminosities
were calculated for both sources in the case where Td is fixed. However, the lower radio
luminosity calculated from the scenario where Td is allowed to vary for HH 25 MMS is in
better agreement with the trend than the higher value from the scenario where Td is fixed.
The opposite is true for L1551 NE, and the radio luminosity calculated for this source from
Scenario (i) is in better agreement with the trend than the one calculated from Scenario (ii).
Like HH 26 IR, L1551 NE deviates from the trend due to a radio luminosity Srad,16d2 ≈ 0
when Td varies, and more observations at these frequencies are needed to constrain the
spectral index and establish the radio luminosity.

I use a two sample Kolmogorov-Smirnov (KS) test to determine whether the sample
from this work is consistent with the known correlation. I reject the null hypothesis of no
difference between the datasets if the probability is less than the standard cutoff value of
p= 0.05. I find p-values of p= 0.021 and p= 0.037 for Scenarios (i) and (ii) respectively,
indicating that the sample from this work is statistically different from the previous sample
in both scenarios.

I attribute this discrepancy to the values of the bolometric luminosity, rather than the
radio luminosity, as no similar effect is seen in the correlation with envelope mass (see next
section). There are a number of possible explanations. The dataset from previous papers
(open circles in Figure 4.4) has bolometric luminosity values dominated by a single cata-
logue (Hatchell et al., 2007b), whereas the current sample has values from a much wider
range of references. A larger degree of scatter in the current dataset might therefore be
expected due to differences in methodology. Alternatively, it is possible that the bolometric
luminosities derived in Hatchell et al. (2007b) which dominate the archival dataset have
themselves a systematic offset from those found more generally in the literature, however
this seems unlikely as it has not been noted in previous comparisons. A further possib-
ility is that the current sample is (on average) biased towards sources with high ratios of
bolometric luminosity to envelope mass. Since these sources are preferentially selected to
be well known radio protostars, it is likely that this effect is present at some level. I there-
fore suggest that the underlying cause of the discrepancy is a combination of both this last
possibility and the first.
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Figure 4.4.: (a) Correlation of 16 GHz radio luminosity with bolometric luminosity for Scenario (i)
where Td is fixed to 15 K for Class 0 objects and 20 K for Class I objects, and (b) for
Scenario (ii) where Td is fitted as a free parameter. Filled circles represent Class 0
sources from this sample, stars are Class I, and unfilled circles are previous data. Best
fitting correlations from Scaife et al. (2011b) are shown as solid lines (see Equation 4.6)
and the dashed lines are the 1σ limits on the distribution.
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Correlation between Radio Luminosity and Envelope Mass

Figure 4.5 shows the correlation between radio luminosity and envelope mass. The envel-
ope masses listed in column 8 of Table 4.3 were determined using the 850 µm flux densities
from the Sub-millimetre Common-User Bolometer Array (SCUBA) Legacy Fundamental
Map Object Catalogue (di Francesco et al., 2008) in the following way:

Menv =
Sνd2

κνBν(Td)
(4.7)

where κν is the opacity, Bν(Td) is the Planck function at a dust temperature Td and the
scaling factor

[
κνBν(Td)

]−1 uses the scaled value from Hatchell et al. (2007b), applied in
Scaife et al. (2012b). This scales the envelope masses by a factor of 0.33 in order to compare
them directly with the mass values obtained from the Bolocam catalogue of Enoch et al.
(2009b). This factor is the average ratio of envelope masses for the sources from the Perseus
region studied in Scaife et al. (2011b) when measured with Bolocam (Enoch et al., 2009b)
and with SCUBA (Hatchell et al., 2007b), accounting for differences in the assumed Td and
κν after correcting for the assumed distance between these works when calculating mass
values. Distances used are listed in column 3 of Table 4.3. Froebrich (2005) finds that a
lower dust temperature of 15 K e.g., as suggested by Motte & André (2001) and Hatchell
et al. (2007b), would lead to envelope masses that are a factor of 1.6 higher, however this
should not affect these results as I maintain consistency within the sample. The SCUBA (di
Francesco et al., 2008) 850 µm flux density is unresolved for NGC 1333 IRAS 2A and B, and
so I use the values from Enoch et al. (2009b) for these objects.

The data from this work are combined with those from Scaife et al. (2011a,b) to examine
the correlation of radio luminosity with envelope mass. It can be seen from Figure 4.5
that the data from this work are consistent with those from the literature. A best-fitting
correlation using the combined dataset is found to be,

log[Lrad(mJy kpc2)] = (−1.83± 0.25) + (0.96± 0.41) log[Menv(M�)]. (4.8)

Uncertainties on the envelope mass have contributions from the assumed opacity and tem-
perature in addition to a 20− 30% uncertainty from the sub-millimetre flux density (Scaife
et al., 2012b).

As protostars evolve through the Class 0–I stages, both the envelope mass and the av-
erage mass-loss rate in the outflow decrease (see Section 2.1; Bontemps et al., 1996). The
observed correlation of Lrad with Menv could also be interpreted as a correlation with
mass-loss rate. Models of radio emission arising from ionised spherical stellar winds (see
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Figure 4.5.: Correlation of envelope mass with 16 GHz radio luminosity, where the solid line indic-
ates the best fitting correlation using the combined data set, the dashed lines indicate a
slope of 1.33 and the 1σ limits on the distribution of data relative to this slope. Filled
circles represent Class 0 sources from this sample, stars are Class I, and unfilled circles
are previous data.

Section 3.2; Panagia & Felli, 1975) predict a correlation between the radio luminosity and
the mass-loss rate(
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where µ is the mean atomic weight per electron, v∗ is the velocity, and Z̄ is the average
ionic charge. Collimated jet models (Reynolds, 1986) also predict the relationship Lrad ∝
Ṁ4/3 with weak dependencies on ionisation fraction, collimation, temperature and outflow
inclination. Figure 4.5 compares the data to this power-law with index 4/3 = 1.33, shown
as a dashed line. Note that the fitted correlation is consistent with this index at the 1σ level.

Class I sources are expected to have smaller envelope masses than Class 0 by definition
(see Section 2.1) but from these data there is no evident deviation from the trend based on
evolutionary class. In fact, the Class I sources in this sample are all found along the +1σ

level line of the correlation.

71



large-scale studies of ysos at 16 ghz with ami

From the KS test I find p-values of p= 0.374 and p= 0.54 for Scenarios (i) and (ii)
respectively, indicating that the sample from this work is consistent with the correlations
found from the previous sample in both scenarios. .

Note that the correlation fitted directly to the data shown in Figure 4.5 will be subject to
an observational bias due to the low significance end of the data. This form of Eddington
bias causes the slope of the fitted correlation to be artificially shallow due to the increased
data scattered above the correlation, relative to that scattered below the correlation which
will be missed due to the detection limit. Such a bias can be corrected statistically, and
following the method of Herranz et al. (2006) I use a maximum likelihood estimator for the
slope, m, to recover a value of m̂ = 1.01.

The correlation with bolometric luminosity will also be subject to a similar bias. However,
I do not correct the fit in this case as the detection limit is not the only criterion for detection
of a radio counterpart in this case, as shown in Scaife et al. (2011b).

Correlation between Radio Luminosity and Outflow Force

One of the models discussed in Section 2.4 for producing the free–free emission is shock in-
duced ionisation through the impact of a neutral stellar wind or molecular outflow against
the surrounding envelope (Curiel et al., 1987, 1989), where the radio luminosity

(
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mJy kpc2

)
= 3.98× 10−2

(
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)(
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)0.68

×
(
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)0.45 ( Ω
4π

)( ν
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)−0.1
(4.10)

and (Ω/4π) represents the fraction of the stellar wind being shocked. The correlation
between radio luminosity and outflow force might therefore be expected: Lrad ∝ Ṁv∗ =

Fout. The 16 GHz radio luminosity data presented here are consistent with the loose correl-
ation with outflow force measured in Scaife et al. (2011a,b), see Figure 4.5. The solid line
indicates the shock ionisation model of Curiel et al. (1989) with a temperature of Te = 104 K.
The upper (lower) dashed line indicates the same model with a temperature of Te = 3000 K
(105 K; Scaife et al., 2011b).

From the Reynolds (1986) model, the correlation Fout ∝ L2.1/2(2−α)
rad is predicted. In the

case of a spherical stellar wind with α = 0.6, Fout ∝ L0.75
rad , and in the case of a collimated jet

with α = 0.25, Fout ∝ L0.6
rad (see Scaife et al., 2011a). The lack of a well defined correlation

in this case may by due to the errors inherent in measurements of outflow force. Class 0
objects are generally considered to have more energetic outflows than Class I, but there is
no clear evolutionary division in the correlation presented here.
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Figure 4.6.: Correlation of 16 GHz radio luminosity with outflow force, where the solid line indicates
the best fitting correlation using the combined data set, the dashed lines indicate a slope
of 1.33 and the 1σ limits on the distribution of data relative to this slope. The solid
line indicates the shock ionisation model of Curiel et al. (1989) with a temperature of
Te = 104 K. The upper (lower) dashed line indicates the same model with a temperature
of Te = 3000 K (105 K). In both plots, filled circles represent Class 0 sources from this
sample, stars are Class I, and unfilled circles are previous data.

As discussed in Scaife et al. (2011a), there are many uncertainties in outflow force meas-
urements and variations in how Fout is estimated. For example, some estimates are derived
from the total momentum observable in the outflow lobes and divided by a measure of the
outflow dynamical time. Bontemps et al. (1996) use a measure of the force derived within
an annulus around the outflow origin which provides a better measurement for outflows
that have only been partially mapped. Values for Fout may vary even whilst using the
same method to calculate it depending on which velocity is used. Many studies increase
their outflow forces by a factor of 10 to account for optical depth and inclination effects,
following Bontemps et al. (1996). From the current sample, only two of the values for out-
flow force from the literature have been corrected in this way: L1527 and Serpens SMM 1
(see Table 4.3). As the majority of the data included in Figure 4.6 has this correction im-
plemented, I apply the same adjustment to the values in Table 4.3 for the purposes of the
plot. For a large enough sample of protostars, the trends should still be apparent but may
have large scatter (Scaife et al., 2011a). Due to the considerable uncertainties in outflow
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force measurements and estimations, we do not include error bars for Fout measurements
in Figure 4.6.

4.5.7 Variability

Radio variability might be expected for Class 0 and I sources due to episodic accretion rates
and mass ejection in the outflows (Kenyon & Hartmann, 1995). However, only two sources,
L1551 IRS 5 and Serpens SMM 1, show strong signs of variability based on examination
of their spectral energy distributions (see Appendix B). This could be due to the fact that
there is a comparatively larger amount of archival data for these sources, and it is likely
that a majority of the sources in this sample possess variable natures but more observations
at multiple epochs are needed to confirm this. In the case of NGC 2264 G, evidence for
variability has been shown (Gómez et al., 1994) for an object in the same region as the
driving source of this outflow which will affect the results of unresolved data.

L1551

Rodríguez et al. (2003a) have compiled measurements of L1551 IRS 5 at 2 cm from 1983 to
1998 to determine the proper motion of the multiple sources, and by comparing different
epochs they found that the S component underwent a major ejection event during the late
1980s and showed considerable elongation in the east–west direction.

By comparing data at 5 and 15 GHz taken at different epochs (see Appendix C) there
is clear evidence of variability. The flux densities measured at 5 GHz range by a factor
of ≈ 1.7 over all epochs, while the flux densities measured at 15 GHz range by a factor
of ≈ 2.2. In addition, the VLA observations of Keene & Masson (1990) were measured
in September 1988, and their flux density at 15 GHz is a factor of ≈ 1.7 higher than the
flux density measured in this work at a similar frequency. Lim & Takakuwa (2006) detect
three circumstellar dust disks in this region, and therefore luminosity variations might
be expected. These authors have discussed that the flux of the N jet (see Section 4.4) is
typically higher than the flux of the S jet, except during the epoch of the major ejection
event of the S jet.

Serpens

Evidence for variability has been shown for Serpens SMM 1 by Scaife et al. (2012b) and
references therein. Curiel et al. (1993) suggest that the knotty structure in the NW and SE
components is the result of a discrete ejection of material (“bullets”) from the source, which
could account for the radio flare event in the archival data (Scaife et al., 2012b) that appear
to have faded. The observations at 16 GHz for SMM 1 presented in this work were taken
11 October 2011 and the flux density (see Table 4.5) is a factor of ≈ 1.5 higher than that
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presented in Scaife et al. (2012b) who measure a flux density of 4.736± 0.237 mJy with AMI
observations taken between December 2010 and January 2011. Our measured flux density
is within the uncertainty limits of the 15 GHz flux density of 10± 3 mJy found by Snell &
Bally (1986). Enoch et al. (2009a) detect a high mass disk around this source which should
be unstable and therefore exhibit luminosity variations.

HH 1

The Herbig–Haro object HH 1 has been previously detected at centimetre wavelengths (e.g.
Rodríguez et al., 1990, 2000) however, here HH 1 is not detected at 16 GHz. I calculate a flux
density upper limit of 0.34 mJy for this object, inconsistent with the value of 0.78 mJy at 2 cm
found by Rodríguez et al. (1990). However, Pravdo et al. (1985) also failed to detect HH 1
in the radio, suggesting that this source is variable. Indeed, multi-wavelength observations
of this object have been discussed by Raga et al. (2011), and HH 1 has been shown to be
variable at radio wavelengths. Future observations with AMI and e–MERLIN at the same
epoch will provide a better picture of the variability of these objects.

4.6 summary

In this chapter, I have presented 16 GHz observations made with AMI of a sample of low-
mass young stars driving jets. The main results are as follows:

• The data presented in this work provide support for free–free emission as the dom-
inant mechanism for producing the radio luminosity from these YSOs at 16 GHz.
Across the AMI channel bands, 80% of the detected protostellar sources in the target
sample have spectral indices −0.1 ≤ αAMI ≤ 2 consistent with free–free emission
and I find an average spectral index αAMI = 0.42± 0.59 consistent with the value for
a collimated, ionised jet. Although the flux densities integrated over the whole of
the source are in general indicative of free–free emission, it could be possible that
subcomponents within the source show non-thermal (i.e. negative) spectra.

• I have also presented and examined spectral energy distributions for each detected
protostellar source, combining the AMI data with available archival data from an ex-
tensive literature search. Two scenarios were tested to obtain maximum likelihood
values for the spectral indices, dust opacity indices, and dust temperatures. In Scen-
ario (i), Td is fixed for each source based on protostellar evolutionary class and 80%
of the objects in the target sample are found to have spectral indices consistent with
free–free emission, with an average spectral index α′ = 0.20 ± 0.41 also consistent
with the value for a well collimated outflow. In Scenario (ii), Td is not fixed, and
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the same average value for the spectral index is found. These values for the spectral
indices are consistent with expectations as all target sources drive known outflows.

• I examined the errors associated with determining the radio luminosity and found
that the dominant source of error is the uncertainty on the opacity index, β.

• In both scenarios, NGC 2264 G and L723 have α′ ≤ −0.1, inconsistent with free–free
emission. For these two sources there are other objects within close proximity (i.e.
within the synthesised beam) that have non-thermal spectral indices that may affect
the integrated flux densities. Higher spatial resolution data can help constrain the
emission mechanism for the driving sources of these outflows. I also find α′ > 2
in some cases (e.g. NGC 1333 IRAS 2A) suggesting that the lower frequency data
is an extension of the greybody emission and that there is no free–free component
detectable in these data.

• I examined the correlations between the radio luminosity and bolometric luminosity,
envelope mass, and outflow force and found that these data are broadly consistent
with correlations found by previous samples. There is a slight bias in the correlation
with bolometric luminosity towards higher values of Lbol.

• Evidence for variability has been shown for L1551 IRS 5 and Serpens SMM 1 by close
inspection of their SEDs. It is apparent from their histories that they have undergone
radio flare events, supporting non-steady accretion models of protostellar evolution.
I also find variability in the Herbig–Haro object HH 1.
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S U B - A R C S E C O N D S T U D I E S O F Y S O S AT 5 G H Z W I T H E – M E R L I N

Moving to lower frequency and much higher spatial resolution, this chapter presents
observations taken of the CTTS DG Tau at 5 GHz with e–MERLIN as part of the Leg-
acy Programme on the “Morphology and Time Evolution of Thermal Jets Associated with
Low-mass Young Stars” (P.I. L. Rodríguez), of which the data acquisition, reduction and
analysis were to form the basis of this thesis. At the CTTS stage of protostellar evolu-
tion, most of the original core has already been accreted, resulting in lower accretion rates
through the surrounding accretion disk onto the YSO and the system becomes optically
visible (see Section 2.1; Pudritz et al., 2007). CTTSs are a perfect laboratory for studying
the jet launching and collimation mechanisms as their proximity (140 pc to the nearest star
forming regions) and lack of obscuring envelope give access to the inner jet regions within
20− 200 au, where the outflow structure might not yet be significantly disturbed by inter-
action with the ambient medium (Ray, 2007; Agra-Amboage et al., 2011). Observations
with radio interferometers of YSO outflows have the advantage that their spatial resolution
can be comparable or better than the HST. Moreover, the new class of radio interferomet-
ers, such as e–MERLIN and the Jansky Very Large Array (JVLA) in the US, have vastly
improved sensitivity to detect the central jet engine.

In this chapter, I present the highest resolution radio images made to date of DG Tau
and its nearby cousin, DG Tau B. In previous, lower spatial resolution radio observations,
both DG Tau and DG Tau B exhibit compact and elongated morphologies in the known
direction of their outflows (Cohen et al., 1982; Bieging et al., 1984; Rodríguez et al., 2012)
and possess positive spectral indices, α, typical of free–free emission. Radio SEDs for these
sources are presented in Scaife et al. (2012a) and Lynch et al. (2013) and show evidence for
variability. In Section 5.1 I present details of these new e–MERLIN observations, and the
results in Section 5.2. In Section 5.3 I discuss the implications of these findings, compare

This chapter has been published as: Ainsworth R. E., Ray T. P., Scaife A. M. M., Greaves J. S., and Beswick R. J.,
2013, Subarcsecond high-sensitivity measurements of the DG Tau jet with e–MERLIN, Monthly Notices of the
Royal Astronomical Society: Letters, 436, L64–L68, doi:10.1093/mnrasl/slt114
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them with previous data and mock observations, and derive jet parameters such as the jet
opening angle and mass-loss rate of DG Tau. In Section 5.4 I summarise the main results.

5.1 observations and data reduction

The e–MERLIN synthesis telescope is a seven element interferometer with baselines of
up to 217 km and connected by a new optical fibre network to Jodrell Bank Observatory
near Manchester, UK. The data in this work were taken during the commissioning phase
of e–MERLIN with only the five 25 m dishes, resulting in a primary beam of θ ≈ 10′, a
maximum baseline of 133.7 km (between Pickmere and Defford), and a minimum baseline
of 11.2 km (between Pickmere and Mark II). See Section 3.4.2 for more details.

DG Tau was observed at 5 GHz for ≈ 22 hrs by e–MERLIN between 1 and 4 August
2011 (average epoch 2011.58), with 4× 128 MHz sub-bands of 512 spectral channels each,
yielding a total bandwidth of 512 MHz. Data were reduced and analysed using AIPS.
Data were initially edited with spflg and ibled, averaged to 64 channels per intermediate
frequency (IF) channel, and concatenated with dbcon before further editing was conducted.
fring was used to derive delay and rate corrections for the calibrator sources, and calib

was used to derive time-dependent phase, and then amplitude and phase solutions.

Flux calibration was performed using short observations of 3C286 at the beginning and
end of each run, and the flux density scale was calculated with setjy (Perley & Butler,
2013). The flux density for each IF was then reduced by 4% to account for the resolution of
the e–MERLIN shortest spacing (see The MERLIN User Guide1). Calibrator flux densities
are listed in Table 5.1. Bandpass calibration was performed using the bright point sources
J0555 + 398 and J1407 + 284, and the phase was calibrated using interleaved observations
of J0429 + 2724. Visibilities were re-weighted to take into account the different sensitivity
of each dish, and the target source data was split for imaging with the calibration applied.
Absolute calibration is expected to be accurate to about 10% for commissioning data.

Table 5.1.: e–MERLIN frequency channels and calibrator flux densities measured in Jy.

Channel No. 1 2 3 4
Freq. [GHz] 4.41 4.54 4.70 4.80

3C286 7.63 7.50 7.37 7.25
J0555 + 398 5.46 5.47 5.36 5.55
J1407 + 284 2.44 2.43 2.43 2.38

1 www.e–MERLIN.ac.uk
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5.2 results

Deconvolution and imaging were performed with imagr. Naturally weighted visibilities
were used to ensure optimal signal-to-noise ratio (SNR) levels. Primary beam correction
was applied with pbcor. The combined channel map centred at 4.67 GHz (hereafter re-
ferred to as 5 GHz) for DG Tau is shown in Figure 5.1, and DG Tau B is also detected
within the primary beam at 4σrms (see Figure 5.2). The dimensions of the synthesised beam
are 0.11 × 0.10 arcsec with a position angle (PA) of 317◦.1. The root-mean-square (rms)
noise was measured in AIPS using imean, and the values recovered are 24 µJy beam−1 for
the DG Tau map and 25 µJy beam−1 for the DG Tau B map.

At epoch 2011.58, DG Tau is detected at J2000.0 coordinates α = 04h27m04s.693, δ =

+26◦06′15′′.82. The optical position of this source corrected for proper motion (Zacharias
et al., 2013) is plotted as a cross in Figure 5.1, where the errors are indicated by the size of
the cross, and the radio detection with e–MERLIN is in agreement within the errors. This
signifies that the emission is stationary and coincides with the source and is not a faster
moving knot of emission.

Due to the high resolution of e–MERLIN, I am unable to identify the 4σrms source to the
north in Figure 5.1, although I suspect it may be extragalactic. In the absence of further
data at similar resolution and sensitivity, I cannot say definitively and therefore do not
discuss it further in this work.

Flux densities were extracted from the primary beam corrected maps using jmfit. Errors

on the flux densities are calculated as σ =
√
(0.1S5 GHz)2 + σ2

rms + σ2
fit, where 0.1S5 GHz is

10% absolute calibration error on the total 5 GHz flux density S5 GHz, σrms is the rms noise
and σfit is the fitting error returned from jmfit. All errors are quoted to 1σ.

5.3 discussion

5.3.1 DG Tau

At 5 GHz, DG Tau is detected at 6σrms, and at such high spatial resolution the source
exhibits an asymmetric, compact and slightly elongated morphology consistent with the
known direction of the outflow axis. DG Tau has a total flux density St,5 GHz = 312± 78 µJy
and a peak flux density Sp,5 GHz = 160± 38 µJy.

DG Tau is a highly active CTTS located at a distance of 140 pc in the Taurus Molecular
Cloud, and was one of the first T Tauri stars to be associated with an optical jet (HH 158,
Mundt & Fried, 1983). The optical outflow is observed to have an onion-like kinematic
structure within 500 au of the star, with faster and more collimated gas bracketed by wider
and slower material, and the flow becomes gradually denser and of higher excitation close
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Figure 5.1.: e–MERLIN map at 5 GHz for DG Tau with contours at −3 (grey), 3, 4, 5, and 6σrms,
where σrms = 24 µJy beam−1. The known outflow direction is shown as a dashed line,
and the optical position for DG Tau is shown as a cross (see Section 5.2).

80



5.3 discussion

Figure 5.2.: e–MERLIN map at 5 GHz for DG Tau B with contours at −3 (grey), 3, 4, 5, and 6σrms,
where σrms = 25 µJy beam−1. The known outflow direction is shown as a dashed line.
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to the central axis (Bacciotti et al., 2000). This behaviour is naturally expected if the wind
is launched from a broad range of disk radii (Agra-Amboage et al., 2011). Signatures of
jet rotation have been observed (Bacciotti et al., 2002; Coffey et al., 2004, 2007), supporting
a magneto-centrifugal jet launch scenario (Pudritz et al., 2007) and the disk has also been
shown to rotate in the same direction as the jet (Testi et al., 2002). The HH 158 jet has a
PA of 223◦ (Bacciotti et al., 2002) with an inclination angle i ≈ 38◦ with respect to the line
of sight (Eislöffel & Mundt, 1998), and has been traced out to a total projected distance of
≈ 0.5 pc (McGroarty et al., 2007). Radial velocities in the jet have been found to range up
to ∼ 350 km s−1 with average velocities of ∼ 200 km s−1 (Dougados et al., 2000). Extended
X-ray emission has also been detected along the outflow (Güdel et al., 2007, 2008).

This source has been seen to possess a slightly rising radio spectrum with α ≈ 0.6 (Scaife
et al., 2012a; Lynch et al., 2013), typical of collimated thermal jets or spherical stellar winds
(Reynolds, 1986). However, when the total flux density from this work is compared with the
nearly coeval JVLA A-configuration observations (epoch 2011.46) at 8.5 GHz from Lynch
et al. (2013), a spectral index α8.5

5 = 2.4 ± 0.5 is found. Within the error this spectral
index is possibly consistent with free–free emission, however α > 2 is generally considered
unphysical for free–free emission. Although variability is expected to cause some difference
in the measured flux densities between different observation epochs, this is likely not the
case here. In particular, the transit time across the source at maximum jet velocity is ≈ 4
months, which is longer than the amount of time between the JVLA and e–MERLIN epochs
(1 month) and is therefore not the cause of the discrepancy. The unphysical spectral index
in this case likely arises predominantly from the mismatch in angular scales recovered by
the two arrays. The longer baselines of the e–MERLIN array compared to those of the
JVLA will reduce the sensitivity to larger scale structure. Source components ≥ λ/Dmin

radians (∼ 1 arcsec for a minimum baseline of Dmin = 11.2 km) will be attenuated by more
than 50% of their flux, and therefore undetected. As a result, extrapolating between the
e–MERLIN and JVLA data will give an inaccurate spectral index, which is indeed the case.

To cross-check the commissioning data, I simulated the observations with the CASA sim-
ulator toolkit using a simple Gaussian flux distribution model of the JVLA data (Lynch
et al., 2013) as the sky model (deconvolved dimensions provided by Christene Lynch,
private communication 2013). Running simobserve, I find that the angular scale and gen-
eral morphology of DG Tau from the simulated visibilities is in agreement with the obser-
vations. Additional observations with e–MERLIN at different frequencies are needed to
constrain the spectral index on this scale, although with the improved sensitivity provided
by the Lovell telescope and the full bandwidth of 2 GHz, it may be possible to extract
an instantaneous e–MERLIN spectral index from this source in the future with the fully
upgraded array.
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5.3.2 DG Tau B

Located ≈ 55′′ to the southwest of DG Tau is DG Tau B, the driving source of the asym-
metrical optical jet HH 159 (Mundt & Fried, 1983) and not thought to be related to DG Tau
except by projected proximity (Jones & Cohen, 1986). DG Tau B is a low-luminosity, deeply
embedded Class I source (Lbol = 0.7 L�, Watson et al., 2004). It drives a narrow optical jet
(Mundt et al., 1991) and a collimated, redshifted CO outflow (Mitchell et al., 1994), both of
which are well aligned at a PA of ≈ 294◦. PAs between 116− 122◦ have been found for the
blueshifted jet (McGroarty & Ray, 2004; Mundt et al., 1991). The total projected length of
the DG Tau B outflow is ≈ 0.5 pc (McGroarty & Ray, 2004). A circumstellar disk has been
observed at mm-wavelengths and is perpendicular to the outflow axis (Looney et al., 2000).

DG Tau B is detected at 4σrms within the e–MERLIN primary beam, with St,5 GHz =

150± 63 µJy and Sp,5 GHz = 113± 38 µJy. The morphology is jet-like and has a deconvolved
PA of 125◦, consistent with the known jet axis (Mundt et al., 1991). A variable free–free
component is suggested by the SED of DG Tau B, which could be explained by non-steady
accretion/ejection (e.g. Kenyon & Hartmann, 1995). There is contribution to the radio
emission from the dust disk at higher radio frequencies (Scaife et al., 2012a), however the
contribution at 5 GHz for both DG Tau and B should be negligible.

5.3.3 Jet Opening Angle

The strongest constraints on the jet collimation scale come from measurements of nearby
T Tauri stars with HST (Ray et al., 1996) and ground-based adaptive optics, including
DG Tau (Dougados et al., 2000, see Figure 2.5). These authors show that jets from protostars
appear resolved transversely and collimated as close as 35− 50 au from the central star, with
initial opening angles of θ0 ≈ 20− 30◦ which drop to only a few degrees beyond 50 au.
However, if the jet originates from a region within 1 au of the star, it must have θ0 ≥ 45◦ to
reach the observed width, and then undergo strong recollimation within 35− 50 au (Cabrit,
2002).

I used this e–MERLIN commissioning data to estimate the jet opening angle in the fol-
lowing way. I defined the direction of the line of brightest emission to be the e–MERLIN
jet direction of DG Tau, which is consistent with that found in the optical. I made one
dimensional cuts perpendicular to that direction with the AIPS task slice to determine the
initial opening angle θe−MERLIN found with the e–MERLIN data. Each slice was fitted with
a Gaussian using slfit and the FWHM of the Gaussian is then deconvolved from the syn-
thesised beam to determine the FWHM of the jet at that distance. The peak of the emission
in the 5 GHz map (Figure 5.1) was assumed to be the base of the jet, and the last slice of
the jet was made at a distance of 0′′.07 from this point and has a FWHM of 0′′.09 (12.6 au).
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Figure 5.3.: Deconvolved FWHM of the DG Tau jet as a function of distance from the source. The
measurements from these e–MERLIN data are shown as filled circles and the errors are
of order or smaller than the circles. The optical measurement at 56 au from Dougados
et al. (2004) is shown as a triangle, and the error is an overestimate based on the range
of optical measurements from these authors. The best-fitting regression to only the e–
MERLIN measurements is shown as a solid line, and the dashed line represents the best
fit when including the FWHM measurement at 56 au.

As the emission at 5 GHz terminates at this point, it was assumed to be the unity optical
depth surface (τν = 1, see Section 3.2.1) and used the radius of the jet measured here to
compute the mass-loss rate, see Section 5.3.4.

In Figure 5.3, the FWHM of the jet is plotted as a function of distance from the star, and
an optical measurement at 56 au from Dougados et al. (2004) is included in the plot along
with the radio measurements. I fit two linear regressions: (1) to only the five e–MERLIN
data points, and (2) to the e–MERLIN and 56 au optical data points to calculate the average,
constant opening angle for these ranges. From the linear fit to the e–MERLIN data I find
an average, constant opening angle θe−MERLIN = 71◦ (for distances ' 10 au), and when
the optical point at 56 au is included I find an angle of 30◦. For comparison, the average
opening angle on scales of ' 100 au is ≈ 14◦ based on data from Dougados et al. (2004).

If the opening angles are derived from only the first and last slices, θe−MERLIN = 86◦

at 2 au from the source and θe−MERLIN = 64◦ at 10 au. Many studies have shown that the
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initial opening angle is much larger than the average opening angle θa further down the
jet (e.g. Mundt et al., 1991; Raga et al., 1991), indicating that jets are often only partially
collimated on scales of tens of au and that a significant amount of collimation is achieved
over the length of the jet. DG Tau itself has also been shown to have a wider θa compared
with other CTTS, and it has been suggested that it is due to precession or contribution from
strong bow-shock wings (Dougados et al., 2000). Mundt & Fried (1983) find an opening
angle of 10◦ for a jet length of 8 arcsec, showing further collimation on large scales. The
measurement of θe−MERLIN is much larger than that found further along the jet, suggesting
that the DG Tau jet starts initially as a poorly collimated wind close to the star and is
recollimated further down the flow, in agreement with both D-wind (Ferreira et al., 2006)
and X-wind (Shang, 2004) theories.

I note that these measurements used to derive the jet opening angle are not independent
of each other due to the fact that they were made within the same beam. This method
was used to illustrate the potential capabilities of the fully upgraded e–MERLIN which,
with the inclusion of the Lovell and Cambridge dishes, may have sufficient sensitivity and
resolution to resolve the base of these plasma outflows. If resolved along both directions,
the jet opening angle can be measured close to the base of the jet directly and compared
with current theories of MHD jet launch. The improved future observations made within
the Morphology and Time Evolution of Thermal Jets Associated with Low Mass Young
Stars Legacy Programme can further constrain these parameters through comparison with
models of different jet geometries.

5.3.4 Mass-loss Rates

The mass-loss rate (Ṁj) is a vital parameter to derive as the mass ejection-to-accretion
rate ratio is a constraining parameter for MHD launching models (see Section 2.3). The
mass-loss rate for the blueshifted DG Tau jet has been estimated by various authors using
different techniques. Mass-loss rates ranging between 8× 10−9 − 3× 10−7 M� yr−1 have
been estimated from observations at optical wavelengths (Hartigan et al., 1995; Lavalley-
Fouquet et al., 2000; Bacciotti et al., 2002; Coffey et al., 2008; Agra-Amboage et al., 2011;
Maurri et al., 2014). These estimates show discrepancies of almost two orders of magnitude
depending on the adopted method for calculating Ṁj due to high uncertainties on physical
properties (e.g. jet radius) and extinction (Cabrit, 2007; Agra-Amboage et al., 2011).

Using Herschel/Photoconductor Array Camera and Spectrometer (PACS) observations,
Podio et al. (2012) estimate Ṁj = 1.1× 10−7 M� yr−1 from the [OI] 63 µm luminosity. If the
ejected material is moving fast enough to produce a dissociated J-shock, then [OI] emission
will be the dominant coolant in the postshock gas for temperatures of 100− 5000 K and is
therefore a direct tracer of the mass flow into the shock.
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To directly compare Ṁj found using these new e–MERLIN data with recent JVLA results,
I follow the method described in Lynch et al. (2013) to compute the mass-loss rate. Free–
free emission depends on the observing frequency, the plasma temperature, and the linear
emission measure (see Section 3.2). The optical depth at a given location in the jet can be
estimated from source structure and the plasma temperature is known from optical line
observations, therefore the emission measure can be calculated and further the electron
density in the jet at that particular location. As the entire detected radio jet is the optically
thick surface for the spatial resolution of e–MERLIN, I identify the observed termination
of the radio jet with the unity optical depth surface (τ = 1) at 5 GHz. I measure a distance
of ∼ 0.07 arcsec (9.8 au projected for a distance of 140 pc, see Section 5.3.3) from the base
of the jet to the τ = 1 surface. Assuming a mean temperature of T = 5000 K, the emission
measure at 0.07 arcsec is EM= 3.5× 107 pc cm−6 (see Equation 3.17). This yields an electron
density of ne = 8.6× 105 cm−3 at this location in the jet.

I then use a simple jet density and cross-section model to compute Ṁj in the ionised
component (see Section 2.2.2). For a jet of density ρj, cross-section Aj, and velocity vj,
Ṁj = ρj Ajvj. Assuming a circular cross section of radius rj and complete ionisation in the
flow such that ρj = µmpne (where µ = 1.2 is the mean atomic weight and mp is the proton
mass), the mass-loss rate can be re-written as(

Ṁj

M� yr−1

)
= 2.2× 10−11

( ne

105 cm−3

) ( rj

au

)2
(

vj

100 km s−1

)
. (5.1)

For an estimated jet radius of 6.3 au at 0.07 arcsec and an average radial velocity of 200 km s−1,
the mass-loss rate Ṁj = 1.5× 10−8 M� yr−1, within a factor of 3 of that found by Lynch
et al. (2013). This is an underestimate of the total mass-loss rate as it is only a measure
of the ionised component. An ionisation fraction of ∼ 14% is found when comparing this
value for Ṁj with the total mass-loss rate from Podio et al. (2012), which is consistent with
previous measurements (e.g. Coffey et al., 2008).

As jets are ultimately powered by accretion (e.g. Cabrit et al., 1990; Hartigan et al., 1995),
the mass ejection to mass accretion ratio is therefore a key parameter to constrain the
jet acceleration mechanism and launch site (Cabrit, 2007). Hartigan et al. (1995) inferred
a mean one-sided ratio Ṁj/Ṁacc ' 0.01, however recent accretion rate estimates (Agra-
Amboage et al., 2011) are an order of magnitude lower on average and therefore provide a
ratio 10 times higher.

Podio et al. (2012) find a possible range for the mass accretion rate Ṁacc = 0.5− 2×
10−6 M� yr−1 for DG Tau when comparing different estimates of this rate by different au-
thors, and find Ṁj/Ṁacc = 0.05− 0.2 for the mass ejection to mass accretion ratio in the
[OI] emitting flow. The mass-loss rate derived in this work for the ionised component is
consistent with this ratio when incorporated into the non-ionised component, compatible
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with the range of 0.01 < Ṁj/Ṁacc < 0.1 predicted by MHD models for D-winds (Ferreira
et al., 2006) and Ṁj/Ṁacc < 0.3 for X-winds (Shu et al., 2000).

5.4 summary

In the case of DG Tau, these results suggest that the jet starts initially as a poorly collimated
wind and becomes collimated on scales of 50 au, in line with MHD D-wind theory. I find a
large initial opening angle of 86◦ within 2 au of the base of the jet which becomes smaller
further out, a mass-loss rate of Ṁj = 1.5× 10−8 M� yr−1 for the ionised component, and a
mass ejection to mass accretion ratio of Ṁj/Ṁacc = 0.05− 0.2. These results are in accord
with predictions of MHD jet-launching models.

The improved sensitivity of e–MERLIN has provided the highest resolution images of
the CTTS DG Tau and the nearby Class I protostar DG Tau B at cm-wavelengths. This work
gives a preview on how e–MERLIN will contribute to the study of low-mass YSOs and
their outflows, as observations of the inner 20 au are needed to test different jet-launching
scenarios. I have already probed these objects with a new level of angular resolution and
sensitivity with e–MERLIN during the commissioning phase, and they will be further im-
proved with the final array.
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6
I N T E R M E D I AT E - S C A L E S T U D I E S O F Y S O S AT 3 2 5 A N D 6 1 0 M H Z
W I T H T H E G M RT

The study of low-mass YSOs at radio wavelengths has been predominantly constrained
to frequencies > 1 GHz due to their weakness (∼ 1 mJy), the sensitivity limitations of radio
telescopes, and the fact that their spectra typically rise with frequency. For these reasons,
historical radio measurements have been biased towards powerful, well-known objects.
More recent studies of larger and less biased samples of low-mass, low-luminosity YSOs
have provided clear evidence for distinct trends in the behaviour of the radio luminosity
of these sources when compared with their bolometric and infrared luminosities (Scaife
et al., 2011a, see also Chapter 4), similar to trends seen in higher luminosity sources (e.g.
Anglada, 1995).

I conducted a pathfinder project with the Giant Metrewave Radio Telescope (GMRT) to
observe a sample of three low-mass YSOs with known radio emission previously measured
at gigahertz frequencies: L1551 IRS 5, T Tau and DG Tau. All three reside in the Taurus
Molecular Cloud at a distance of 140 pc (e.g. Kenyon et al., 1994). The goal of these low
frequency investigations was to determine the frequency at which the free–free emission
from these YSOs becomes optically thin (see Section 3.2.1). This frequency is required to
break the degeneracy between source size and gas density inherent within the characteristic
property of emission measure (Equation 3.17) in these objects. Once the physical size of
the emitting region is constrained, the total mass of the ionised gas around the YSO can be
determined.

In this chapter I present the first investigations of YSOs at frequencies < 1 GHz. At
325 and 610 MHz, the GMRT has angular resolutions in between those of AMI and e-
MERLIN which therefore allows structures on intermediate scales to be studied. I compile
the spectral energy distributions for each source, and find that these new GMRT data show
a continuation of the free–free spectrum extrapolated from gigahertz frequencies, and that

Part of this chapter has been published as: Ainsworth R. E., Scaife A. M. M., Ray T. P., Taylor A. M. Green D. A.
and Buckle J. V., 2014, Tentative Evidence for Relativistic Electrons Generated by the Jet of the Young Sun-like
Star DG Tau, Astrophysical Journal Letters, 792, L18–L22, doi:10.1088/2041− 8205/792/1/L18.
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the frequency at which the emission becomes optically thin has not yet been reached. In
Section 6.1 I present details of the observations and data reduction. I present the results in
Section 6.2 and discuss them in Section 6.3. I summarise the conclusions in Section 6.4.

6.1 observations and data reduction

The observations were made using the GMRT (Ananthakrishnan, 2005), which consists
of thirty 45 m dishes and is located about 80 km north of Pune, India. Fourteen of the
thirty dishes are dispersed more or less randomly in a compact central array within a
square kilometre, and the remaining sixteen dishes are spread out along three arms of
an approximately “Y”-shaped configuration, with the longest interferometric baseline of
about 25 km. See Section 3.4.3 for more details.

Observations of the young stars L1551 IRS 5, T Tau and DG Tau were made at 325 and
610 MHz between 6− 14 December 2012 (average epoch 2012.95). At 325 MHz, observations
were taken for 7 hours per night over the course of three nights for a total of 21 hours and
observations at 610 MHz were taken for 10 hours in a single run. See Table 6.1 for number
of hours on-source for each target. A total bandwidth of 32 MHz was observed, which
was split into 256 spectral channels. The sample integration time was 16.9 s. The primary
beam of the GMRT has a width at half power of approximately 85′ at 325 MHz and 44′ at
610 MHz. The observational details can be found in Table 6.1.

The flux density scale was set through observations of 3C48 at the beginning and end
of each observing run. For the cases where 3C48 set before the end of the run, 3C147 or
3C286 were observed. The flux densities were calculated using the AIPS task setjy and
were found to be 45.6 Jy at 325 MHz and 29.4 Jy at 610 MHz for 3C48, 55.1 Jy at 325 MHz
for 3C147, and 20.8 Jy at 610 MHz for 3C286. Each target source was observed for a series
of interleaved 10 min scans so as to maximise the uv coverage for imaging, and the nearby
phase calibrator, J0431+ 206, was observed for 3 min after every two scans so as to monitor
the phase and amplitude fluctuations of the telescope. The AIPS task getjy retrieved flux
densities of 2.78± 0.02 Jy at 325 MHz and 3.05± 0.05 Jy at 610 MHz for J0431 + 206.

Flagging of baselines, antennas, channels, and scans that suffered heavily from interfer-
ence was performed for each night’s observation using standard AIPS tasks. Bandpass
calibration was applied to each antenna using the flux calibrator sources. Five central
frequency channels were then combined together with the task splat and antenna-based
phase and amplitude calibration was performed with calib. This calibration was then ap-
plied to the original data and averaged into 24 separate spectral channels. Target source
data was then extracted from the larger datasets via the split task and the observations
from each run were concatenated with dbcon for imaging. The specific tasks used and
general pipeline for reducing this data is presented in Appendix D.
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6.2 results

Due to the large primary beam of the GMRT, I followed Garn et al. (2007) and conducted
wide-field imaging using facets. The task setfc was used to create a list of facet positions
for use in imagr. Each field was divided into 61 smaller facets for the 325 MHz data and
into 31 facets for the 610 MHz data, and arranged in a hexagonal grid. In each case the
area covered is large compared with the GMRT primary beam, allowing bright sources
well outside of the observed region to be cleaned from the images. The faceting technique
avoids the introduction of phase errors due to the non-planar nature of the sky (Garn
et al., 2007). Each field went through several iterations of self-calibration and re-imaging,
improving the noise levels up to 30% and significantly reducing the residual side lobes
around bright sources. The resulting facets were then stitched together and corrected for
the primary beam using flatn. To illustrate the quality of the data, the central facet from
the L1551 IRS 5 region is shown in Figure 6.1 and the full, flatn images for each source at
each frequency are presented in Appendix E.

Images of each field were produced with robust set to 0 within imagr to optimise the
trade-off between angular resolution and sensitivity. Combined channel maps at 325 and
610 MHz for each source are shown in Figure 6.2, Figure 6.3 and Figure 6.4. Target sources
were identified within the central facet with a peak flux density > 3σrms, where σrms is the
rms noise determined from the maps and listed in Table 6.1. Flux densities were extracted
with jmfit (with the exception of DG Tau, see Section 6.3.5). Errors on the flux densities

are calculated as σ =
√
(0.05Sν)2 + σ2

rms + σ2
fit, where 0.05Sν is an assumed 5% absolute

calibration error on the flux density Sν, σrms is the rms noise and σfit is the fitting error
returned from jmfit. All errors are 1σ. Integrated flux densities, along with the dimensions
of the synthesised beam for each source, are listed in Table 6.1.

A visual inspection of the overall target fields suggests that a systematic displacement
might be present. I have fit a number of bright, compact (presumably extragalactic) sources
in each field using jmfit in AIPS at both 325 and 610 MHz to compare the absolute pos-
itions. In the majority of cases, the positions at 325 MHz differ from those at 610 MHz
by approximately 0′′.86 in declination for L1551 IRS 5, 0′′.17 for T Tau and 2′′ for DG Tau.
The shift is understandable due to the difference of ionosphere with declination between
the target and phase calibrator (up to ≈ 6◦ separation for DG Tau), which will be worse
at 325 MHz than 610 MHz. The positions at 610 MHz are in general consistent with those
from the NRAO VLA Sky Survey (NVSS, Condon et al., 1998) to within an average of 0′′.5,
making them more reliable than the positions at 325 MHz. However, due to a lack of low
frequency radio surveys at higher resolution for this patch of the sky (NVSS has a spa-
tial resolution of around 45′′) the absolute coordinates may have a residual uncertainty of
around 0′′.5, although this should not have a significant impact as the GMRT spatial resol-
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Figure 6.1.: The central facet of the GMRT combined channel map for the L1551 field at 610 MHz to
illustrate the quality of the data. The grey-scale ranges between −0.2 and 1 mJy beam−1,
and the resolution of the image is 6′′.2× 4′′.9, PA 76◦.5. All coordinates are J2000.0.
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Figure 6.2.: The GMRT combined channels maps for L1551 IRS 5 (top) at 325 MHz with
contour levels −3, 3, 4, 5, 6, 7 × σrms and (bottom) at 610 MHz with contour levels
−3, 3, 4, 5, 6, 9, 12, 15, 18, 21× σrms. The values for σrms for each frequency are listed in
Table 6.1. All coordinates are J2000.0, the synthesised beam is shown as a filled ellipse
in the bottom left corner of each map and the two known outflow axes (see Section 6.3.1)
are denoted by the dashed lines.
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Figure 6.3.: The GMRT combined channels maps for T Tau (top) at 325 MHz with contour
levels −3, 3, 6, 9, 12, 15, 18, 21, 24, 27× σrms and (bottom) at 610 MHz with contour levels
−3, 3, 6, 9, 12, 20, 30, 40, 50, 60, 65× σrms. The values for σrms for each frequency are lis-
ted in Table 6.1. All coordinates are J2000.0, the synthesised beam is shown as a filled
ellipse in the bottom left corner of each map and the known outflow axis is denoted by
the dashed line.
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Figure 6.4.: The GMRT combined channels maps for DG Tau (top) at 325 MHz with contour levels
−3, 3, 4, 5, 6 × σrms and (bottom) at 610 MHz with contour levels −3, 3, 4 × σrms. The
values for σrms for each frequency are listed in Table 6.1. All coordinates are J2000.0, the
synthesised beam is shown as a filled ellipse in the bottom left corner of each map and
the known outflow axis is denoted by the dashed line.
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ution is of order 5− 10′′. I have therefore shifted the 325 MHz maps by 0′′.86 to the south
in declination for L1551 IRS 5 and 2′′ to the south in declination for DG Tau to make them
consistent with the 610 MHz images. I do not shift the 325 MHz map in the case of T Tau as
this target was closest in position to the phase calibrator and does not suffer heavily from
this problem.

The spectral index between the GMRT frequencies observed was calculated for each
source using

αGMRT =
ln(S325/S610)

ln(325/610)
(6.1)

where S325 and S610 are the flux densities at frequencies 325 and 610 MHz, respectively.
The error on the spectral index, δαGMRT, was calculated using standard propagation of
error theory (e.g. Ku, 1966), where

δαGMRT =
1

| ln(325/610)|

[(
δS325

S325

)2

+

(
δS610

S610

)2
]1/2

(6.2)

and δS325 and δS610 are the errors on the flux densities at 325 and 610 MHz, respectively.
The spectral indices between the two GMRT frequencies for each source and their associ-
ated errors are listed in Table 6.1.

6.3 discussion

6.3.1 L1551

L1551 IRS 5 (HH 154; see Section 4.4) is a Class I, deeply embedded multiple protostel-
lar system that drives a pair of closely aligned (within ≈ 12◦) bipolar ionised jets with
position angles of 67◦ and 55◦ (Rodríguez et al., 2003b). The high-velocity jets are them-
selves aligned with the larger scale bipolar molecular outflow (Snell et al., 1980), although
more recent observations in CO reveal a more complex array of molecular outflow activ-
ity (Stojimirović et al., 2006; Wu et al., 2009). The binary (N and S) components are each
comprised of a circumstellar dust disk (∼ 10 au) and bipolar ionised jet, separated by 45 au
(Rodríguez et al., 1998). Lim & Takakuwa (2006) report a third component approximately
13 au southeast of the N component as another circumstellar dust disk, suggesting that
IRS 5 is instead a triple protostellar system. The IRS 5 sources are then nested within a
larger ∼ 10, 000 au envelope (Fridlund et al., 2002).

The GMRT does not resolve the separate components, but detects the overall integrated
emission over the IRS 5 system. At 325 MHz, L1551 IRS 5 is a point source with respect to
the synthesised beam (see Figure 6.2 top). At 610 MHz however, the emission appears ex-
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tended to the west (see Figure 6.2 bottom) consistent with the “anomalous redshifted lobe”
(ARL) of CO emission (Moriarty-Schieven & Wannier, 1991). This emission has been seen
to be highly collimated (length-to-width ratio of ∼ 5) with an extent of 0.85 pc (Stojimirović
et al., 2006). Possible origins of the east–west outflow include (1) a fossil outflow of the
current IRS 5 molecular outflow, (2) a molecular outflow driven by a different or com-
pletely new source, or (3) the deflection of high-velocity molecular gas out of the main out-
flow by some dense structure (Moriarty-Schieven & Wannier, 1991; Pound & Bally, 1991;
Stojimirović et al., 2006).

The GMRT spectral index αGMRT = 0.20 ± 0.47 is in agreement with previous meas-
urements made at gigahertz frequencies (e.g. Ainsworth et al., 2012, see Chapter 4) and
consistent with free–free emission from a collimated jet (Reynolds, 1986).

6.3.2 T Tau

Historically, T Tau has served as the prototype for an entire class of YSOs (Joy, 1945), but
has proved to be more and more unique over the years. It is a Class II triple system
consisting of T Tau N, an optically visible K0 star, and T Tau S, a heavily extincted binary
system approximately 0′′.6 south of T Tau N (Dyck et al., 1982; Koresko, 2000). The southern
binary is completely undetectable at visible wavelengths (Stapelfeldt et al., 1998), but is
brighter than T Tau N at λ > 3 µm and may dominate the overall energetics (Ghez et al.,
1991; Herbst et al., 1997). The easternmost object of the binary (T Tau Sa) has been revealed
to be the “infrared companion” whilst the other object (T Tau Sb) appears to be a relatively
typical, but embedded, T Tauri star (Duchêne et al., 2002; Beck et al., 2004).

The most prominent outflow from this system has a very well defined axis at a PA of 325◦,
with the northern lobe extending up to 0.78 pc in projection from T Tau and the southern
lobe reaching 0.77 pc, resulting in a total projected extent of 1.55 pc (Reipurth et al., 1997).
T Tau Sa is believed to power the large-scale northwest–southeast outflow, whilst T Tau N
is responsible for an east–west outflow, and T Tau Sb drives an outflow in the southwest
direction (Gustafsson et al., 2010). There are many shocks and extended features associated
with this system of outflows.

At 325 and 610 MHz (see Figure 6.3), T Tau shows clear extension in the north–south
direction. The spectral index between the GMRT data is αGMRT = 0.13± 0.16, consistent
with the overall radio spectral index α′ (see Figure 6.5) and indicative of free–free radiation
from a collimated jet. The GMRT does not resolve the separate components but detects
the overall emission of the T Tau system, which shows clear extension directly to the north.
This morphology is consistent with the “A” bubble of emission described by Herbst et al.
(1997) and is likely associated with T Tau Sa driving the northwest–southeast outflow.
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6.3.3 DG Tau

DG Tau is one of the most enigmatic young stars studied today (see Chapter 5). It is a
highly active T Tauri star (Class II), and has a bipolar outflow (e.g. Lavalley et al., 1997)
although the blueshifted side is better studied. It was one of the first T Tauri stars to be
associated with an optical jet and exhibits several shocks and knots in its outflow, the most
prominent of which was first observed 8′′ away from the star (HH 158, Mundt & Fried,
1983). The optical blueshifted jet has a PA of 223◦ close to the source (Lavalley et al., 1997),
however large-scale studies trace the jet out to a total projected distance of approximately
0.5 pc and show that the position angle of the outflow changes to 218◦ (HH 702, McGroarty
& Ray, 2004). Additionally, knots and clumps in the outflow have proper motions that
deviate from the bulk jet motion (Eislöffel & Mundt, 1998). Radial velocities in the jet have
been found to range up to 350 km s−1 with average velocities of 200 km s−1 (Dougados et al.,
2000). Extended X-ray emission has been detected for the DG Tau jet out to 5′′ coincident
with the optical outflow (Güdel et al., 2008) and, in the radio, DG Tau has been shown to
have a compact and elongated morphology in the known outflow direction and to possess
a spectral index typical of free–free emission at frequencies greater than 5 GHz (Cohen
et al., 1982; Cohen & Bieging, 1986; Rodríguez et al., 2012; Scaife et al., 2012a; Lynch et al.,
2013; Ainsworth et al., 2013).

At 325 and 610 MHz, DG Tau is marginally detected (4 and 3 σrms, respectively, see
Figure 6.4) and appears as a point-source. The spectral index between the GMRT data is
αGMRT = −0.84± 0.48, vastly different than the overall spectral index α′ = 0.22± 0.04 (see
Section 6.3.4) which is inconsistent with free–free emission and indicative of non-thermal
emission. However, there is a puzzling offset between the radio emission associated with
the source at each GMRT frequency (see Figure 6.7 for an overlay). I have calculated the
optical stellar position, corrected for proper motion/precession for this epoch (Zacharias
et al., 2013), and the predicted position is denoted by the asterisk in Figure 6.7. At 610 MHz,
the emission is consistent with the optical stellar position indicating it is associated with
the base of the jet, however the 325 MHz emission is several arcseconds to the east. Emis-
sion at the noise level at this location is also seen in the EVLA maps at 5.4 and 8.5 GHz
(Lynch et al., 2013). It is possible that this emission is associated with the DG Tau coun-
terjet, however without a stronger signal and a spectral index it is impossible to confirm
at this time. If the emission at 325 MHz is not associated with the base of the jet, than
the spectral index αGMRT is unreliable as it is extrapolated between two separate sources of
emission, and only the 610 MHz flux density is relevant to the SED. I therefore only use the
flux density at 610 MHz to fit the SED in Section 6.3.4 and plot the flux density at 325 MHz
for illustration (see Figure 6.6).
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In addition to emission associated with the base of the DG Tau jet and potentially the
counterjet, a significant signal is detected to the southwest that is extended in an approx-
imate east–west direction, and I investigate the nature of this emission in Section 6.3.5.

6.3.4 Spectral Energy Distributions

I conducted an extensive literature search for unresolved, integrated flux densities to in-
clude in the spectral energy distributions for T Tau and DG Tau and used the previously
compiled SED from Section 4.5.3 for L1551 IRS 5 (see Appendix C for references). The
list of archival data used in the spectral energy distributions for T Tau and DG Tau can
be found in Appendix F. Only data ν < 3 THz (λ > 100 µm) were included in the fit, but
IRAS data ν > 3 THz are included in the plots for illustration. METRO (Hobson & Baldwin,
2004) was used to fit a combined radio power law, with spectral index α′, and blackbody
model to the larger dataset for each source following Section 4.5.3. For the two Class II
sources, T Tau and DG Tau, the likelihood distribution pushed the upper limit of the prior
range for the dust temperature, ΠTd(5, 45). I therefore used the characteristic temperatures
found from measurements in the sub-millimetre for these targets from Andrews & Willi-
ams (2005) which provide good fits to the SEDs. The results are presented in Table 6.2 and
the SEDs with the model fits are shown in Figure 6.5 and Figure 6.6.

For all three targets, the GMRT data show a continuation of the spectral index extra-
polated from gigahertz frequencies, and the transitional frequency at which the emission
becomes optically thin has not yet been reached. The spectral indices for all three sources
are consistent with that from a collimated jet (∼ 0.25, Reynolds, 1986). The results for
L1551 IRS 5 are consistent with Section 4.5.3. It is clear from Table 6.2 that the Class I and
Class II SEDs are qualitatively different: the value of β for L1551 IRS 5 indicates that there
is still a contribution to the SED from the envelope, in comparison with T Tau and DG Tau
which have β < 1, indicating large dust grains in their circumstellar disks and lack of a
circumstellar envelope (see Section 2.4.2).

Table 6.2.: SED results. Column 1 contains the source name; 2 the spectral index; 3 the opacity index
and 4 the dust temperature. a Characteristic temperatures from Andrews & Williams
(2005).

Source α′ β Td (K)

L1551 IRS 5 0.23± 0.02 1.48± 0.06 26.95± 1.61
T Tau 0.18± 0.01 0.79± 0.02 62a

DG Tau 0.22± 0.04 0.72± 0.02 40a
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Figure 6.5.: The spectral energy distributions for (a) L1551 IRS 5 and (b) T Tau modelled with a
combined radio power-law α′ (dashed line) and modified blackbody with opacity index
β and dust temperature Td (dotted line) listed in Table 6.2. The total fit is shown as a
solid line.
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Figure 6.6.: The spectral energy distribution for the DG Tau jet close to the source, modelled with a
combined radio power-law α′ (dashed line) and modified blackbody with opacity index
β and dust temperature Td (dotted line) listed in Table 6.2. The total fit is shown as a
solid line.

6.3.5 The DG Tau Bow Shock

I re-imaged the 610 MHz data convolved with the same CLEAN beam as the 325 MHz data
(see Table 6.1 for the dimensions of the synthesised beam) to better detect the significant
extended emission ≈ 18′′ (2, 500 au) to the southwest of DG Tau and directly compare the
two datasets. I recover an rms noise of σrms = 93 µJy in the new 610 MHz map. An overlay
of the resulting maps is shown in Figure 6.7.

Based on its curved morphology at 610 MHz (further enhanced in the original higher
resolution, robust=0 image, see Figure 6.4), I identify this radio emission to be associated
with the prominent bow shock reported by Eislöffel & Mundt (1998, driven by their Knot C)
when due allowance is made for its tangental motion in the intervening period. These au-
thors detect the associated bright knot 8′′.7 away from the star (epoch 1986.99), traveling
across the sky at (0′′.168± 0′′.007) yr−1 and PA= 216◦.6± 2◦.7. Based on a simple extrapol-
ation in time, the position of the knot is expected to be ≈ 13′′ away from the star at the
epoch of the GMRT observations, and this is confirmed by nearly coeval optical observa-
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DG Tau

Counterjet?

Knot C

Bow shock

Figure 6.7.: The GMRT observations at 325 MHz (dashed contours) and 610 MHz (solid contours)
overlaid on a composite RGB image built from I, Hα and [SII] bands from the TLS
Alfred Jensch Schmidt Telescope at a similar epoch (2012.92; B. Stecklum, private com-
munication) to illustrate detection of the bow shock driven by Knot C from Eislöffel &
Mundt (1998). GMRT contours are −3, 3, 4, 5, 6× σrms, where σrms = 146 µJy beam−1 at
325 MHz and 93 µJy beam−1 at 610 MHz, although I note there are no negative contours
within the section of the field shown. The synthesised beam is shown as an ellipse in the
bottom left corner. All coordinates are J2000.0. The EVLA positions of the bow shock
at 5.4 and 8.5 GHz are shown as a plus (+) and a cross (×), respectively (see Table 6.3;
Lynch et al., 2013). The optical stellar position corrected for proper motion (Zacharias
et al., 2013) is shown as an asterisk (∗) and the optical jet axis and bow shock are shown
as solid black lines. I note there is a 3σ contour at 610 MHz at the optical stellar position
tracing the base of the jet that may be difficult to see.

103



intermediate-scale studies of ysos at 325 and 610 mhz with the gmrt

tions taken with the Thüringer Landessternwarte (TLS) Alfred Jensch Schmidt Telescope
(epoch 2012.92; Bringfried Stecklum, private communication 2014). The radio emission is
detected at the edge of the optical knot (see Figure 6.7), indicating the emission arises close
to, if not at, the shock front itself.

There is a slight offset of the peak emission from the optical jet axis (and thus apex of the
bow shock). Radio emission at this location is also apparent in nearly coeval (epoch 2012.22)
observations from the expanded-VLA (EVLA) at 5.4 and (marginally) 8.5 GHz (Lynch et al.,
2013, see also Figure 3 in Rodríguez et al. 2012). The peak of the significant signal detected
with the EVLA at 5.4 GHz is in almost perfect agreement with the emission at 325 MHz and
within ∼ 3′′ of the peak of the 610 MHz emission. The positional uncertainty of the bow
shock in the GMRT data is ∼ 1′′ relative to other sources detected in the same image at both
325 and 610 MHz based on the spatial resolution and signal-to-noise ratios (Condon et al.,
1998), and I find the peak locations of the GMRT data consistent within these uncertainties.

I extrapolate the results of Condon (1984, e.g., following similar procedures as in the
Appendix of Anglada et al. 1998), and calculate the likelihood of this emission arising from
a background extragalactic object based on the separation from DG Tau and the optical jet
axis. It is assumed that all the background sources have the same effective spectral index
α. Therefore the flux density scales as Sν ∝ να and the number of background sources
observed at frequency ν with a limiting flux density S0 will be the same number observed
at ν1 with a flux density above a limit given by S0(ν/ν1)

−α. The expected number of
background sources in a field of angular diameter θF and α = −0.7 (Condon, 1984) is given
by

〈N〉 = 1.4

{
1− exp

[
−0.0066

(
θF

arcmin

)2 ( ν

5 GHz

)2
]}(

S0

mJy

)−0.75 ( ν

5 GHz

)−2.52
(6.3)

(Anglada et al., 1998). The probability of finding a background object within ±20◦ in PA
from the jet axis and within a distance of 18′′ from the star (an area of about 110 arcsec2), is
therefore 0.0004 (or ∼ 10−3 if considering a symmetric bipolar jet). It is therefore reasonable
to propose that this emission arises from the DG Tau bow shock. A plausible explanation
for the offset from the optical jet axis could be due to the jet slamming into an inhomogen-
ous medium.

A Synchrotron Jet

Due to the asymmetric (and non-Gaussian) nature of the emission at 325 and 610 MHz,
flux densities were extracted for the bow shock following the technique described in Green
(2007) and the results are listed in Table 6.3. This method calculates flux densities by re-
moving a tilted plane fitted to the local background and integrating the remaining flux.
This is done by drawing a polygon around the source and fitting a tilted plane to the pixels
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around the edge of the polygon. Where an edge of the polygon crosses a region confused
by another source the background is subjective and this edge is omitted from the fitting.
Since the extracted flux density is dependent to some degree on the background emission,
I repeat this process using five irregular polygons, each varying slightly in shape. The
final flux density is the average of that extracted from the five polygons. The errors are
calculated as in Section 6.2 where σfit is now the standard deviation of the fluxes measured
in the five polygonal apertures. To remain consistent, I also use this method to extract flux
densities for the emission near the base of the DG Tau jet in the robust= 0 maps and these
values are listed in Table 6.1.

I then extract flux densities from the EVLA data at 5.4 and 8.5 GHz (Lynch et al., 2013) fol-
lowing the same technique as described above (image files obtained from Christene Lynch,
private communication 2014) and combine these data with the GMRT measurements to
construct the spectrum for the DG Tau bow shock (see Figure 6.8). Flux densities used in
the fitting and positions of the peak emission of the bow shock with frequency are listed in
Table 6.3.

Using METRO, I fit a power-law spectral index α to the spectrum and find α = −0.89±
0.07, distinctly discrepant with free–free emission and indicative of synchrotron radiation.
I dismiss gyro-synchrotron radiation as the emission mechanism at this location in the jet
as kilogauss magnetic field strengths would be required which are expected to be present
only close to the stellar surfaces (Ray et al., 1997).

The combination of the synchrotron spectrum with the detection of the emission at the
edge of the optical knot implies active particle acceleration at the shock. The acceleration
of relativistic particles may not be altogether unlikely in shocked regions where the fast
thermal jet impacts on the ambient medium (Carrasco-González et al., 2010a). Electrons
and protons can gain energy via the first-order Fermi mechanism, by diffusing upstream
across a shock front and gaining additional energy after recrossing downstream relative to
the shock (Drury, 1991).

Although the radio spectra of YSOs are typically dominated by thermal radiation emit-
ted by jet plasma, the dominance of an additional emission mechanism is being revealed at
these low frequencies. This investigation of a young star at very low frequencies exposes
a potentially new regime for studying the non-thermal processes, and hence the magnetic
fields, associated with YSOs. Although the function of the magnetic field in the role of jet
launching has been hotly debated (see Section 2.3), its relevance on large-scales is less stud-
ied and the magnetic field strength remains the last piece of the physical puzzle regarding
protostellar jets (Ray, 2009).

The relativistic particle energy present can be estimated from the minimum energy require-
ments for synchrotron radiation (see Section 16.5 of Longair, 2011). The radio luminosity
Lν at frequency ν can be related to the energy spectrum of the relativistic electrons and the
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Figure 6.8.: Spectrum of the DG Tau bow shock. The GMRT data at 325 and 610 MHz and EVLA
data at 5.4 and 8.5 GHz used are listed in Table 6.3. Dashed line denotes a spectral index
α = −0.89.

magnetic flux density B in the source. The radio luminosity may be produced either by a
large flux of relativistic electrons in a weak magnetic field or vice versa, however there is
no way of deciding which combination produces the observed Lν. Between the extremes
of dominant magnetic field and dominant particle energy there is a minimum total energy
requirement.

The total energy present in the source responsible for the radio emission is

Wtotal = G(α)ηLνB−3/2 + V
B2

2µ0
J (6.4)

where η is the ratio of the energy of the heavy particle (proton) population to that of the
electron population, V is the source volume, µ0 is the vacuum permeability and G(α) is
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Table 6.3.: DG Tau bow shock results. Column 1 lists the telescope used; 2 the observing frequency;
3 the integrated flux density and columns 4 and 5 list the Right Ascension and Declination
of the peak emission measured with the AIPS task maxfit. a The EVLA observations at
5.4 and 8.5 GHz are from Lynch et al. (2013).

Telescope ν Sν αJ2000.0 δJ2000.0

(MHz) (µJy) (h m s) (◦ ′ ′′)

GMRT 325 837± 163 04 27 04.15 +26 06 01.3
GMRT 610 458± 98 04 27 04.18 +26 05 59.3
EVLA 5400a 73± 8 04 27 04.18 +26 06 01.9
EVLA 8500a 39± 9 04 27 04.44 +26 06 02.7

a function of the spectral index and of the minimum and maximum frequencies of the
observed radio spectrum. G(α) is defined as

G(α) =
1

a(p)(p− 2)
[ν
−(p−2)/2
min − ν

−(p−2)/2
max ]ν(p−1)/2

× (7.4126× 10−19)−(p−2)

2.344× 10−25 (1.253× 1037)−(p−1)/2 (6.5)

where

a(p) =
√

π

2

Γ(
p
4
+

19
12

)Γ(
p
4
− 1

12
)Γ(

p
4
+

5
4
)

(p + 1)Γ(
p
4
+

7
4
)

(6.6)

and p = 1− 2α. (I note that Longair (2011) uses the notation Lν ∝ ν−α, however I change
all relevant equations here to reflect the ∝ να notation used throughout this thesis.)

The minimum total energy can be found by minimising Equation 6.4 with respect to B,

Bmin =

[
3µ0

2
G(α)ηLν

V f

]2/7

T (6.7)

where I have included a volume filling factor, f , to describe the assumed fraction of the
volume occupied by radio emitting material. This magnetic flux density Bmin corresponds
approximately to equality of the energies in the relativistic particles and magnetic field,
often referred to as equipartition. The minimum energy requirement corresponding to
equipartition is thus

Wtotal(min) =
7

6µ0
(V f )3/7

[
3µ0

2
G(α)ηLν

]4/7

J. (6.8)
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I use the result in this work for the spectral index along with Equation 6.7 and Equation 6.8
to calculate the minimum requirements to generate the observed synchrotron emission. The
values of the magnetic field strength and minimum energy which come out of these argu-
ments should be considered as order of magnitude estimates only (Longair, 2011). For the
measured flux density at 610 MHz, α = −0.89, V ' 6× 1043 m3 with f = 0.5, and η = 40
for electrons undergoing Fermi shock acceleration in a non-relativistic jet (Beck & Krause,
2005), I find Bmin ' 1× 10−8 T (1× 10−4 G) and Wtotal(min) ' 4× 1033 J (4× 1040 erg) for
the DG Tau bow shock. Such a field strength is similar to values obtained from Zeeman
observations in star-forming cores (Crutcher, 1999).

Cosmic Rays from a Low-mass YSO Jet?

Diffusive shock acceleration is thought to be the mechanism that gives rise to cosmic rays,
and therefore jets from YSOs could potentially provide a new laboratory to test the theory
of Galactic cosmic ray production (Ray, 2010). Shocks with large Mach numbers (M =

vs/cs � 1) may give rise to efficient particle acceleration, where vs is the shock velocity
and cs is the sound speed. For vs ≈ 110 km s−1 (Eislöffel & Mundt, 1998) and a temperature
of T ∼ 104 K, the sound speed at the bow shock is cs ∼ 10 km s−1 and therefore M ≈ 11,
which satisfies the limit of very strong shocks (Longair, 2011).

Cosmic ray electrons accelerated in association with star formation have already been
shown to arise from the Galactic Center (Carretti et al., 2013) and parallel studies of gamma
rays and radio emission have revealed an excess at GeV energies within the Milky Way
(Orlando & Strong, 2013). Assuming Wtotal(min) is released over the dynamical timescale
of the bow shock (tbow ∼ 100 years, Eislöffel & Mundt, 1998), the luminosity released
in the form of low energy cosmic ray electrons would be Le ≈ Wtotal(min)/(η tbow) ∼
3× 1029 erg s−1 over this period. Furthermore, if the average outflow phase of a T Tauri
star lasts τ ∼ 1 Myr and the star formation rate in the Milky Way is ∼ 1 star per year
(0.68 − 1.45 M�; Robitaille & Whitney, 2010), the number of stars in the Galaxy in this
phase at any given time is thus ∼ 106. Therefore, the total Galactic luminosity of cosmic
ray electrons generated in YSO jets is Ltot.

e = 106 × Le ∼ 3× 1035 erg s−1.

Due to their low energy and the strength of the cloud magnetic field, I calculate the
built-up energy density in the cloud to compare with that in the ISM, as it is not clear
whether these cosmic ray electrons can escape the molecular cloud region over its lifetime.
The Taurus Molecular Cloud has an approximate volume Vc ∼ 3× 1053 m3 (3× 1059 cm3;
Rebull et al., 2010), therefore the output from a single YSO gives rise to an energy dens-
ity of Ue = We/Vc = Leτ/Vc ≈ 3 × 10−17 erg cm−3 (2 × 10−5 eV cm−3). Assuming an
average cloud lifetime of 10 Myr (e.g. Bergin & Tafalla, 2007) and a star formation rate of
∼ 8× 10−5 M� yr−1 (forming YSOs of mass ∼ 1 M�; Lada et al., 2010), an energy density
of Utot.

e = Ue × 107 yr× 8× 10−5 M� yr−1/1 M� ∼ 2× 10−2 eV cm−3 can be supported. The
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6.4 summary

Galactic cosmic ray electron energy density is ∼ 10−2 eV cm−3, hence the pressure from
cosmic rays accelerated by these YSO systems within the cloud is similar to that from the
ISM. This calculation has been done for a region with a known low star formation efficiency
and the corresponding energy density for regions of higher efficiency, for example in re-
gions such as the core of the Orion Nebula (∼ 7× 10−4 M� yr−1, Lada et al., 2010), could
be considerably higher. It is therefore plausible that cosmic ray electrons could escape
from molecular cloud regions over their lifetimes and contribute to the Galactic cosmic ray
population.

For Bmin = 1× 10−4 G and the photon energy Eγ = hν = 2.5× 10−6 eV for ν = 610 MHz
(where h is Planck’s constant), the Lorentz factor γ is

γ =

[(
Eγ

me

)(
Bcrit

Bmin

)]1/2

≈ 1400 (6.9)

where me = 0.5 MeV is the rest mass of the electron and Bcrit = (2πm2
ec3)/(he) ∼ 4.4×

1013 G is the electron critical magnetic field at which the cyclotron energy of an electron
reaches the electron mass energy. This yields an electron energy of Ee = γme ≈ 700 MeV.
For this γ, the Larmor radius is

rL ≈
Ee

ecBmin
≈ 2× 108 m ∼ 1× 10−3 au. (6.10)

The acceleration time for such cosmic ray electrons is tacc = rL/(cβ) ≈ 115 days for β =

vs/c ≈ 10−3. Such a short acceleration time implies ongoing acceleration at the shock,
although this is a lower limit and factors such as turbulence can considerably increase this
timescale.

6.4 summary

In this chapter I have presented the first investigations of low-mass YSOs at sub-gigahertz
frequencies. At 325 and 610 MHz, the GMRT has angular resolutions between those of
AMI and e-MERLIN, allowing structures on intermediate scales to be studied. I compile
the spectral energy distributions for each source, and find that these new GMRT data show
a continuation of the free–free spectrum extrapolated from gigahertz frequencies, and that
the frequency at which the emission becomes optically thin has not yet been reached.

The results for DG Tau suggest that non-thermal processes may begin to dominate the
radio spectra of extended protostellar jets in this regime. I detect emission with a synchro-
tron spectral index in the proximity of the DG Tau jet and interpret this emission as arising
from cosmic ray electrons at a prominent bow shock associated with this outflow. This
result provides tentative evidence for the acceleration of particles to relativistic energies
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intermediate-scale studies of ysos at 325 and 610 mhz with the gmrt

due to the shock impact of this otherwise very low-power jet against the ambient medium.
I calculate the equipartition magnetic field strength (Bmin ≈ 1× 10−4 G) and particle en-
ergy (Wtotal(min) ≈ 4× 1040 erg) necessary to account for the synchrotron emission from
the DG Tau bow shock. Although follow-up observations are required to obtain the proper
motion of the radio emission to verify its origin in the jet and detect linearly polarised emis-
sion to measure the direction of the magnetic field, these results suggest the possibility of
low energy cosmic rays being generated by young Sun-like stars.
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7
C O N C L U S I O N S A N D F U T U R E P R O S P E C T S

The goal of this thesis was to explore young stars over a wide range of radio frequencies
and angular resolutions to study the role of their jets on all scales and how they evolve
with time. This was achieved by observing YSOs from evolutionary Classes 0–II on large
scales at 16 GHz with AMI, on sub-arcsecond scales at 5 GHz with e–MERLIN, and on
intermediate-scales in a new, very low frequency regime with the GMRT. Observations of
the thermal component can be used to discriminate between various MHD jet launching
scenarios (see Section 2.3) as these models predict different radio emission profiles close
to the source, whilst measurements of non-thermal emission can be used to determine the
strength and direction of the magnetic field. In the following sections I summarise the main
results of this thesis and make some brief concluding remarks before looking towards the
future.

7.1 conclusions

Large-scale Investigations of YSOs at 16 GHz with AMI

In Chapter 4 I presented 16 GHz deep radio continuum observations taken with AMI of a
sample of low-mass YSOs known to drive powerful outflows. With an angular resolution of
approximately 30′′, AMI explored these protostellar systems on large scales (e.g. ∼ 4000 au
for the nearest star forming regions) where the outflow has interacted with the surrounding
envelope and/or molecular cloud. Previous studies of the total, integrated radio emission
at 16 GHz from YSOs (e.g. Scaife et al., 2011a) revealed correlations of the radio luminosity
with other global properties of these systems, including bolometric luminosity, envelope
mass and outflow force, which were further improved by this work. 16 GHz emission is
therefore a useful proxy for source, envelope and outflow properties.

16 GHz is an important frequency as it delineates the boundary of two distinct compon-
ents described by the spectral energy distributions for YSOs: the partially ionised jet which
is traced by emission at radio wavelengths and the circumstellar material, such as the en-
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conclusions and future prospects

velope and disk, that is traced by thermal dust emission at sub-millimetre wavelengths.
The region between ∼ 15 and 30 GHz has contributions to the radio flux density of these
young stars from both the outflow and the long wavelength tail of the the thermal dust
emission. It is critical to disentangle these two sources of emission at this overlap in order
to accurately determine the underlying physics of each.

A major achievement from my work with the AMI data was the construction of the SEDs
for all 15 protostellar sources in the sample. I conducted an extensive literature search to
compile the integrated flux densities reported for these sources longward of 100 µm and
organised them in a library for easy reference (see Appendix C). I combined these new AMI
data with the archival information, and the SEDs for each source were examined and fit
with maximum likelihood models to calculate the radio spectral index, opacity index, dust
temperature, and the contribution of thermal dust emission at 16 GHz. The contribution
of the thermal dust emission was subtracted from the measured flux density at 16 GHz to
obtain values of only the radio luminosity associated with the outflow, which was then
used to redraw the correlations from Scaife et al. (2011a) with other system properties.

The main results of this study are as follows.

• From the AMI data alone and from the the fitting applied to the SEDs, 80% of the ob-
jects in this sample provide support for free–free radiation as the dominant physical
mechanism for producing the radio emission.

• Correlations of the radio luminosity with bolometric luminosity (Lbol), envelope mass
(Menv), and outflow momentum force (Fout = Ṁv∗) were examined. It was found that
these data are consistent with the correlation with bolometric luminosity seen in lower
luminosity samples (Lbol < 1 L�, Scaife et al., 2011a), and strengthen the correlation
with envelope mass.

• I quantified the errors in determining the radio luminosity, and the uncertainty on
the opacity index, β, was found to dominate the overall error. This emphasises the
importance of multi-frequency observations between the radio and sub-millimetre,
especially at the boundary between these two regimes. More accurate modelling is
required to constrain the opacity index as it is a diagnostic of grain growth: excess
emission and a shallow β indicate a significant population of large dust grains. The
typical value for the ISM is β = 1.7, but values closer to β ≈ 1 are observed in disks,
indicating the beginnings of grain growth and possibly the onset of planet formation.

• Variability in these young objects was also examined using their SEDs, from which
evidence for possible radio flare events in the histories of some of the objects were
revealed.
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7.1 conclusions

Sub-arcsecond Investigations of YSOs at 5 GHz with e–MERLIN

The protostellar sources studied in the previous section were selected to match the target
sample for the e–MERLIN Legacy Program on the “Morphology and Time Evolution of
Thermal Jets Associated with Low-mass Young Stars” (P.I. L. Rodríguez), of which the
data acquisition, reduction, and analysis were to form the basis of this thesis. However,
during the course of this research, e–MERLIN had not yet been fully upgraded. I therefore
became involved in the commissioning, which included the reduction and analysis of data
intermediate to the original MERLIN and the fully upgraded e–MERLIN.

In Chapter 5 I presented observations at 5 GHz of the classical T Tauri star DG Tau taken
during the commissioning phase of e–MERLIN with only the five 25 m dishes, resulting
in an angular resolution of 100 mas. At 5 GHz, the radio emission from YSOs is expected
to arise predominantly from free–free radiation, however the improved sensitivity of the
fully upgraded e–MERLIN (∼ 1 µJy) and high angular resolution may allow for the detec-
tion of synchrotron radiation generated by electrons spiralling along magnetic field lines.
Any observed polarisation can be used to to determine the direction and magnitude of the
outflow’s magnetic field, which are crucial for discriminating between different MHD jet
launching models (see Section 2.3). Also of vital importance to test morphological predic-
tions of jet launch models are the dimensions of the base of the jet, for which the high
spatial resolution of the fully upgraded e–MERLIN is essential. With an angular resolution
of 100 mas, these commissioning data probe the jet on scales of ∼ 14 au.

The main results from this investigation are as follows.

• These e–MERLIN commissioning data have provided the highest resolution images
of DG Tau (and also the nearby Class I protostar DG Tau B) at centimetre wavelengths
to date.

• The emission from both YSOs is in the known direction of the outflow indicating that
it traces the free–free radiation associated with the jet, although additional measure-
ments at high resolution are necessary to confirm the spectral index.

• With these data I measured the initial opening angle of the DG Tau jet which implied
that the jet starts initially as a poorly collimated wind and becomes collimated on
scales of 50 au, in line with MHD disk-wind theory.

• Using the measured jet opening angle I calculated the mass-loss rate in the ionised
component of the jet and found it to be ∼ 10−8 M� yr−1, consistent values derived
use optical/near-IR emission line ratio diagnostics. Incorporating this into the non-
ionised component yields a mass ejection to mass accretion ratio of 0.05− 0.2. These
results are in accord with predictions of MHD jet-launching models.
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This work gives a preview on how e–MERLIN will contribute to the study of low-mass
YSOs and their outflows, as observations of the inner 20 au are essential to test different
jet-launching scenarios. I have already probed these objects with a new level of angular
resolution and sensitivity with e–MERLIN during the commissioning phase, and they will
be further improved with the final array.

Intermediate-scale Investigations of YSOs at 325 and 610 MHz with the GMRT

In Chapter 6 I presented observations of three protostellar targets at 325 and 610 MHz taken
with the GMRT to detect radio emission from YSOs at very low frequencies and which are
the first investigations of these systems at such low frequencies. These observations also
provide an idea of what potentially could be observed in the future using LOFAR. The
angular resolution of the GMRT is approximately 10′′ at 325 MHz and 5′′ at 610 MHz, al-
lowing a scale intermediate between AMI and e–MERLIN to be explored. Observations
at these low frequencies of specific Class 0-II targets, selected based on previous studies
at GHz frequencies, allow unique spectral constraints to be placed and the mechanism
responsible for the radio emission to be characterised. The goal of this study was to con-
strain the frequency of the transition from optically thick to optically thin behaviour in the
free–free spectrum and determine the physical conditions of the ionised gas.

The main results from this investigation are as follows.

• The measurements at 325 and 610 MHz for these YSOs imply a continuation of the
thermal jet spectrum seen at GHz frequencies to this new low frequency regime,
and the frequency at which the emission transitions from optically thick to thin has
not yet been reached. Therefore, further investigations with instruments such as
the Low-Frequency Array (LOFAR) are needed to extend this study to even lower
frequencies to identify this transition and place constraints on the mass of the ionised
gas surrounding the YSO.

• An extensive literature search was conducted to construct the spectral energy distri-
butions for T Tau and DG Tau. The flux densities and references are organised in
Appendix F.

• The most interesting result from this work is the detection of emission with a synchro-
tron spectral index in the proximity of the optical DG Tau bow shock. I interpret this
emission as a prominent radio bow shock associated with this outflow. This result
provides tentative evidence for the acceleration of particles to relativistic energies due
to the shock impact of this otherwise very low-power jet against the ambient medium.
I calculated the equipartition magnetic field strength Bmin ≈ 1× 10−4 G and particle
energy Emin ≈ 4× 1040 erg, which are the minimum requirements to account for the
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7.2 future prospects

synchrotron emission of the DG Tau bow shock. These results suggest the possibility
of low energy (∼ 1 GeV) cosmic rays being generated by young Sun-like stars and per-
meating the Galaxy. This is further supported by recent Herschel observations which
reveal the necessity of energetic particles to produce the chemistry observed in the
envelope of the young Sun (Ceccarelli et al., 2014).

Observations in the radio can address a number of the open questions remaining with
regard to protostellar outflows that cannot be solved at other wavelengths. In particular,
my investigations have revealed that non-thermal emission may begin to dominate the
spectra of protostellar jets at very low radio frequencies, and thus may be a tool for obtain-
ing information on the magnetic field. This information is crucial for studies of structure,
formation and evolution of these collimated outflows. Multi-frequency, multi-scale invest-
igations of YSOs are vital to obtain a complete physical demography of how stars like our
Sun form. Data at well-sampled frequencies are crucial to precisely model and differentiate
between the competing emission mechanisms. This is well-illustrated with the AMI obser-
vations, where the flux densities have contributions from both the jet and the circumstellar
material, and with the GMRT data, where I have revealed the dominance of an additional
emission mechanism at low frequencies. Measurements at intermediate frequencies are
thus required to constrain the properties of the ionised plasma. In addition, radio data
over a range of angular scales reveals outflow characteristics and structure. The high spa-
tial resolution of e–MERLIN allows the regions closest to the protostar to be explored to
identify the location of jet-launch. Spatial resolution comparable with that of the GMRT
exposes large scale structure in the outflow, such as bow shocks, whilst instruments such
as AMI detect the overall interaction of the outflow with the ambient medium. All of these
ingredients are vital to obtain a comprehensive view of low-mass star formation.

7.2 future prospects

Radio astronomy is undergoing a revolution, through the construction of new facilities
(e.g. LOFAR, the Atacama Large Millimeter Array/ALMA, MeerKAT, and the Australian
Square Kilometre Array Pathfinder/ASKAP) or with major upgrades to existing facilities
(e.g. JVLA, e–MERLIN and the GMRT, see Section 3.4). The microwave links that previ-
ously connected individual antennae have been replaced by optical fibre, allowing much
broader bandwidths to be observed and much higher sensitivities to be achieved. These
are the “Golden Years" of radio astronomy as many of these instruments are pathfinder
projects for the Square Kilometre Array (SKA), a global science and engineering project
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to build the world’s largest radio interferometer. The scale of the SKA represents major
advances in both engineering and in research and development. The advances in angular
resolution, sensitivity, field-of-view and frequency ranges in this new generation of radio
telescopes will revolutionise the way we conduct radio astronomy, and challenges will
have to be overcome to store, calibrate and analyse data volumes as they become larger
and larger.

In this thesis I have shown that it is possible to extend the study of jets from young
stars, which are typically weak radio emitters, to lower frequencies and higher resolutions,
making them relevant targets for instruments such as LOFAR and the SKA. The new gener-
ation of radio telescopes will have sufficient sensitivity to routinely image protostellar jets
and high enough spatial resolution to resolve the central jet engine. This is important as
the precise location of jet launch is still elusive, and observations of the inner ∼ 10 au are
crucial for discriminating between different jet launching scenarios (see Section 2.3). With
an angular resolution of ≈ 0′′.3, observations with LOFAR long baselines have the potential
to spatially resolve the jet not only along the flow, but also across to reveal structure in two
dimensions. Although the magnetic field is expected to play a crucial role in the jet launch-
ing and collimation process, observational support for properties such as the strength and
direction of the magnetic field on all scales is still lacking. With the advances in sensitivity,
polarisation measurements will give reliable estimates of the magnetic field distribution in
the outflows, enabling investigations of the role it plays in the launching and collimation
of the jets and on extended scales.

The e–MERLIN Legacy Program on the “Morphology and Time Evolution of Thermal
Jets Associated with Low-mass Young Stars” is ongoing. When the telescope is fully up-
graded and Legacy data is routinely observed (expected late 2014), the resolution and
sensitivity will be further improved in comparison to that presented in Chapter 5. An an-
gular resolution of 50 mas can be achieved with the inclusion of the Cambridge antenna,
and the instantaneous bandwidth will increase from 512 MHz to 2 GHz. The analysis of
such high spatial resolution images for the sample presented in Chapter 4 will provide
unique information on the structure of the radio emission which will allow specific mor-
phological predictions of jet models to be tested. Additionally, this data can be compared
with matching-beam 43 GHz observations (0′′.05) made with the JVLA that are expected
to trace the dust from the disk. This will allow for the direct comparison between the
free–free emission from the jet and the dust emission from the disk/envelope for the first
time at such high angular resolution, which will improve our understanding of the jet-disk
relation and therefore of the physics that governs low-mass star formation.
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A P P E N D I C E S





A
A M I C O M B I N E D C H A N N E L M A P S

This appendix presents the maps of each field taken with AMI discussed in Chapter 4.
AMI data is shown uncorrected for the primary beam response. The positions of known
Class 0 and Class I objects are indicated as crosses (+) and stars (∗), respectively. The
positions for those found in Perseus (L1448 and HH 7− 11) are from Hatchell et al. (2007b),
HH 1− 2 from Fischer et al. (2010), and Serpens from Duarte-Cabral et al. (2010). Crosses
(×) represent known sources of unknown evolutionary class. We plot the half power point
of the primary beam as a solid circle (≈ 6 arcmin at 16 GHz) and the synthesised beam as
the filled ellipse in the bottom left corner (see Table 4.1). Contours at 5, 10, 15, 20 σrms etc,
where σrms values for each source are listed in Table 4.1.
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ami combined channel maps

Figure A.1.: The AMI 16 GHz combined-channel map for (top) HH 7− 11 and (bottom) L1551 IRS 5.
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ami combined channel maps

Figure A.2.: The AMI 16 GHz combined-channel map for (top) L1527 and (bottom) HH 1− 2.
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ami combined channel maps

Figure A.3.: The AMI 16 GHz combined-channel map for (top) HH 26 IR and (bottom) HH 111.
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ami combined channel maps

Figure A.4.: The AMI 16 GHz combined-channel map for (top) NGC 2264 G and (bottom) Ser-
pens SMM 1.
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ami combined channel maps

Figure A.5.: The AMI 16 GHz combined-channel map for (top) L723 and (bottom) L1251 A.
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B
A M I S A M P L E S P E C T R A L E N E R G Y D I S T R I B U T I O N S

This appendix presents the SEDs for each of the target sources discussed in Chapter 4. The
observed radio spectra over the AMI frequency channels 3 − 8 are combined with flux
densities from the literature. Maximum likelihood results from Scenario (ii) are overlaid
(see Table 4.8), where the dashed line in each SED represents the power-law with index α′

that traces the jet, the dotted line represents the modified blackbody model of the envel-
ope/disk (with opacity index β and dust temperature Td) and the solid line is the total
model fit. The list of archival data used in the spectral energy distributions can be found
in Appendix C. Only data ν < 3 THz (λ > 100 µm) were included in the fit, but IRAS data
ν > 3 THz are included in the plots for illustration.
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ami sample spectral energy distributions

Figure B.1.: The spectral energy distributions for (top) HH 7− 11 and (bottom) L1551 IRS 5.
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ami sample spectral energy distributions

Figure B.2.: The spectral energy distributions for (top) L1527 and (bottom) HH 1− 2.
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ami sample spectral energy distributions

Figure B.3.: The spectral energy distributions for (top) HH 26 IR and (bottom) HH 111.
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ami sample spectral energy distributions

Figure B.4.: The spectral energy distributions for (top) NGC 2264 G and (bottom) Serpens SMM 1.
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ami sample spectral energy distributions

Figure B.5.: The spectral energy distributions for (top) L723 and (bottom) L1251 A.
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ami sample spectral energy distributions

Figure B.6.: The spectral energy distributions for (top) L1448 C and (bottom) NGC 1333 IRAS 2A.
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ami sample spectral energy distributions

Figure B.7.: The spectral energy distributions for (top) NGC 1333 IRAS 2B and (bottom) HH 25 MMS.
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C
A M I S A M P L E S P E C T R A L E N E R G Y D I S T R I B U T I O N R E F E R E N C E
TA B L E

An extensive literature search was conducted for unresolved, integrated flux densities to
include in the spectral energy distributions discussed in Chapter 4. It should be noted that
Wendker (1995) was a useful reference. High resolution data that were highly discrepant
due to flux loss or data with high uncertainties (e.g. 450 µm data from di Francesco et al.,
2008) were not included. Where uncertainties were not provided, an error of 10% was used
in the model fittings and this is indicated by a †.

Table C.1.: Reference list for the spectral energy distribution data.

Source ν (GHz) Sν (Jy) Reference

L1448 IRS 3 5 1.15× 10−3† Curiel et al. (1990)

8 1.6× 10−3† Reipurth et al. (2002)

14.62 (2.40± 0.25)× 10−3 this work

15.37 (2.34± 0.26)× 10−3 this work

16 (2.06± 0.12)× 10−3 Scaife et al. (2011b)

16.12 (2.41± 0.37)× 10−3 this work

16.87 (2.26± 0.24× 10−3 this work

17.62 (2.62± 0.29)× 10−3 this work

91 0.1± 0.01 Shirley et al. (2011)

231 2.6± 0.14 Barsony et al. (1998)

231 3† Motte & André (2001)

273 4.7± 0.05 Enoch et al. (2006)

273 2.3± 0.20 Barsony et al. (1998)

Table continued on next page...
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ami sample spectral energy distribution reference table

Table C.1 – Continued from previous page.

Source ν (GHz) Sν (Jy) Reference

349 7.12± 0.33 Shirley et al. (2011)

353 10.18† di Francesco et al. (2008)

353 16.86† Hatchell et al. (2007b)

353 8.37± 0.91 Chandler & Richer (2000)

353 14.7± 0.62 Shirley et al. (2000)

375 7.8± 0.64 Barsony et al. (1998)

400 10.9± 1.15 Chandler & Richer (2000)

666 56.1± 12.28 Chandler & Richer (2000)

666 100.3± 12.40 Shirley et al. (2000)

857 91.5± 22.78 Chandler & Richer (2000)

857 45± 3 Barsony et al. (1998)

3× 103 112± 20.15 Barsony et al. (1998)

5× 103 32± 6.12 Barsony et al. (1998)

1.2× 104 5.75± 1.2 Barsony et al. (1998)

2.5× 104 0.69± 0.15 Barsony et al. (1998)

HH 7− 11 5 7.3× 10−4† Rodríguez et al. (1999)

8 1.01× 10−3† Rodríguez et al. (1999)

14.62 (3.43± 0.20)× 10−3 this work

15.37 (3.10± 0.18)× 10−3 this work

16.12 (3.91± 0.22)× 10−3 this work

16.87 (3.43± 0.19)× 10−3 this work

17.62 (3.83± 0.24)× 10−3 this work

43 (1.08± 0.06)× 10−2 Anglada et al. (2004)

100 (7.89± 0.79)× 10−2 Chen et al. (2009)

273 4.46† Enoch et al. (2006)

353 10.3† di Francesco et al. (2008)

353 12.7† Hatchell et al. (2007b)

353 14.9± 1.2 Chandler & Richer (2000)

Table continued on next page...
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Table C.1 – Continued from previous page.

Source ν (GHz) Sν (Jy) Reference

400 21.5± 2.8 Chandler & Richer (2000)

666 119± 24 Chandler & Richer (2000)

666 159.9† Hatchell et al. (2007b)

857 203± 61 Chandler & Richer (2000)

3× 103 381± 23 IRAS

5× 103 204± 20 IRAS

1.2× 104 46.5± 2.8 IRAS

2.5× 104 13.6± 3.7 IRAS

L1551 IRS 5 1.5 2.28× 10−3† Bieging & Cohen (1985)

1.5 (2.8± 0.9)× 10−3 Snell et al. (1985)

1.7 4× 10−3† Rodríguez et al. (1989a)

5 4.2× 10−3† Duncan et al. (1987)

5 (3.5± 0.5)× 10−3 Cohen et al. (1982)

5 3× 10−3† Bieging et al. (1984)

5 4.69× 10−3† Bieging & Cohen (1985)

5 (4.3± 0.5)× 10−3 Snell et al. (1985)

5 (5± 0.5)× 10−3 Evans et al. (1987)

5 (4.1± 0.4)× 10−3 Keene & Masson (1990)

8 (4.7± 0.5)× 10−3 Keene & Masson (1990)

14.62 (4.74± 0.25)× 10−3 this work

15 2.25× 10−3† Rodríguez et al. (1986)

15 4.59× 10−3† Bieging & Cohen (1985)

15 (4.9± 0.5)× 10−3 Keene & Masson (1990)

15 (3.6± 0.2)× 10−3 Rodríguez et al. (2003a)

15 (2.8± 0.2)× 10−3 Rodríguez et al. (2003a)

15 (3.3± 0.2)× 10−3 Rodríguez et al. (2003a)

15 (2.7± 0.2)× 10−3 Rodríguez et al. (2003a)

15.37 (3.10± 0.18)× 10−3 this work

Table continued on next page...
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Table C.1 – Continued from previous page.

Source ν (GHz) Sν (Jy) Reference

16.12 (3.91± 0.22)× 10−3 this work

16.87 (3.43± 0.19)× 10−3 this work

17.62 (3.83± 0.24)× 10−3 this work

22.5 (1.7± 0.4)× 10−2 Torrelles et al. (1985)

22.5 (7.3± 1.5)× 10−3 Keene & Masson (1990)

23.7 (7± 1.4)× 10−3 Gomez et al. (1993)

88 0.09± 0.03 Keene & Masson (1990)

90 0.12† Altenhoff et al. (1994)

98 0.13± 0.004 Ohashi et al. (1991)

110 0.13± 0.03 Keene & Masson (1990)

112 0.15† Wilking et al. (1989)

113 0.17† Keene & Masson (1986)

230 1.5† Cabrit & Andre (1991)

230 1.57± 0.02 Reipurth et al. (1993)

231 3.4† Motte & André (2001)

240 2.37± 0.48 Keene & Masson (1990)

250 1.72† Altenhoff et al. (1994)

300 5.7± 1.3 Keene & Masson (1990)

345 6.36± 0.06 Reipurth et al. (1993)

353 19.01† di Francesco et al. (2008)

353 12.1± 1 Chandler & Richer (2000)

400 18.2± 2.4 Chandler & Richer (2000)

666 94± 19 Chandler & Richer (2000)

857 164± 49 Chandler & Richer (2000)

3× 103 458† Reipurth et al. (1993)

5× 103 373† Reipurth et al. (1993)

1.2× 104 106† Reipurth et al. (1993)

2.5× 104 10† Reipurth et al. (1993)

Table continued on next page...
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Table C.1 – Continued from previous page.

Source ν (GHz) Sν (Jy) Reference

L1527 5 (6.8± 0.4)× 10−4 Melis et al. (2011)

8.5 (8.10± 0.3)× 10−4 Melis et al. (2011)

14.62 (1.04± 0.11)× 10−3 this work

15.37 (1.04± 0.14)× 10−3 this work

16 (0.9± 0.03)× 10−3 Scaife et al. (2012a)

16.12 (1.12± 0.13)× 10−3 this work

16.87 (1.20± 0.16)× 10−3 this work

17.62 (1.38± 0.15)× 10−3 this work

22.5 (1.4± 0.1)× 10−3 Melis et al. (2011)

43.3 (4.4± 0.6)× 10−3 Melis et al. (2011)

111 (4.7± 0.56)× 10−2 Ohashi et al. (1997)

230 0.35† Gramajo et al. (2010)

353 0.90± 0.01 Gramajo et al. (2010)

375 0.50† Gramajo et al. (2010)

666 2.85± 0.22 Gramajo et al. (2010)

666 3.21† Gramajo et al. (2010)

857 12† Gramajo et al. (2010)

1.87× 103 68.8† Gramajo et al. (2010)

3× 103 71.3† Gramajo et al. (2010)

3× 103 72† Gramajo et al. (2010)

5× 103 17.4† Gramajo et al. (2010)

5× 103 18† Gramajo et al. (2010)

HH 1− 2 MMS 1 1.5 (6± 2)× 10−4 Pravdo et al. (1985)

1.5 8.6× 10−4† Rodríguez et al. (1990)

5 (1.19± 1.6)× 10−3 Morgan et al. (1990)

5 (1.2± 0.04)× 10−3 Pravdo et al. (1985)

5 1.17× 10−3† Rodríguez et al. (1990)

14.62 (1.30± 0.28)× 10−3 this work

Table continued on next page...
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Source ν (GHz) Sν (Jy) Reference

15 (1.54± 0.18)× 10−3 Pravdo et al. (1985)

15 1.75× 10−3† Rodríguez et al. (1990)

15.37 (1.53± 0.30)× 10−3 this work

16.12 (1.34± 0.18)× 10−3 this work

16.87 (1.33± 0.14)× 10−3 this work

230 0.65± 0.02 Reipurth et al. (1993)

273 0.92± 0.03 Dent et al. (1998)

345 1.67± 0.02 Reipurth et al. (1993)

353 9.44† di Francesco et al. (2008)

354 1.2± 0.24 Fischer et al. (2010)

375 2.65± 0.03 Dent et al. (1998)

666 18.9± 0.35 Dent et al. (1998)

857 33.95± 0.29 Dent et al. (1998)

857 28± 11.2 Fischer et al. (2010)

1.88× 103 75.7± 15.14 Fischer et al. (2010)

4.29× 103 26.6± 2.66 Fischer et al. (2010)

HH 26 IR 8 (3.8± 0.6)× 10−4 Anglada et al. (1998)

8 (1.4± 0.3)× 10−4 Gibb (1999)

16.12 (3.92± 0.76)× 10−4 this work

231 0.32† Lis et al. (1999)

353 0.97† di Francesco et al. (2008)

353 0.9± 0.09 Nutter & Ward-Thompson (2007)

666 1.4± 0.28 Nutter & Ward-Thompson (2007)

857 6.3† Lis et al. (1999)

4.29× 103 7.9† Antoniucci et al. (2008)

5× 103 20.87† Antoniucci et al. (2008)

1.2× 104 5.13† Antoniucci et al. (2008)

1.25× 103 1.8† Antoniucci et al. (2008)

Table continued on next page...

138



ami sample spectral energy distribution reference table

Table C.1 – Continued from previous page.

Source ν (GHz) Sν (Jy) Reference

2.5× 104 1.93† Antoniucci et al. (2008)

HH 111 5 (8.3± 0.9)× 10−4 Rodríguez et al. (2008b)

8 (9.5± 0.4)× 10−4 Rodríguez & Reipurth (1994)

14.62 (3.11± 0.53)× 10−3 this work

15 (2.3± 0.32)× 10−3 Rodríguez & Reipurth (1994)

15.37 (2.68± 0.28)× 10−3 this work

16.12 (2.39± 0.26)× 10−3 this work

16.87 (2.86± 0.30)× 10−3 this work

17.62 (2.51± 0.34)× 10−3 this work

43 (5.15± 0.52)× 10−3 Rodríguez et al. (2008b)

110 (4.6± 0.46)× 10−2 Stapelfeldt & Scoville (1993)

230 0.49± 0.02 Reipurth et al. (1993)

230 0.47± 0.05 Wilking et al. (1989)

273 0.75± 0.01 Dent et al. (1998)

285 0.69† Stapelfeldt & Scoville (1993)

345 1.39± 0.03 Reipurth et al. (1993)

353 3.09† di Francesco et al. (2008)

375 1.8± 0.02 Dent et al. (1998)

666 8.22± 0.26 Dent et al. (1998)

857 14.2± 0.9 Dent et al. (1998)

3× 103 71.1† Reipurth et al. (1993)

5× 103 43.5† Reipurth et al. (1993)

1.2× 104 6.8† Reipurth et al. (1993)

2.5× 104 0.3† Reipurth et al. (1993)

NGC 2264 G 1.5 (8± 2)× 10−4 Rodríguez & Curiel (1989)

5 (1.9± 0.2)× 10−3 Rodríguez & Curiel (1989)

5 6.7× 10−4† Gómez et al. (1994)

8 5.5× 10−4† Gómez et al. (1994)

Table continued on next page...
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Source ν (GHz) Sν (Jy) Reference

16.12 (2.96± 2.16)× 10−4 this work

273 0.25± 0.04 Ward-Thompson et al. (1995)

353 0.71† di Francesco et al. (2008)

375 0.7± 0.04 Ward-Thompson et al. (1995)

666 3.9± 0.1 Ward-Thompson et al. (1995)

857 7.1± 0.28 Ward-Thompson et al. (1995)

3× 103 17± 3 Ward-Thompson et al. (1995)

5× 103 6± 1 Ward-Thompson et al. (1995)

Serpens SMM 1 1.5 (4.5± 0.5)× 10−3 Condon et al. (1998)

1.5 (9.5± 0.49)× 10−3 Curiel et al. (1993)

5 (9.5± 0.8)× 10−3 Snell & Bally (1986)

5 (7.9± 0.48)× 10−3 Rodríguez et al. (1989b)

5 (7.6± 0.3)× 10−3 Curiel et al. (1993)

5 2.2× 10−3† McMullin et al. (1994)

8 (7.5± 0.17)× 10−3 Curiel et al. (1993)

8 7.54× 10−3† Eiroa et al. (2005)

14.62 (8.21± 0.77)× 10−3 this work

15 (1± 0.3)× 10−2 Snell & Bally (1986)

15 (8.3± 0.3)× 10−3 Curiel et al. (1993)

15 (6.2± 0.0.44)× 10−3 Rodríguez et al. (1989b)

15 4.8× 10−3† McMullin et al. (1994)

15.37 (7.66± 0.55)× 10−3 this work

16 (4.74± 0.24)× 10−3 Scaife et al. (2012b)

16.12 (7.04± 0.43)× 10−3 this work

16.87 (6.77± 0.44)× 10−3 this work

17.62 (7.30± 0.54)× 10−3 this work

23 5.3× 10−3† McMullin et al. (1994)

43 (1.42± 0.04)× 10−2 Choi (2009)

Table continued on next page...
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Source ν (GHz) Sν (Jy) Reference

88 0.2† Hogerheijde et al. (1999)

94 0.2† Hogerheijde et al. (1999)

97 0.14† McMullin et al. (1994)

111 0.41† Hogerheijde et al. (1999)

214 2.65† Hogerheijde et al. (1999)

240 2.3† McMullin et al. (1994)

273 3.47± 0.1 Casali et al. (1993)

353 15.23† di Francesco et al. (2008)

353 6.1† Davis et al. (1999)

666 35.7† Davis et al. (1999)

1.88× 103 430† McMullin et al. (1994)

3× 103 380† McMullin et al. (1994)

5× 103 152.92† McMullin et al. (1994)

6× 103 88.6† McMullin et al. (1994)

1.2× 104 3.17† McMullin et al. (1994)

1.5× 104 2.6† McMullin et al. (1994)

2.5× 104 0.25† McMullin et al. (1994)

L723 5 7.5× 10−4† Anglada et al. (1996)

8 7.6× 10−4† Anglada et al. (1996)

14.62 (5.82± 0.86)× 10−4 this work

15.37 (5.16± 0.64)× 10−4 this work

16.12 (6.53± 0.78)× 10−4 this work

16.87 (6.55± 0.69)× 10−4 this work

17.62 (5.22± 1.00)× 10−4 this work

230 0.37† Motte & André (2001)

230 0.36± 0.02 Reipurth et al. (1993)

300 1± 0.5 Reipurth et al. (1993)

353 1.79± 0.11 Shirley et al. (2000)

Table continued on next page...
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Source ν (GHz) Sν (Jy) Reference

353 2.24† di Francesco et al. (2008)

666 8.5± 2.1 Shirley et al. (2000)

750 13± 3 Reipurth et al. (1993)

857 11.3± 1.8 Wu et al. (2007)

1.54× 103 35± 7 Reipurth et al. (1993)

1.81× 103 40± 12 Reipurth et al. (1993)

2.08× 103 33± 10 Reipurth et al. (1993)

2.14× 103 23± 8 Reipurth et al. (1993)

2.31× 103 32± 11 Reipurth et al. (1993)

3× 103 20.7± 1.7 Shirley et al. (2000)

3.16× 103 27± 6 Shirley et al. (2000)

5× 103 6.93± 0.62 Shirley et al. (2000)

1.2× 104 0.38± 0.05 Shirley et al. (2000)

2.5× 104 0.28± 0.06 Shirley et al. (2000)

L1251 A 5 (1.7± 0.03)× 10−4 Beltrán et al. (2001)

8 2.9× 10−4† Reipurth et al. (2004)

8 (4.7± 0.03)× 10−4 Beltrán et al. (2001)

14.62 (8.57± 1.77)× 10−4 this work

15.37 (9.85± 1.36)× 10−4 this work

16.12 (1.00± 0.20)× 10−3 this work

16.87 (7.61± 1.58)× 10−4 this work

17.62 (1.10± 0.23)× 10−3 this work

230 0.23± 0.02 Rosvick & Davidge (1995)

273 0.38± 0.03 Rosvick & Davidge (1995)

353 5.68† di Francesco et al. (2008)

375 0.71± 0.11 Rosvick & Davidge (1995)

857 20.8± 3.2 Wu et al. (2007)

3× 103 78.5± 12.6 Rosvick & Davidge (1995)

Table continued on next page...
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Source ν (GHz) Sν (Jy) Reference

3× 103 79† Sato & Fukui (1989)

5× 103 67.7± 6.1 Rosvick & Davidge (1995)

5× 103 66† Sato & Fukui (1989)

1.2× 104 28.3± 1.4 Rosvick & Davidge (1995)

1.2× 104 26† Sato & Fukui (1989)

2.5× 104 6.2± 0.3 Rosvick & Davidge (1995)

2.5× 104 5† Sato & Fukui (1989)

L1448 C 8 2.3× 10−4† Reipurth et al. (2002)

15 (5.6± 0.5)× 10−4 Curiel et al. (1990)

16 (5.37± 0.33)× 10−4 Scaife et al. (2011b)

16.12 (7.58± 0.94)× 10−4 this work

86 (2.6± 0.2)× 10−2 Shirley et al. (2000)

87 1.2× 10−2† Bachiller et al. (1991)

87 1.6× 10−2† Guilloteau et al. (1992)

91 (3.92± 0.39)× 10−2 Shirley et al. (2011)

115 (9.1± 0.2)× 10−2 Shirley et al. (2000)

230 1± 0.1 Barsony et al. (1998)

230 0.74± 0.11 Shirley et al. (2000)

230 0.91† Motte & André (2001)

230 0.58† Bachiller et al. (1991)

273 2.04† Enoch et al. (2006)

273 1± 0.1 Barsony et al. (1998)

349 1.97± 0.13 Shirley et al. (2011)

353 2.98† di Francesco et al. (2008)

353 6.51† Hatchell et al. (2007b)

353 3.95± 0.24 Shirley et al. (2000)

353 5.34± 0.43 Chandler & Richer (2000)

375 3± 0.3 Barsony et al. (1998)

Table continued on next page...
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Source ν (GHz) Sν (Jy) Reference

400 6.91± 0.91 Chandler & Richer (2000)

666 68.4† Hatchell et al. (2007b)

666 21± 2 Barsony et al. (1998)

666 31.8± 5.5 Shirley et al. (2000)

666 34.2± 6.9 Chandler & Richer (2000)

857 58± 18 Chandler & Richer (2000)

857 30± 3 Barsony et al. (1998)

3× 103 70.3± 14.8 Barsony et al. (1998)

5× 103 31.2± 6.5 Barsony et al. (1998)

1.2× 104 2.9± 0.6 Barsony et al. (1998)

2.5× 104 0.33± 0.07 Barsony et al. (1998)

NGC 1333 IRAS 2A 5 (6± 1)× 10−5 Rodríguez et al. (1999)

8 2.2× 10−4† Reipurth et al. (2002)

8 (2.5± 0.4)× 10−4 Rodríguez et al. (1999)

16 (3.2± 0.25)× 10−4 Scaife et al. (2011b)

16.12 (3.92± 0.96)× 10−4 this work

43 (1± 0.5)× 10−2 Anglada et al. (2004)

86 3.5× 10−2† Jørgensen et al. (2004)

89 4× 10−2† Jørgensen et al. (2004)

111 (8.28± 0.4)× 10−2 Looney et al. (2000)

150 0.32± 0.07 Sandell et al. (1994)

230 0.88† Motte & André (2001)

230 0.88± 0.12 Sandell et al. (1994)

273 1.46± 0.12 Sandell et al. (1994)

353 7.78† Kirk et al. (2007)

353 4.79± 0.39 Chandler & Richer (2000)

375 4.08± 0.05 Sandell et al. (1994)

375 3.75± 0.15 Sandell et al. (1994)

Table continued on next page...
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Source ν (GHz) Sν (Jy) Reference

400 5.54± 0.21 Sandell et al. (1994)

400 6.61± 0.86 Chandler & Richer (2000)

666 43± 11 Chandler & Richer (2000)

666 23.7± 0.9 Sandell et al. (1994)

857 37.2± 1.2 Sandell et al. (1994)

857 74± 22 Chandler & Richer (2000)

3× 103 300† Jennings et al. (1987)

6× 103 104† Jennings et al. (1987)

NGC 1333 IRAS 2B 5 (2.3± 0.1)× 10−4 Rodríguez et al. (1999)

8 (4± 0.2)× 10−4 Rodríguez et al. (1999)

8 (3.7± 0.37)× 10−4 Reipurth et al. (2002)

16 (1.21± 0.05)× 10−3 Scaife et al. (2011b)

16.12 (5.05± 1.01)× 10−4 this work

43 (5.2± 0.3)× 10−3 Anglada et al. (2004)

86 1.2× 10−2† Jørgensen et al. (2004)

89 1.4× 10−2† Jørgensen et al. (2004)

111 (2.77± 0.32)× 10−2 Looney et al. (2000)

353 1.19± 0.1 Chandler & Richer (2000)

400 1.53± 0.21 Chandler & Richer (2000)

666 7.7± 1.6 Chandler & Richer (2000)

857 13.4± 1.3 Chandler & Richer (2000)

L1551 NE 8 6.6× 10−4† Reipurth et al. (2002)

16.12 (7.43± 0.92)× 10−4 this work

230 1.5† Motte & André (2001)

230 0.85± 0.01 Andrews & Williams (2005)

230 0.85± 0.08 Moriarty-Schieven et al. (2000)

238 0.8± 0.12 Barsony & Chandler (1993)

272 1.07± 0.11 Barsony & Chandler (1993)

Table continued on next page...
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353 2.78† Moriarty-Schieven et al. (2006)

353 10.5† di Francesco et al. (2008)

379 2.22± 0.37 Barsony & Chandler (1993)

666 8.33† Moriarty-Schieven et al. (2006)

677 16.2± 4.6 Barsony & Chandler (1993)

857 22.83± 0.72 Andrews & Williams (2005)

3× 103 130† Emerson et al. (1984)

5× 103 80† Emerson et al. (1984)

1.2× 104 16† Emerson et al. (1984)

2.5× 104 1.2† Emerson et al. (1984)

HH 25 MMS 5 (1.5± 0.4)× 10−4 Bontemps et al. (1995)

8 (2.5± 0.6)× 10−4 Bontemps et al. (1995)

8 (1.6± 0.3)× 10−4 Gibb (1999)

16.12 (1.23± 0.10)× 10−3 this work

231 1† Lis et al. (1999)

353 9.11† di Francesco et al. (2008)

353 4† Nutter & Ward-Thompson (2007)

666 10.8† Nutter & Ward-Thompson (2007)

666 8.7† Phillips et al. (2001)

353 1.4† Phillips et al. (2001)

857 24† Lis et al. (1999)

3× 103 70.66† IRAS

5× 103 28.04† IRAS

5× 103 32† IRAS

1.2× 104 1.39† Gezari et al. (1999)

2.5× 104 0.51† Gezari et al. (1999)
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G M RT D ATA R E D U C T I O N P I P E L I N E

This appendix presents the tasks followed in AIPS to reduce and image the GMRT data
presented in Chapter 6. Standard AIPS tasks were used to calibrate the data, and wide-
field imaging using facets following Garn et al. (2007) was conducted due to the large
primary beam of the GMRT. This pipeline can be used to reduce standard, single-pointing
continuum data taken at 325 or 610 MHz with the GMRT.

Table D.1.: GMRT Data Reduction Pipeline for AIPS

Work with CH256 (256 channel) dataset

AIM: to find a good subset of channels for calibration

INDXR

UVFLG (apply .FLAG file)

SPFLG (ANTENNAS 1, 3, 5, 7, 9, 11, 13, 0, BASELINE 2, 4, 6, 8, 10, 12, 14, 0
identify ∼ 5− 11 good channels in wider dataset to make CH0 with,
also take note of particularly bad channels & check interference on
short baselines to make flagging the entire the entire dataset in the
next CH256 section easier)

TVFLG

UVFLG (flag any known bad antennae, keep track of FG table numbers)

BPASS (bandpass calibration on CH256 so as to calibrate the selected channels
for CH0)

BPLOT (check bandpass calibration, note channels where amp dips, if more
flagging needs to be done, redo TVFLG, BPASS, BPLOT)

UVFLG (flag any additional bad antennae and redo bandpass calibration, keep
track of FG table numbers)
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Work with CH0 (11 channels) dataset

AIM: to calibrate a subset of good channels that will then be applied to larger dataset

SPLAT (ICHANSEL 95 105 1 1, OUTCLASS ’CH0’)

TVFLG (CH0, if more flagging is needed, flag then start over at CH256 BPASS
before further calibration, ENTER STOKES FLAG 1111)

SETJY (calculate flux of flux calibrator)

CALIB (SOLINT 2, flux cal, note errors)

CALIB (SOLINT 0, phase cal, note errors)

GETJY (get flux of phase calibrator, note errors)

CLCAL (×2 to apply solution (SN 1 & 2) tables to both calibrators (CL 2) and
then to just the phase calibrator (CL 3), keep track of CL table num-
bers)

SNPLT (INEXT ’CL’, INVERS 2 & 3 to check calibration)

TVFLG (with DOCALIB 1, GAINUSE 3, check phases, use AMP v DIFF)

IMAGR (flux cal)

IMAGR (phase cal)

IMAGR (×3 target sources)

TACOP (to copy phase-only CL table from CH0 (CL 3) to CH256 (becomes
CL 2) dataset)

Back to CH256 dataset

AIM: to apply calibration to wider dataset

TVFLG (to inspect bad channels identified in SPFLG and flag all bad data in
full dataset, DON’T FORGET TO CHECK BOTH POLARISATIONS)

EXTDES (to delete old/first BP table)

BPASS (to make bandpass calibration good for all channels)

BPLOT (check bandpass calibration, note channels where amp dips, if more
flagging needs to be done, redo TVFLG, BPASS, BPLOT)
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Work with CH24 (24 channel) dataset

AIM: to achieve good SNR and remove artifacts

NOTE: keep track of total flux cleaned and noise values every time IMAGR is run

NOTE: use TVBLINK to compare first image facet between self-calibrations

SPLAT (average 256 channels to 24 channels to make CH24 for each source,
drop a few end channels)

SPLIT (need single source file for self-calibration & imaging)

WIPER (and/or CLIP, to flag remaining bad data in target source, flag each
day separately)

DBCON (to combine datasets from different days)

IMAGR (reimage with FLAGVER −1 v 0 to compare before & after flagging)

IMAGR (make large low resolution maps to determine how many facets is
needed for SETFC)

SETFC (make BOXFILE for facetting)

IMAGR (image facets for target source field, CH24S0: no self-calibration yet)

FLATN (combine CH24S0 facets)

CALIB (SOLINT 10, SOLMODE ’P’ to flag & self-calibrates phases, writes out
new uv dataset CH24S1)

SNPLT (to print out SN plots & check self-calibration, check consistency
between RR & LL)

IMAGR (reimage facets for target source field, CH24S1: first round of self-
calibration, IMEAN for rms)

FLATN (combine CH24S1 facets)

CALIB (SOLINT 3, SOLMODE ’P’ for second round of self-calibration of
phases, writes out new uv dataset CH24S2)

SNPLT (to print out SN plots & check self-calibration, check consistency
between RR & LL)

IMAGR (reimage facets for target source field, CH24S2: second round of self-
calibration, IMEAN for rms)
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FLATN (combine CH24S2 facets)

CALIB (SOLINT 1, SOLMODE ’P’ for third round of self-calibration of phases,
writes out new uv dataset CH24S3)

SNPLT (to print out SN plots & check self-calibration, check consistency
between RR & LL)

IMAGR (reimage facets for target source field, CH24S3: third round of self-
calibration, IMEAN for rms)

FLATN (combine CH24S3 facets)

UVSUB (make UVSUB dataset with removed effects of clean components aka
only noise left)

WIPER (to remove remaining bad data from UVSUB dataset)

UVSUB (FACTOR −1 to make UVADD dataset)

CALIB (SOLINT 10, SOLMODE ’A&P’ for fourth round of self-calibration, this
time for phases AND amplitude, writes out new uv dataset CH24S4)

SNPLT (to print out SN plots & check self-calibration, check consistency
between RR & LL)

IMAGR (with UVADD, UVBOX 5, NCHAV 24 to make combined channel map,
reimage facets for target source field, CH24S4: fourth round of self-
calibration, IMEAN for rms→ FINAL FACETS)

FLATN (combine CH24S4 facets→ FINAL FLATN)

JMFIT (to calculate flux of target source, also check other sources in field)

IMAGR (with UVADD, UVBOX 5, NCHAV 1 to make CH24S4 single channel
maps for spectrum)

JMFIT (to calculate fluxes of target source from each channel, also check other
sources in field, output to file SPECTRUM.TXT→ grep Integral SPEC-
TRUM.TXT)
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Notes: Tests on CH24 dataset to maximise SNR

AIM: to achieve best possible SNR

NOTE: keep track of noise values for each test

TESTA: IMAGR (with ROBUST 5)

TESTB: IMAGR (with ROBUST 0, UVRANGE 1, 0)

TESTC: IMAGR (with ROBUST 0, UVRANGE 0, UVBOX 5)

TESTD: UVSUB (make UVSUB dataset with removed effects of clean compon-
ents aka only noise left)

WIPER & CLIP (to remove remaining bad data from UVSUB dataset)

UVSUB (FACTOR −1 to make UVADD dataset)

→ TESTC + TESTD = CH24S4 + UVSUB (UVADD) + UVBOX 5 worked best for TTAU

Notes: Final maps

AIM: to obtain fluxes & spectrum

IMAGR (with CH24S4, UVADD, UVBOX 5, NCHAV 24 to make combined
channel map

JMFIT (to calculate flux of target source, also check other sources in field)

IMAGR (with CH24S4, UVADD, UVBOX 5, NCHAV 1 to make single channel
maps for spectrum)

JMFIT (to calculate fluxes of target source from each channel, also check other
sources in field, output to file SPECTRUM.TXT→ grep Integral SPEC-
TRUM.TXT)
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G M RT F I E L D M A P S

Due to the large primary beam of the GMRT, I followed Garn et al. (2007) and conducted
wide-field imaging using facets (see Chapter 6 and Appendix D). The task setfc was used
to create a list of facet positions for use in imagr. Each field was divided into 61 smaller
facets for the 325 MHz data and into 31 facets for the 610 MHz data, and arranged in a
hexagonal grid. In each case the area covered is large compared with the GMRT primary
beam, allowing bright sources well outside of the observed region to be cleaned from the
images. The faceting technique avoids the introduction of phase errors due to the non-
planar nature of the sky (Garn et al., 2007). Each field went through several iterations
of self-calibration and re-imaging, improving the noise levels up to 30% and significantly
reducing the residual side lobes around bright sources. The resulting facets were then
stitched together and corrected for the primary beam using flatn. To illustrate the quality
of the data, the central facet from the L1551 IRS 5 region is shown in Figure 6.1 and the
full, flatn images for each source at each frequency are presented in this appendix.
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gmrt field maps

Figure E.1.: The flatn image comprised of 61 facets for the L1551 IRS 5 field at 325 MHz. The GMRT
primary beam is denoted by the circle with a width at half power of approximately 81′.
The grey-scale ranges between −0.2 and 2 mJy beam−1 and the resolution is 11′′.4× 9′′.5,
P.A. −88◦.5.
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gmrt field maps

Figure E.2.: The flatn image comprised of 31 facets for the L1551 IRS 5 field at 610 MHz. The GMRT
primary beam at is denoted by the circle with a width at half power of approximately 43′.
The grey-scale ranges between −0.2 and 1 mJy beam−1 and the resolution is 6′′.2× 4′′.9,
P.A. 76◦.5.
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gmrt field maps

Figure E.3.: The flatn image comprised of 61 facets for the T Tau field at 325 MHz. The GMRT
primary beam is denoted by the circle with a width at half power of approximately
81′.The grey-scale ranges between −0.2 and 2 mJy beam−1 and the resolution is 10′′.8×
9′′.5, P.A. −81◦.6.
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gmrt field maps

Figure E.4.: The flatn image comprised of 31 facets for the T Tau field at 610 MHz. The GMRT
primary beam is denoted by the circle with a width at half power of approximately 43′.
The grey-scale ranges between −0.2 and 1 mJy beam−1 and the resolution is 6′′.0× 5′′.0,
P.A. 83◦.8.
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gmrt field maps

Figure E.5.: The flatn image comprised of 61 facets for the DG Tau field at 325 MHz. The GMRT
primary beam is denoted by the circle with a width at half power of approximately 81′.
The grey-scale ranges between −0.2 and 2 mJy beam−1 and the resolution is 11′′.6× 9′′.2,
P.A. 79◦.6
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gmrt field maps

Figure E.6.: The flatn image comprised of 31 facets for the DG Tau field at 610 MHz. The GMRT
primary beam is denoted by the circle with a width at half power of approximately 43′.
The grey-scale ranges between −0.2 and 1 mJy beam−1 and the resolution is 6′′.5× 5′′.2,
P.A. 74◦.0
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F
G M RT S A M P L E S P E C T R A L E N E R G Y D I S T R I B U T I O N R E F E R E N C E
TA B L E

An extensive literature search was conducted for unresolved, integrated flux densities to
include in the spectral energy distributions discussed in Chapter 6. It should be noted that
Wendker (1995) was a useful reference. High resolution data that were highly discrepant
due to flux loss or data with high uncertainties (e.g. 450 µm data from di Francesco et al.,
2008) were not included. Where uncertainties were not provided, an error of 10% was used
in the model fittings and this is indicated by a †.

Table F.1.: Reference list for the spectral energy distribution data.

Source ν (GHz) Sν (Jy) Reference

T Tau 0.325 (3.83± 0.31)× 10−3 this work

0.61 (4.16± 0.23)× 10−3 this work

1.4 4.80× 10−3†

1.4 (2.80± 0.50)× 10−3 Schwartz et al. (1986)

1.465 (5.00± 1.00)× 10−3 Rodríguez & Canto (1983)

1.465 (3.00± 1.00)× 10−3 Schwartz et al. (1984)

1.49 (2.74± 0.11)× 10−3 Cohen & Bieging (1986)

2.695 (4.00± 2.00)× 10−3 Spencer & Schwartz (1974)

4.86 (4.94± 0.34)× 10−3 Skinner & Brown (1994)

4.86 (4.62± 0.26)× 10−3 Skinner & Brown (1994)

4.86 (4.53± 0.29)× 10−3 Skinner & Brown (1994)

4.885 (5.80± 0.60)× 10−3 Cohen et al. (1982)

4.885 (5.00± 0.60)× 10−3 Rodríguez & Canto (1983)

Table continued on next page...
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Table F.1 – Continued from previous page.

Source ν (GHz) Sν (Jy) Reference

4.885 (4.30± 0.20)× 10−3 Schwartz et al. (1984)

4.885 (5.20± 0.50)× 10−3 Bieging et al. (1984)

4.885 (5.70± 0.50)× 10−3 Schwartz et al. (1986)

4.885 6.40× 10−3† Evans et al. (1987)

5 (6.50± 0.07)× 10−3 Cohen et al. (1982)

8.085 (8.00± 2.00)× 10−3 Spencer & Schwartz (1974)

8.44 (5.19± 0.30)× 10−3 Skinner & Brown (1994)

8.44 (5.05± 0.31)× 10−3 Skinner & Brown (1994)

8.44 (5.79± 0.34)× 10−3 Skinner & Brown (1994)

8.44 (7.93± 0.51)× 10−3 Skinner & Brown (1994)

8.44 (5.81± 0.41)× 10−3 Skinner & Brown (1994)

10.5 (7.30± 2.80)× 10−3 Maran et al. (1979)

10.69 (8.00± 2.00)× 10−3 Altenhoff et al. (1976)

14.94 (6.50± 0.07)× 10−3 Cohen & Bieging (1986)

14.949 (5.14± 0.43)× 10−3 Skinner & Brown (1994)

14.965 (9.00± 1.00)× 10−3 Schwartz et al. (1984)

14.965 (7.50± 0.70)× 10−3 Bieging et al. (1984)

14.965 (1.11± 0.10)× 10−2 Schwartz et al. (1986)

15 (8.60± 2.00)× 10−3 Bertout & Thum (1982)

86 (3.27± 0.78)× 10−2 Altenhoff et al. (1986)

90 (6.80± 2.70)× 10−2 Schwartz & Spencer (1977)

112.6 (7.50± 0.75)× 10−2 Weintraub et al. (1989b)

226 (8.94± 1.53)× 10−1 Altenhoff et al. (1986)

230 (2.80± 0.09)× 10−1 Beckwith et al. (1990)

230 (2.53± 0.18)× 10−1 Reipurth et al. (1993)

231 (2.80± 0.09)× 10−1 Andrews & Williams (2005)

250 (2.96± 0.25)× 10−1 Altenhoff et al. (1994)

272 (3.20± 0.30)× 10−1 Adams et al. (1990)

Table continued on next page...
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Table F.1 – Continued from previous page.

Source ν (GHz) Sν (Jy) Reference

272 (5.79± 0.27)× 10−1 Weintraub et al. (1989a)

284 (4.17± 0.41)× 10−1 Beckwith & Sargent (1991)

341 3.04× 10−1† Harris et al. (2012)

353 2.25† Sadavoy et al. (2010)

353 2.47† di Francesco et al. (2008)

353 (6.28± 0.17)× 10−1 Andrews & Williams (2005)

375 1.22± 0.04 Weintraub et al. (1989a)

375 (8.60± 0.80)× 10−1 Jewitt (1994)

380 1.07± 0.11 Adams et al. (1990)

390 (9.10± 0.09)× 10−1 Beckwith & Sargent (1991)

463 1.30± 0.20 Adams et al. (1990)

676 2.60± 0.40 Adams et al. (1990)

676 1.66± 0.22 Andrews & Williams (2005)

676 6.71± 0.61 Weintraub et al. (1989a)

854 10.2± 0.70 Weintraub et al. (1989a)

854 8.15± 0.25 Andrews & Williams (2005)

3× 103 98.1† IRAS

5× 103 98.7† IRAS

12× 103 44.2† IRAS

25× 103 14.9† IRAS

DG Tau 0.325 (7.00± 2.00)× 10−4 this work

0.61 (4.00± 1.00)× 10−4 this work

4.89 (7.00± 1.00)× 10−4 Cohen et al. (1982)

4.89 (1.20± 0.10)× 10−3 Bieging et al. (1984)

4.89 (1.03± 0.07)× 10−3 Cohen & Bieging (1986)

4.89 (6.00± 1.00)× 10−4 Evans et al. (1987)

5.4 (1.05± 0.05)× 10−3 Lynch et al. (2013)

8.5 (1.27± 0.05)× 10−3 Rodríguez et al. (2012)

Table continued on next page...
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Source ν (GHz) Sν (Jy) Reference

8.5 (1.29± 0.07)× 10−3 Lynch et al. (2013)

8.5 (1.10± 0.06)× 10−3 Lynch et al. (2013)

15 2.01× 10−3† Cohen & Bieging (1986)

16.12 (1.40± 0.07)× 10−3 Scaife et al. (2012a)

23 2.90× 10−3† Bertout & Thum (1982)

43.3 (3.90± 0.22)× 10−3 Lynch et al. (2013)

98 (5.70± 0.40)× 10−2 Ohashi et al. (1991)

110 7.10× 10−2† Sargent & Beckwith (1989)

110 7.20× 10−2† Kitamura et al. (1996a)

111 7.50× 10−2† Sargent & Beckwith (1994)

112 8.00× 10−2† Woody et al. (1989)

147 (1.86± 0.17)× 10−1 Kitamura et al. (1996b)

230 4.43× 10−1† Beckwith et al. (1990)

230 4.40× 10−1† Adams et al. (1990)

250 (4.20± 0.42)× 10−1 Altenhoff et al. (1994)

260 4.89× 10−1† Beckwith & Sargent (1991)

270 5.32× 10−1† Weintraub et al. (1989a)

273 (4.40± 0.30)× 10−1 Adams et al. (1990)

273 (5.32± 0.48)× 10−1 Weintraub et al. (1989a)

284 (4.89± 0.33)× 10−1 Beckwith & Sargent (1991)

375 (9.40± 1.00)× 10−1 Adams et al. (1990)

390 (8.60± 1.00)× 10−1 Beckwith & Sargent (1991)

480 1.21± 0.2 Beckwith & Sargent (1991)

500 1.4± 0.2 Adams et al. (1990)

666 3.39± 0.44 Weintraub et al. (1989a)

666 3.6± 0.4 Adams et al. (1990)

857 9.6± 1.1 Adams et al. (1990)

2.1× 103 37.03± 7.3 Yamamura et al. (2010)

Table continued on next page...
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Source ν (GHz) Sν (Jy) Reference

3× 103 53.13† IRAS

5× 103 41.59† IRAS

12× 103 23.59† IRAS

25× 103 10.64† IRAS
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