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Abstract

Jets of young stellar objects have shown to be either thermal jets associated with free-free emission
or non-thermal jets as a result of synchrotron emission. Our goal is to differentiate between thermal
and non-thermal jets by looking for trends through their protostellar physical parameters. We use
radio continuum observations of the Karl G. Jansky Very Large Array done by Gould’s Belt Survey
to study the spectral indices and flux densities of 706 young stellar objects in the Orion and Taurus-
Auriga regions. We also compare our findings with literature values for the magnetic field strength
in order to understand the environment of the jets. We find that non-thermal jets have a stronger
magnetic field reaching values up to 10−1 G, two orders of magnitude higher than thermal jets.
Mass-loss rates acquired in the outflows shows a linear trend for the optically thick jets linked with
free-free emission while non-thermal jets mass outflow do not vary much. The magnetic field in
non-thermal jets is powerful enough to deny any instabilities that might affect the mass-loss rate.
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1 Introduction

Dense cloud regions are considered to be the main site of star formation where hydrogen is in
molecular form (Motte, Bontemps, & Louvet, 2018). Numerical modeling and theoretical proposed
mechanisms helped us understand observations of the birth of young stars where two scenarios of
accretion have been proposed (Tan et al., 2014). In case of monolithic core accretion, the range
of star-masses is wide depending on the density of the cloud and cluster mass function where the
condensed gas in the core collapse under its own gravity after failing to sustain the thermal pres-
sure, leading to an accretion process mediated by the central disk. On the other hand, competitive
accretion is based on gas being chaotically drawn into a starless core, where eventually the massive
protostar will be at the center of the clump and roaming around it are lower-mass stars that were
created through the ambient gas circling the massive star. During the accretion processes in both
cases, one of the main feedback mechanisms that help us study the properties of the sources is
outflows (Shu et al., 1987; Tan et al., 2014).

Outflows are crucial for star formation since they allow the continuation of the accretion process
by removing the excess angular momentum (Hawley et al., 2015). For an isolated-low-mass star
region, observing the bipolar outflows is the only available feedback we can detect (Elmegreen &
Scalo, 2004). However, massive stars feedback can be its initial mass function or disruption it does
to its surroundings allowing us to study the object and predict its mass. The origin of the outflows
themselves is not completely understood yet due to the high extinction present in the dense envi-
ronment of star forming regions. (Blandford & Payne, 1982) proposed earlier on the importance of
magnetic field in these conditions.

Protostellar outflows are best observed at radio wavelengths, since the extinction by dust is minimal
in this range (Obonyo et al., 2019).The most used tracers to study the radio knots are CO emission
and Herbig-Haro(HH) objects. HH objects are the product of the shocked outflow originating from
the protostar interacting with the surrounding medium (Schwartz, 1983),creating optical emission
in low excitation lines(e.g [OI] and [SII]). Outflow tracers can be high-velocity emission in the radio
frequency range of H2O masers (Kavak et al., 2021; Rodriguez et al., 1980). Both HH objects and
H2O masers have been linked to the outflows of stars through their proper motions in terms of tan-
gential velocities (Arce et al., 2007), and an observational tracer is dependent on the evolutionary
stage of the outflow source.

Observations at radio frequencies showed that free-free emission found in thermal jets is not the
only emission that can be detected through the radio jets. Feigelson and Montmerle (1985) detected
non-thermal emission in the jets coming from highly energetic electrons emitting synchrotron radi-
ation. Consequently, at present, the gould’s belt survey confirmed 1041 sources of radio jets that
could be either thermal or non-thermal jetsacross 4 star formation regions of different initial mass
functions (Dzib et al., 2013; S. A. Dzib et al., 2015; Kounkel et al., 2014; Ortiz-Leó n et al., 2015).

The distinction between thermal and non-thermal protostellar bipolar outflows is yet to be found.
Thermal jets are dominated by free-free emission which is produced through the deflection of a high
energy electron by a local electric field made by a H+ nucleus (Draine, 2011). The spectral index of
the jets (Sν ∝ να) (Reynolds, 1986), where Sν is the flux density of the radio jets, ν is the frequency
used to observe the corresponding flux and α is the spectral index of the source calculated by the
relation mentioned. Positive spectral indices are expected from radio jets dominated by free-free
emission, depending on the spectral index, the regime can be either optically thin or thick , Purser
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et al. (2016) defined the optically thick region to have a spectral index of 1 < α ≤ 2 and optically
thin at −0.1 ≤ α ≤ 1 . On the other hand,negative spectral indices are accompanied by the result
of having accelerated electrons from shocks in the vicinity of a strong magnetic field existing in
non-thermal jets, emitting synchrotron radiation (Bordovitsyn & Ternov, 1999). Non-thermal jets
are in the optically thin regime but are hard to observe due to the optically free-free emission regime
surrounding it (Anglada et al., 2018).

The goal of this research is to be able to classify and reason the thermal and non-thermal ra-
dio jets found in YSOs. To be able to do that, we aim to analyse star formation regions through
the use of Gould’s Belts Survey database. Gould’s Belts Survey is a project that concentrated on
observing radio jets of YSOs found in star formation regions around the Gould’s Belt (Dunham et
al., 2015). We will search for correlation between the young star’s physical properties and having a
thermal or non-thermal radio jet emission.
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2 Theoretical background

2.1 Magnetic field effect on outflows

Protostars of low and intermediate mass are known to have an accretion disk roaming around its
core, these disks are the supplier of gas for the young star in the center. Donati et al. (2005) proved
the presence of a strong magnetic field of value 1kG in the inner region of the disk in order to sustain
the high accretion rate( 10−4M⊙yr

−1 the protostars have. Consequently, this observation indirectly
assisted the theory of magnetized jet proposed by Blandford and Payne (1982) and was later con-
firmed by (Carrasco-Gonzalez et al., 2010) who used the Karl G. Janksy Very Large Array(VLA) to
find the first observational evidence of a magnetised jet in HH 80-81 using radio continuum emission.

Originally magnetic fields were not thought to be involved in the outflow process since winds from
the accretion disk were suggested to be the main drivers of the jets (Pudritz & Norman, 1983),
stating hydromagnetic winds carry the angular momentum and energy outwards in the form of jets.
The reasoning was not further approved due to high resolution spectro-imaging technology which
revealed the rotation of the collimated jets in addition to having a complex structure in terms of
velocities which cannot be solely done by disk wind (Bacciotti et al., 2003; Pudritz, Ouyed, Fendt,
& Brandenburg, 2006). Moreover the ejected momentum was orders of magnitude higher than what
the radiation pressure could afford (Lada, 1985). Blandford and Payne (1982) theory of magnetohy-
drodynamics(MHD) was solidified by these conclusions, the spiral-shaped magnetic field around the
accretion disk, allowing the protostar to shed the additional angular momentum and gravitational
potential energy by ejecting bipolar outflows. Recently Kee et al. (2016) suggested outflow creation
by stellar wind of OB stars being passed through UV radiation line’s scattering, however there have
not been any tests about this proposition since it is quite new. Low-mass Class 0 YSOs do not have
the gravitatoonal potential energy to launch outflows since Class 0 are in an early stage of accreting
where the envelope mass is bigger than core mass. Quasispherical winds are the limit for Class 0
stars in terms of outflows (Bally, 2016; Barsony, 1994)

Magnetised accretion disks experience magneto-rotational instability(MRI) due to the difference
in angular velocity between between the inner and the outer region of the accretion disk resulting
in turbulence in the MHD which affects the transported angular momentum to the jets (Balbus &
Hawley, 1991). Magnetic field is always accompanied by a magnetic flux, in this case the flux’s field
lines are acting perpendicularly on the accretion disk (Kigure & Shibata, 2005). The resulting force
surpasses the gravitational pull applied from the core resulting in a vertical ejection of accelerated
ionised material into the ambient medium. The blasting of hot-ionised-high velocity gas into a
cooler-slower medium creates Kelvin-Helmholtz(KH) instability in addition to shock waves leading
to high velocity shock-compressed layer as shown in Figure 1.
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Figure 1: A rough sketch of the outflow process inspired by Bally (2016), the spirally lines(brown)
represent the magnetic field around the inner core of the star(red) pushing materials perpendicular
to the accretion disk and in a parallel direction with the magnetic flux arrows(pink). The ejected
ionised gas (green) led by shock front interacts with the ambient medium (blue) representing the
molecular outflow tracers. Making the shape of a collimated jet bounded by the cavity walls(yellow).

The simultaneous events triggered due to MHD and the instabilities show how unstable and chaotic
the vicinity of a protostar is. However, it is not efficient enough for MHD and disk winds are not
sufficient to create collimated jets (Begelman, 1998). Toroidal component of the magnetic field plays
a role in applying the tension needed to direct the outflows into a lobe. The presence of the toroidal
field line surfaces in the alfvén region where the kinetic energy density of the flow is less than the
magnetic field energy density. The structure of the lobes depend on multiple physical parameters
of young stellar object such as core luminosity, age of the source and mass accretion rate. It also
depends on the observational tracer that was used, Rodŕıguez-Kamenetzky et al. (2020) used radio
continuum high resolution images (0.′′12x0.′′09) to analyse massive young stellar objects(MYSO),
through their free-free emission. The morphologies of the jets ranged up to ≈ 0.1 arcsecond in
addition to calculating the proper motions of the thermal jets on the course of 22 years to be in the
range of ≈112 ∼118 km s−1.
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2.2 Thermal jets

Thermal free-free emission was thought to be the only tracer at radio wavelengths to study the
radio jets, which resulted in Reynolds (1986) modeling the mass outflow rate, injection radius and
jet velocity for positive spectral indices. Rodriguez et al. (1989) though, detected negative spectral
index which suggested non-thermal jets. The history for observations of radio jet source clearly
shows that thermal jets are the more common type of jets in young-low mass stars based on the
VLA observations of young star candidates Anglada et al. (2018). Thermal jets are dominated
by free-free emission which have a positive spectral index, meaning that the flux density increases
with frequency. These jets tend to be optically thick, making harder to measure their physical
parameters. Additionally, two different Taurus region surveys indicated the low variability of flux
density in thermal jets and their polarization to be linear (S. A. Dzib et al. (2015);Cohen and
Bieging (1986);Anglada et al. (2018)).

2.3 Non-thermal jets

Relativistic jets are observed in large scale jets from Active Galactic Nuclei extending up Mpc,
where shocks are the main producer of relativistic electrons (Blandford & Ostriker, 1978). How-
ever, in our case where we focus on young stars, electrons are not as easily accelerated as in AGNs.
Synchrotron radiation in AGN has been detected at low radio frequencies as a result of high energy
electrons being around a magnetic field (Mohan, Vig, & Mandal, 2022). Synchrotron radiation re-
sults in negative spectral indices found in powerful radio knots and the first observed evidence were
by Reid et al. (1995) using the H2O masers outflow and Carrasco-Gonzalez et al. (2010) became the
first to evaluate the magnetic field of a magnetized jet, the collimated jets of HH 80-81 was linearly
polarized had a magnetic field of ∼ 0.2 mG . Non-thermal jets have high variability in terms of the
flux density(>50%) due to changes in direction of the ejection and the degree of collimation in the
outflows (Reipurth & Bally, 2001).

Class I are more evolved YSOs than Class 0 as they build a star core and the envelope mass drasti-
cally decreases. Synchroton radiation are expected from magnetically active Class I YSOs, however
the optically thick environment of free-free emission complicates the detection of synchrotron ra-
diation. One possibility is for the source to have a convective rotationally driven layer that could
supply the magnetic activity we detect (Dzib et al., 2010).

The degree of polarization ranges between 10 % to 30% of the total emission detected (Carrasco-
Gonzalez et al., 2010). The existence of synchrotron radiation allows the likelihood of having a
circular polarization, the conversion from linear polarization to circular polarization could happen
when having low energy electrons being around relativistic electrons and the presence of either mag-
netic field resulting in MHD or Faraday’s rotation which we can expect in non-thermal jets due to
the relativistic particles. Circular polarization is generally found in synchrotron emission regimes,
where its production can be through MHD causing MRI which results in turbulences. This allows
the conversion from linearly polarized to circularly polarized.

Page 6



Ismail Eissa

3 Methods

3.1 Observations

Recently, jets studies have been focusing on individual massive protostars since a higher angular
resolution is obtained with large arrays such as VLA and Atacama Large Millimeter Array(ALMA),
having a resolution of sub-arcsecond. Purser et al. (2016),Purser et al. (2021) and Vig et al. (2017)
analysed massive young stellar objects and classified 64 sources to have ionized jets. However, in
the case of our research, mass amount of YSOs are our main target in order to come out with
reliable correlations and properties. The Gould’s Belt Survey probed two dense clouds and their
data contained a large diversity in the spectral index calculated. In Subsection 3.2, we will go
through the data we used from the survey catalogs of Orion and Taurus-Auriga. regions(Dzib et
al., 2013; S. A. Dzib et al., 2015; Kounkel et al., 2014)

3.2 Gould’s Belt Survey

Gould’s Belt Survey focused on star formation regions around the Gould belt, the survey used the
VLA to observe the regions of Orion and Taurus-Auriga at radio frequency bands of 4.5GHz and
7.5GHz to obtain the flux density,spectral index, variability and the errors accompanying the pa-
rameters mentioned (Dunham et al., 2015). Unlike the 7.5GHz, the 4.5GHz datasets for the sources
were the main usage in this project due to having more sources in the band.

For the orion cloud, 374 sources were detected where 148 of them were previously identified as
young stellar objects(YSO), while the Taurus-Auriga complex observed a total 603 sources in the
4.5GHz band, with already known 196 YSOs. The other sources were recorded as either extragalac-
tic objects or a star within the Milky Way. Figure 2 shows the amount of radio sources detected
jets in both regions, leaving us with a completed set of data for 706 sources.

(a) (b)

Figure 2: Distribution for the radio sources in terms of their spectral indices for Taurus-Auriga
region(a) and Orion region(b) where a green vertical line at α = −0.1 separates the non-thermal
and thermal jets.
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3.3 Physical Parameters

3.3.1 Mass outflow rate

Mass outflow rate is a primary parameter for a forming protostar that could tell us the outflow
velocities and the morphology of the outflow.
However, to be able to calculate the outflow rate, we used Purser et al. (2016) and Reynolds (1986)
categorization of the jet spectra, where we used the spectral index to approximate the model of
the jet. For 0.4 ≤ α < 0.8, a ”standard” spherical model jet is assumed, in the case of α ≥ 0.8, a
recombining jet model is assigned and for α < 0.4 a ”standard” collimated model was given. We
used Purser et al. (2016) equation for the mass-loss rate given by:

ṀJet =
9.38× 10−6v8 µS

3/4
mJy d

3/2
kpc θ

3/4
0

x0 να10 ν
0.45− 3α

4
m10 T 0.075

4 (sin i)1/4F 3/4
(1)

v8 ≡ v/108cms−1 is the ionized gas expansion velocity and assumed to be 500 km s−1, µ is the
average particle mass taken to have a value of 1, α is the spectral index, dkpc is the distance to the
source, in this case we assume all the sources in Orion complex to be at a distance of 414 ± 7 pc
(Menten, K. M. et al., 2007) and the Taurus-Auriga cloud sources to be at 137± 20 pc (Torres et al.,
2007), SmJy is the integrated flux density, ν10 is the frequency band used for the observation, νm10 is
the turnover frequency where it’s value is assumed to be 50GHz for α > 0 since it becomes optically
thick because of free-free emission. On the other hand, in case of α < 0 we took the turnover
frequency to be the smallest observation frequency band that was used in the observations, in this
case it was set to be 4.5GHz. Moreover, θ0 is the deconvolved opening angle of the outflow, F is the
term based on Table 1 in Reynolds (1986), i is the angle of inclination taken to be 60◦(Purser et
al., 2016; Sanna et al., 2016), x0 is the ionisation fraction assumed to be 1 since we are calculating
the ionized mass and T4 is the electron temperature in the medium which is assumed to be 104K
for these regions.

3.3.2 Magnetic field

Synchrotron radiation emission depends on the strength of the magnetic field around it, therefore
estimating the magnetic field for all the radio jets we acquired is essential in order to potentially find
a relation between non-thermal jets and the magnetic field. For a standard energy distribution of
electrons, we made use of the equipartition of energy between the magnetic field and the relativistic
particles,which as a result allow us to estimate the magnetic field through (Vig et al., 2017):(

Beq

gauss

)
= 5.69× 10−5

[
1 +K

η(sinϕ)3/2(α+ 1/2)

(
arcsec2

θxθy

)]2/7

×

(kpc

s

)(
Fo

Jy

) (να+1/2
2 − ν

α+1/2
1

)
ναo (α+ 1/2)

2/7 (2)

Where Fo is the radio flux density at the observed frequency νo, s is the distance to the source,
θx andθy are the beam sizes for the major and minor axis, respectively.The arithmetic mean value of
the beam sizes for the VLA observations for the Taurus-Auriga region and was also applied to the
orion region since Kounkel et al. (2014) did not mention the synthesized beam size they recorded
for their sources. α is the spectral index determined for the source, K is the ratio of energy between
heavy relativistic protons and electrons, η is a filling factor because of the beam, ϕ is the angle
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between our observations line-of-sight and the magnetic field of the outflow, which is taken to be ∼
34 ◦(Vig et al., 2017). Higher and lower cutoff frequencies were assigned to be ν2 and ν1, respectively
and their values were assumed by Miley (1980) to be ν1= 0.001GHz and ν2=100GHz . The only
limitation for this approximation is that, we cannot mathematically work out the magnetic field for
sources with spectral index of value α = −0.5, therefore we had to eliminate these sources for this
calculation.

3.3.3 Bolometric luminosity

Flux density and the distance to the source were used to calculate the bolometric luminosity of the
source which is an essential parameter in our research. We wanted to test the correlation between
the mass outflow rate and the bolometric luminosity due to the positive relation expected between
them (Bally, 2016). We approximate the bolometric luminosity of the sources at a frequency of
4.5GHz byAnglada et al. (2018):(

Svd
2

mJykpc2

)
= 10−1.90±0.07

(
Lbol

L⊙

)0.59±0.03

(3)

Where the radio continuum luminosity is empirically correlated with the bolometric luminosity of
the source.

3.3.4 Momentum

Energy supplied to the ambient medium through the shocks in the outflow can be estimated from
the amount of momentum found in the lobes, the more core mass the YSO has, the more energy it
has to offer for the outflows. Therefore we calculated the momentum through its correlation with
the radio luminosity in the centimeter continuum using the equation (Anglada et al., 1992; Anglada
et al., 2018; Cabrit & Bertout, 1992):(

SV d
2

mJykpc2

)
= 102.97±0.27

(
Ṗ

M⊙yr−1 km s−1

)1.02±0.08

(4)

In which Sνd
2 is the radio continuum luminosity at frequency of 4.5GHz observed as direct relation

for the momentum. The main reason for calculating the momentum rate is to observe its effect on
the magnetic field in the lobes
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4 Results

Here we present our findings regarding the parameters of the outflow, investigating any correlations
that could be found that may help to understand the behaviour of the jets in terms of their physical
parameters. Expecting from the relations to have a direct contrast between the type of jets in order
to help the science community with further research projects on the observations of outflows.

4.1 Spectral index vs. Magnetic field

Considering that the magnetic field is the main factor affecting synchrotron emission, it was es-
sential to find out the dependence of the magnetic field in terms of YSOs properties, therefore the
spectral index is the perfect candidate to understand the strength of the magnetic field.

(a)

(b)

Figure 3: Magnetic field of Orion region sources (a) and Taurus-Auriga region sources (b) plotted
as a function of the spectral index and color mapped with their bolometric luminosities
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Figure 3 clearly shows difference in magnetic field values between non-thermal and thermal regimes.
The range for the Orion source’s spectral indices is −6 ≤ α ≤ 3,extending much more than the
Taurus-Auriga sources which is −3 ≤ α ≤ 2.5 . A spectral index of α ≤ −2 is not expected for
a young stellar object, moreover the sources in the deep negative spectral index regime were un-
classified by the Gould’s catalog. I suggest that such objects may be AGN with high number of
relativistic electrons, causing an unconventional power law.
The synchotron emission regime has a dominant magnetic field strength where it reaches a peak of
10−1G . We can also see for non-thermal jets, as the spectral index increases, the magnetic field
strength decreases. The decrease rate of the magnetic field is higher in range of −6 ≤ α ≤ −2 and
afterwards it continues the decline in a steady rate till it reaches 10−4G.
Free-free emission regime magnetic field varies between 10−3G and 10−4G, where it slightly increase
as the spectral index grow.

The more luminous objects are slightly above the average trend, the correlation coefficient (τ)
for the Orion region is less than the Taurus-Auriga region by a relatively big margin. The correla-
tions coefficients were τ= -0.354 and τ= -0.500 for Orion and Taurus-Auriga regions respectively.
The correlations are lower than what we wanted since we expected a linear inverse relation as the
spectral index increases indicating the absence of sychrotron radiation. However the magnetic field
increases back again at α ≈ 1.0, and steadily rise in the free-free emission’s regime. Another pos-
sibility for the correlation decrease is the the sudden jump in the magnetic field strength in both
regions at α = −0.5 mark. The error bars in this regime also rise which might justify the brief
increase the magnetic field values to be an observational uncertainty. Though the Gould’s Belt
Survey did not mention any observational obstacles, having magnetic field values with errors up to
one order of magnitude shows an increase in the flux density uncertainty.

Mukherjee et al. (2020) created different scenarios for low,medium and highly magnetized jets.
For low magnetised jets < 10−4G, they develop one of the MHD instabilities known as kink modes
which is where most of the free-free emission thermal jets are, causing the cocoon to be asymmer-
tic which can result in change in the direction of the outflow known as jet bending (Koide et al.,
1996). Moreover, jets with magnetic field of 10−4G < B < 10−3G classified as medium magnetised
jets,exist in thermal and non-thermal jets develop small scale KH instabilities, intensifying as a
result the interaction of the ionised outflow with the ambient medium round the cocoon. Sources
with magnetic field > 10−3G are considered to be powerfully magnetised jets, prove to the most
stable as they supress the instabilities using the resolving force of the toroidal component of the
magnetic field. Those type of jets exist only in the negative spectral indices region, where there are
18 and 3 sources of them in Orion and Taurus-Auriga respectively.

4.2 Spectral index vs. Mass outflow rate

The mass outflow rate calculated for the sources in Figure 2 varied between 10−8M⊙yr
−1 to

10−4M⊙yr
−1. There has not been a clear relation between the type of jets and amount of mass lost

in the ejection, however we see a different result in Figure 4.
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Figure 4: Sources color mapped by their luminosities and their mass outflow rate plotted as a
function of the spectral index for both star formation regions

Firstly we see the clear distinction between the outflow rate when comparing the regions together.
To understand the region comparison more clearly, we displayed the mass-loss comparison between
both regions in Figure 8. Taurus-Auriga is a low-mass star formation region when compared to a
more developed region with intermediate-high star formation, Orion in this case.
The ionised mass-loss rate for Orion region ranges between 10−6M⊙yr

−1 and 10−4M⊙yr
−1. For the

Taurus-Auriga region, it ranges between around 10−8M⊙yr
−1 to 10−5M⊙yr

−1. We showed in Sub-
section 4.1 the high stability powerful magnetised jets have> 10−3G, correspondingly the changes
in mass-loss rates for the non-thermal jets occur only because of difference in envelope masses and
as a result of the luminosities of the sources shown in the color map of Figure 4 (Duarte-Cabral, A.
et al., 2013).

For thermal jets, a linear rise in the mass-loss rates to almost 10−4M⊙yr
−1 for the Orion region

as the spectral index increase for Orion, however the rise in mass-loss rates for the Taurus-Auriga
region is less significant as it increases to only 10−6M⊙yr

−1. We conclude that Orion region has
heavier objects and stronger magnetic jets. To understand the relation between the mass-loss rate
and the magnetic field in a more direct way, we present Figure 5
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Figure 5: Sources color mapped by spectral index with their mass outflow rate plotted as a function
of the magnetic field strength for both star formation regions

Highly magnetised jets(> 10−3G) do not have a specific relation with the amount of mass lost in
the outflows. On the other hand, positive spectral indices grow stably with the mass-loss rate as
the magnetic field increases from 10−4 to 10−3G in both regions shown in Figure 5. A correlation to
understand the relation between parameters was not possible for the Orion region as 18 sources with
strongly magnetised jets extending to 10−1G were present. The stability of these heavily magnetised
jets do not cause the mass-loss outflow to differ, which affects the correlation of the relation. For
the Taurus-Auriga region, only 3 sources had strong magnetic field strength, making it possible to
calculate a correlation for the mass-loss outflow rate as a function of the magnetic field, acquiring
a value of τ= 0.36.

4.3 Bolometric Luminosity vs. Mass outflow rate

We expect a linear relation between the mass-loss rate in the outflows and the envelope mass as the
heavier the accretion disk around the core is, the more material the object can eject in its outflows.
Correspondingly, making the outflows more luminous(Bally, 2016).
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Figure 6: Mass-loss outflow rate plotted as a function of the bolometric luminosity, color mapped
by the momentum rate in their outflows.

The mass-loss rate in the bipolar outflows increases in cohesion with the luminosity, showing the
effect of having more mass around the clump to be accreted, resulting in a higher mass rate ejected
by the helical magnetic field in the lobes (Beuther et al., 2002). Furthermore, the momentum flux
rate in the outflows increase with the mass-loss rate, which is what we would expect as a result of
the increasing mass of material in the outflows.

Moreover, we can also observe the massive unidentified objects around the region of Orion hav-
ing luminosities of 104 ≤ L⊙ ≤ 106, and the potential of having a black hole in the center of
the region. The correlation coefficient for the plot is a notable τ=0.92 demonstrating the high
dependence of mass-loss rate on envelope of the star with a p-value < 0.001.
We removed a total number of 44 sources from both regions due to high relative errors ≈ 80% in
the bolometric luminosity values due to the errors in the region distance and flux densities. The
rise in errors for especially the Orion region could be because of their relative long distance of 414pc
when compared to the Taurus-Auriga region at a distance of 137pc.
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4.4 Momentum vs. Magnetic field

(a)

(b)

Figure 7: Sources mapped in their spectral indices with the magnetic field in the outflows plotted
as a function of the momentum outflow rates for Orion(a) and Taurus-Auriga(b) regions

Figure 4 and Figure 5 demonstrated for us the non-linear relation the mass-loss rate have with the
magnetic field. Moreover, it is shown in Figure 9 the randomness between the spectral index and
momentum flux, therefore we did not expect a direct correlation between the momentum outflow
rate and the magnetic field. For the Taurus-Auriga, the low-mass region has a correlation value of
τ= 0.33 with a p-value < 0.001. Demonstrating the weak relation between the momentum rate and
poorly magnetised jets as the Taurus region only has 3 sources that are highly magnetised. On the
other hand, Orion region has 18 sources that are highly magnetised jets, its momentum does not
have a correlation with the magnetic field ( τ < 0.017). The momentum rate plotted in Figure 7
shows the dim relation with weak magnetised jets mostly found in the thermal jets regime but has
zero correlation with high magnetised jets found at α < −2.
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5 Discussion

For 706 protostars in 2 star-forming regions, we have found a trend of synchotron emission mech-
anism with the magnetic field and how high (> 10−1G) the magnetic field strength can get for
negative spectral indices . In addition, we explained with the help of simulations how can powerful
magnetised jets suppress the MHD instabilities, while moderate and low magnetised jets(< 10−3G)
go through two types of MHD instabilities. Low magnetised jets can only be found in thermal jets.
In this section we will discuss further research that could be done to add more to the results that
could improve our understanding towards jets and their outflows.

5.1 Core mass calculation

Calculating the core mass of the sources will allow us to correlate it with the ionised mass-loss
rates in the outflows. It was not possible with only Gould’s Belt Survey measurements, as the
survey focused on radiation emission at radio wavelengths. To be able to acquire the envelope’s
mass, we would need the flux density of interstellar dust at millimeter wavelengths (Hildebrand,
1983; Schuller et al., 2009). Moreover, we can also compare the sources core mass with molecular
outflows, expecting a relation of Mout ∼ 0.1 M0.8

core where Mcore is the core mass and Mout is the
mass outflow in observed in CO. This relation was found through observing 26 massive young stars
CO outflows (Bontemps, Andre, Terebey, & Cabrit, 1996; Cabrit & Bertout, 1992).
Furthermore, a classification for the sources in terms of their evolution could be obtained using their
core masses and bolometric luminosities (Molinari et al., 2016). This could give us an overview on
the difference ages of star formation regions and type of stars that exist there.

5.2 Jet velocities

An improvement that can be implemented, is measuring the jet velocities for all the sources that
lie in the Taurus-Auriga and Orion regions. The measurement of the outflow velocities could be
possible through observing the spectra for molecular and radio emission tracers (Arce et al., 2013).
A more accurate mass-loss rate could be obtained using Equation 1 and as a result acquire a better
relation between the core mass and the ejected ionised mass. We could also compare the velocity
of molecular and ionised outflow of the same source, in order to find a link between the accelerated
ambient medium and the ejected hot material in the outflows.

5.3 Polarized emission

Polarization make up 10% to 30% of the total synchotron radiation emission. Detecting polarized
synchrotron emission may help us get a better approximation for the magnetic field direction in
the jets. The degree of polarization in the jets can also tell us how effective is the magnetic field in
large scales jets (Carrasco-Gonzalez et al., 2010; Pacholczyk, 1970).

With the Next Generation Very large Array(ngVLA) starting early science in 2028, it is considered
to be 10 times more sensitive than the VLA, allowing us to process thermal and non-thermal line
emission at a resolution of milliarcsecond (Ford et al., 2019). Additionally, the Square Kilometre
Array(SKA) expected to operate around 2030, will operate at low radio frequencies ranging from
50MHz to 350MHz to perform interferometric imaging at a resolution of milli-arcsecond, in which
one of its observing goals to setup a polarisation imaging pipeline with a noise-limited band (SKAO,
2015).
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6 Conclusion

We confirmed the expectations of non-thermal jets having highly magnetised jets (Blandford &
Payne, 1982; Carrasco-Gonzalez et al., 2010), where we assumed the equipartition function of en-
ergy to calculate the magnetic field strength. Non-thermal jets reached magnetic field values of
10−1G while the thermal jets optically thick with free-free emission could only reach 10−3G. Using
the simulations of Mukherjee et al. (2020) helps us to illustrate the environment the magnetic field
sets for the outflows. The kink modes and KH instabilities are present on different scales for low
(< 10−4G) and average (10−4G < B < 10−3G) magnetized jets, where thermal jets mostly experi-
ence these MHD instabilities.

The mass-loss calculation was mainly based on approximating the model of the jets and estimating
the velocity of the ionised material. Figure 4 shows the stability of mass-loss rates for non-thermal
jets because of the strong toroidal magnetic field component and demonstrates how the luminosity
is the main parameter affecting its mass-loss rate in the outflows. Thermal jets mass-loss rates
increase in an approximately linear relation with the spectral index.

The difference between the two regions we used in our research was noticeable in terms of momentum
flux rate, mass-loss rate and bolometric luminosity. This allowed us to observe the difference in phys-
ical parameters between both regions. Subsection 4.2 showed how the mass-loss rates for the Orion
region can go up to 10−4M⊙yr

−1. It also had 168 sources that had mass-loss rates > 10−6M⊙yr
−1

while Taurus-Auriga region only had 10 sources with mass-loss rates > 10−6M⊙yr
−1. We deduced

relations for the mass-loss rates and magnetic field with thermal and non-thermal jets, however we
did not find a correlation between the momentum rate flux and the spectral indices of the jets as
shown in Figure 9.

We also suggest parameters of interest for future studies. In order to relate the velocity and mass-loss
rate of the hot ejected matter colliding with the shocked ambient medium, we would measure the
spectra of molecular and ionised emission for the sources. Moreover, observing the dust emission of
sources is essential for calculating the core mass of the YSOs. The upcoming generations of baseline
arrays(SKA and ngVLA) have expectations in terms of providing reliable-high resolution data. This
should further clarify the quantitative results we have regarding the magnetic field strength and
mass-loss rates.
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07). Vlba determination of the distance to nearby star-forming regions. iv. a preliminary
distance to the proto-herbig aebe star ec 95 in the serpens core. The Astrophysical Journal ,
718 , 610-619. doi: 10.1088/0004-637x/718/2/610
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7 Appendices

A: Mass-loss outflow rate distribution

Figure 8: Distribution of the mass-loss rate for Taurus-Auriga and Orion regions

B: Spectral index vs. Momentum flux rate

Figure 9: The spectral index of the sources plotted with the momentum rate flux in the outflows.
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