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Abstract. Protostellar jets are one of the primary signposts of star formation. A handful of protostellar
objects exhibit radio emission from ionized jets, of which a few display negative spectral indices, indicating
the presence of synchrotron emission. In this study, we characterize the radio spectra of HH80-81 jet with the
help of a numerical model that we have developed earlier, which takes into account both thermal free—free
and non-thermal synchrotron emission mechanisms. For modeling the HH80-81 jet, we consider jet emission
towards the central region close to the driving source along with two Herbig-Haro objects, HH80 and HH81. We
have obtained the best-fit parameters for each of these sources by fitting the model to radio observational data
corresponding to two frequency windows taken across two epochs. Considering an electron number density in
the range of 10°~10° cm ™3, we obtained the thickness of the jet edges and fraction of relativistic electrons that
contribute to non-thermal emission in the range of 0.01°-0.1° and 10~7-10~4, respectively. For the best-fit
parameter sets, the model spectral indices lie in the range of — 0.15 to +0.11 within the observed frequency

windows.

Keywords.
1. Introduction

Jets are launched along the axis of a rotating system
as the outcome of accretion of materials from the sur-
rounding interstellar medium (ISM). Accretion is aided
by jets, by acquiring the excess angular momentum
(Blandford & Payne 1982; Pudritz & Norman 1983)
and carrying it away. These jets could range from ultra-
relativistic/relativistic jets in high energy astrophysical
phenomena (Mirabel & Rodriguez 1999; Blandford et
al. 2019) to non-relativistic jets in protostars (Reipurth
et al. 2004; Lee et al. 2007) and brown dwarfs (Whelan
et al. 2009; Palau et al. 2014). Observational as well
as modeling studies have shown that protostellar jets
can either promote or hamper star-formation activity in
their immediate neighborhood (Li & Nakamura 2006;
Nakamura & Li 2007; Shimajiri et al. 2008) and also
the surrounding ISM through the transfer of momentum
and energy (Felli et al. 2006).
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Jets are considered to be closely related to the struc-
ture of the magnetic field within the protostellar system.
Upon launch, the jet collimation is achieved by limiting
the pressure of toroidal component of helical magnetic
fields (Livio 1997; Meier et al. 2001), which has been
confirmed by various hydromagnetic and magnetohy-
drodynamic models (Lovelace et al. 1987; Ustyugova
et al. 1995; Cerqueira & de Gouveia Dal Pino 2001;
Zanni et al. 2004; Bellan et al. 2005). Theories pre-
dict similar frameworks for the jet magnetic fields,
regardless of them being protostellar or AGN origin
(Koenigl 1986; Livio 2000). The direction and strength
of the magnetic field can be determined with the knowl-
edge of synchrotron emission parameters (Carrasco-
Gonzalez et al. 2010). Low-noise sensitive observations
towards a massive protostellar jet had revealed the
presence of linearly polarized emission, which con-
firmed the underlying synchrotron emission mechanism
(Carrasco-Gonzélez et al. 2010). The synchrotron emis-
sion is prominent along the edges and jet termination
points, where the jet interacts against the ambient
medium resulting in strong shocks, thereby facilitat-
ing particle acceleration (Rodriguez-Kamenetzky et al.
2017).
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The theory of synchrotron radiation from high-
energy phenomena associated with extragalactic jets is
well-established (Reynolds 1982; Biermann & Strittmat-
ter 1987; Sari et al. 1998) due to the abundance of
available observational evidence (Wijers & Galama
1999; Dhawan et al. 2000; Harris & Krawczynski 2000).
However, the origin of synchrotron emission from pro-
tostellar jets is still not clear. It is possible that the lower
energies/velocities of these jets compared to that of
relativistic jets could result in the sparse detection of
synchrotron emission from them (Price et al. 2003).

Herbig-Haro objects are outcome of the impact of
protostellar jets on the ISM, which manifests in the form
of a chain of well-defined knots or lobes. Our under-
standing regarding the formation of knots is still not
complete, although models have considered episodic
accretion and/or variation in ejection velocities to
explain their presence (Lee & Sahai 2004; Bonito et al.
2010). Although, the former model can generate a train
of knots, it is unable to explain the velocity structure
and continuous nature of the jet near the driving source
as identified by observations (Jhan & Lee 2016). There-
fore, the latter model is the widely accepted one, despite
the fact that the mechanisms responsible for variation
in jet velocity are currently poorly understood. Obser-
vations indicate the presence of non-thermal emission
from knots of a few young stellar object (YSO) jets,
while in most cases, the emission can be explained
using thermal free—free mechanism. For thermal jets,
the most widely used model is that of Reynolds (1986,
hereafter Reynolds model), which analytically calcu-
lates radio emission and spectral indices using thermal
free—free emission for different jet geometries. On the
other hand, the numerical model that we had developed
earlier (Mohan et al. 2022), incorporates a more general
geometry and calculations compared to the Reynolds
model. In this paper, we apply the model to the radio
spectrum of HH80-81 jet, which is known to display
negative spectral indices, to characterize the properties
of the jet material.

2. Model

In this section, we briefly discuss the model and model
parameters. Our model (Mohan et al. 2022) offers more
generalizations as compared to the Reynolds model in
characterizing the radio spectra of protostellar jets. The
Reynolds model is only applicable for narrow colli-
mated jets, and it calculates flux densities such that
the base of the jet is fully optically thick and the far-
ther regions are fully optically thin, the sum of which
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Figure 1. Schematic diagram of a jet with constant opening
angle, adopted from Mohan et al. (2022). The blue-shaded
area represents the shocked region of the jet material that
contributes to a combination of thermal and non-thermal
emissions. The unshaded jet region closer to the axis rep-
resents the fully thermal jet. The variables used in the model
are also shown here.

contributes to the total flux density of the jet. On the
other hand, our model considers intermediate optical
depth values, has more flexible geometry and is appli-
cable to narrow as well as wide opening angle jets. The
introduction of non-thermal synchrotron radiation is the
major addition in our model.

The application of our model can be two-fold.
It can be utilized to model radio emission from knots
observed farther away from YSOs as well as the thermal
jets at closer radial distances. However, we would like to
draw attention to the fact that our model does not incor-
porate the contribution of dust emission, which could be
significant for radio frequencies 250 GHz.

2.1 Jet geometry and model parameters

For the jet parameters, we use the same terminology as
that of Mohan et al. (2022). Figure 1 depicts the jet’s
geometry and orientation with respect to the observer.
The distance from the central source at which the jet is
sufficiently ionized for free—free emission to be observ-
able is represented by ro. We presumptively inject the
jet at ro with an opening angle of 6y and a half-width
of wg at ro. The projected distance corresponding to
ro and the total length of the jet are given as yg and
Ymax, respectively. The thin outer shell (the blue-shaded
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area in Figure 1) represents the material that emits both
thermal and non-thermal synchrotron emissions. We
represent the inclination angle of the jet with respect
to the observer’s direction as i. The following relation-
ships determine the length of the jet projected in the
plane of the sky, y, and the jet’s half-width (w), at any
radial distance r:

y = rsini, (1)

r € y €
w(y) =wo|{ — ) =wo|—) . (2)
ro Yo

Here, € is the radial power-law index for the width pro-
file. We first present the equations associated with the
free—free emission model. The emission and absorp-
tion coefficients associated with free—free emission are
given by:

'ff =ajn 2 2T—0.35 —0.1 (3)

ff—akn w2135, 21 4)
Here, n, x and T are the electron number density in
the jet material, ionization fraction and electron tem-
perature, each having a power-law profile in the radial
direction with power-law indices given by ¢,,, g, and gr,
respectively. The proportionality constants of emission
and absorption coefficients, expressed in cgs units, are
aj =6.50 x 10738 ergs cm® Hz 709 K03 s~! sr—! and
ar = 0.212cm® K33 Hz2 !, For a source function given
by ( ]Vf (s))/ (a,{ f (s)), the flux density along a line-of-
sight (LOS) of the jet that subtends an incremental solid
angle d2 with respect to the observer is given by:
O

Ymax Ty
Sy = / dQ/
Y0 f(S)

Here, s represents the arbitrary location of any point
along a LOS. rff f oy (s)ds and t(s) are the total
LOS optical depth and the optical depth corresponding
to any s along a LOS, respectively.

We incorporate synchrotron emission in the model in
a similar manner as free—free emission. For an arbitrary
Lorentz factor y, the number density of non-thermal
electrons n(y)dy between y and y +dy is given below:

rhar (s)

n(y)dy =nyy Pdy. (6)

Here, p is the number density distribution index of the
non-thermal electron population. For a magnetic field
strength, B, and a distribution of electrons with mass,
m and charge, e, the synchrotron emission coefficient,
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j»’", is given by the following expression (Rybicki &
Lightman 2008)

syn 1 V3e3n, B sinapar (p 19)

WoT 4 2am( +p) \4

T

p 1 2rvme P2
xI'l=——=)|—— .
4 12 3eB sinap,

Here, ny is the proportionality constant for the num-
ber density of electrons, ap, is the angle between the
magnetic field and the electron velocity, and I (x) is the
gamma function for given x and ap, parameters. Sim-
ilarly, the synchrotron absorption coefficient, oy’ ", is
given as:

syn \/§e3( 3e
o =

P2 (p+2)/2
_— ny (B sin apy)'Y
’ 8rm 2nm3c5) el pa)

w1 (22E2) 0 (P2 e g
12 12

In the model, we combine the free—free and syn-
chrotron emission contributions along the extremities
of the jet to determine the radio flux densities produced
by the shocked jet material. The following expressions
represent the combined emission and absorption coef-
ficients in the shocked region:

j]ff—ksyn

(s, ) = il (s, v) + 27", ), ©)

ol s, y) = o (5. 3) 0" s, ). (10)

The model also incorporates an ionization fraction
profile that decreases across the width of the jet. For
any projected length y’ (Figure 1), which is a function
of s, the variation of ionization fraction across the given
LOS of the jet can be introduced through a power-law
with index ¢/ as follows:

, w(y') ]";
= X, _ 1, 11
x(s) =x (y)[w(y,)_w,(y,) (11)
where x,(y’) is given by:
y/ qx
xq(y') = xo (—) . (12)
Yo

Here, the subscript a implies that it is axial, xo represents
the ionization fraction at ry and w’(y’) represents the
perpendicular distance of any point s, from the jet axis.

3. Comparison of model with observations
In this section, we employ our model to understand the

radio spectra of a prominent protostellar jet, HH80-
81, which exhibits the characteristics of non-thermal
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Figure 2. 610 MHz radio continuum image of

IRAS 18162-2048 region showing the HH80-81 jet, adopted
from Vig et al. (2018). The central region of the jet (IRAS
18162-2048) and Herbig-Haro objects HH80 and HHSI,
which are investigated in this study, are marked in cyan
Crosses.

emission. The HH80-81 protostellar jet is the largest
known and most luminous Herbig—Haro system in the
Galaxy. It is powered by the protostar associated with
the source IRAS 18162-2048, the radio emission of
which indicates that IRAS 18162-2048 is a BO type
protostar located at a distance of 1.4 kpc (Afiez-Lépez
et al. 2020). The HH80-81 jet is highly collimated with
an approximate size of 18.7 pc (Masqué et al. 2012;
Vig et al. 2018). The inclination angle of the jet with
respect to the observer’s direction was observed to be
34° (Heathcote et al. 1998). The jet consists of numer-
ous knots, of which the most prominent ones include
HHS80, HH81 towards the south and HH80N in the north
(Rodriguez & Reipurth 1989; Girart et al. 2001). Radio
and optical measurements have indicated velocities of
600-1000 km s~! for these knots (Marti er al. 1995;
Heathcote et al. 1998). The radio continuum image of
the HH80-81 jet at 610 MHz, originally published by
Vig et al. (2018), is presented in Figure 2. Here, we have
only shown the region of interest for our investigation
comprising of the central jet along with the HH80 and
HHS8O0 knots, which are marked with cyan crosses and
labeled accordingly in the figure.

In the immediate vicinity of the exciting source,
thermal emission is observed, and synchrotron emis-
sion has been confirmed farther out up to a distance
of ~0.5 pc through the detection of linearly polarized
emission (Carrasco-Gonzalez et al. 2010). The outer
lobes along the jet have also been observed to show
non-thermal nature. Non-thermal emission at lower fre-
quencies of 325, 610 and 1300 MHz was detected by

J. Astrophys. Astr. (2023) 44:57

Vig et al. (2018), which is the first case of detection of
non-thermal emission from this jet at such low frequen-
cies. In addition, variability of non-thermal emission
was also demonstrated by them. The measured spectral
indices of most of the knots are as steep as ~ — 0.7.
Both the polarization observations (Carrasco-Gonzalez
et al. 2010) and non-thermal spectral indices (Vig
et al. 2018) have provided estimates of the strength of
magnetic field to be ~200 uG.

As a case study, we choose to investigate three
prominent lobes of this jet system: the central region
IRAS 18162-2048, as well as the knots HH80 and HH81
using the radio measurements, where the flux densities
have been measured at similar epochs. These sources
are labeled by their respective names in Figure 2. The
references for the observed radio flux densities of the
knots are given in Figure 3. The sizes and locations of
jet lobes, the jet opening angles and other properties,
such as estimates of magnetic field, which are taken
from previous studies in literature, where available, are
listed in Table 1 along with the relevant references.
These physical parameters are incorporated into the
models to generate the radio spectra, and more details
about the parameters are given in the subsequent sub-
sections.

The physical parameters that are not constrained by
the observations are decided based on a grid of values
that are either generally observed in jets or expected
from physical models of jets. These include gy, gx, g,
860, p and nffl. As this is a highly collimated jet, we
assume that the jet opening angle continues to decrease
as it moves out radially and, therefore, for each knot, €
is kept constant. Also, since all the knots studied here
belong to the same jet, we have assumed the same value
of € for all these knots. We also assume a tempera-
ture of 10% K, typical of ionized gas, for all the knots.
The parameters ng and xp are combined into a single
parameter corresponding to the ionized number density
(no X x0) and typical values as obtained from observa-
tions are used in the models. The rest of the parameters
are explored in a range typical to jets through a coarse
grid, and the best fitting parameter set is chosen through
the x2 minimization. A finer grid around this set was
explored to choose the best-fitting model based on 2
value. The set of values explored for each parameter in
the coarse grid are listed in Table 2. As the observa-
tional data is limited and we are interested in obtaining
typical model parameters, the grid step size can be
considered as representative of the parameter uncer-
tainties. The observational data for the selected knots
and their corresponding best-fit models are shown in
Figure 3, and each case is discussed below.
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Figure 3. Comparison of best fit-model spectra with obser-
vational data for (a) IRAS 18162-2048, (b) HH80 and (c)
HHS81. The data points shown in black and red are used
for fitting, and the remaining data are plotted only for
representation. The solid black curves in (a), (b) and (c) rep-
resent models 18162/2016, HH80/2016 and HH81/2016,
respectively. The dashed grey curves in (a), (b) and (c) rep-
resent models 18162/2009, HH80/1989 and HH81/1989,
respectively.

3.1 IRAS 18162-2048

This is the central region of the protostellar jet, and in
radio wavelengths, the spectrum could include thermal
free—free emission from the HII region ionized by stel-
lar UV photons emitted by the YSO. Recently, it has
been demonstrated that the HII region is likely to be in
anascent stage (Afiez-Lopez et al. 2020). We therefore,
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proceed with the assumption that the free—free contri-
bution to the spectrum of this source is solely due to
the jet. Carrasco-Gonzdlez et al. (2012) conducted high
resolution observation of the region at a wavelength of
1.3 cm. We assume that the resolution of this observa-
tion (0.1”) corresponds to the projected distance of the
base of the jet from the central source. The major axis
of the central jet is 0.23”, which we assume as the size
(Iength) of the knot. It is possible to estimate the opening
angle of the knot from its angular size (width) and radial
distance using the formula, 6y = 2 tan~ ! (Omin /2r0)
radians = 38.5°, for Opin = 0.07”. Here, O repre-
sents the minor axis of the projected jet (perpendicular
to the jet axis) as obtained from observations. We take
this to be the width of the knot. Millimeter and sub-
millimeter observations towards the central region of
the jet have shown that the number density observed
here is approximately in the range of 10*~10° cm™3
(Hunter et al. 2000; Cheng et al. 2019; Qiu et al. 2019).

We first model the observations for data from the most
recent epoch (2016) at low frequencies from Vig et al.
(2018). The best-fit model, designated as 18162/2016,
is shown in Figure 3(a) as the solid black curve, along
with the observational data. This model reproduces the
flat spectral index observed at low radio frequencies,
which is explicable by a combination of thermal and
non-thermal emissions. The spectrum peaks at a fre-
quency of 762 MHz with a flux density of 2.75 mJy. The
spectral index of the model between 0.3 and 1.3 GHz is
+0.13. To demonstrate the fidelity of the determination
method of the best-fitting parameters, we display the
%2 values of the parameter space that we have explored
in the fitting procedure in Figure 4. For this, we have
varied each parameter, while keeping the other parame-
ters fixed to their best-fit values. The parameters under
consideration for this knot include ¢,, ¢, 66, p and ngel.

We also model the higher frequency VLA data
corresponding to the observational epoch of 2009
(Masqué et al. 2012). The best-fit model, designated
as 18162/20009, is shown in Figure3(a) as dashed grey
curve along with the observational data. For this model,
we have assumed the same thickness of shocked shell
(66 = 0.1°) as obtained for the low frequency case. This
spectrum peaks at a frequency of 5.3 GHz with a flux
density of 4.18 mJy. The spectral index of the model
calculated between 1.5 and 5.0 GHz is +0.11.

The best-fit parameters for the models 18162/2016
and 18162/2009 are listed in Table 3. It can be seen that
the change in the values of best-fit parameters between
the two models is minor. The best fit values for §0, p
and nfl are same, whereas ¢, varies in the range of —1
to —2 and ¢, varies from —0.2 to —0.5 between the two
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Table 1. Physical parameters of the jet knots based on observations.
73 o o5 T B i a
Object (au) (au) ©) (K) (uG) ©) (pc) References!
IRAS 18162-2048 250 826 38.5 104 200 34 1400 1,2,3,4,5,6,7
HHS80 657741 675672 24 104 132 34 1400 1,2,7,8,9
HHS1 553636 562004 2.5 104 160 34 1400 1,2,7,8,9

s &~y 15 Oy

4The projected distance of the knot from the central source that corresponds to the injection radius for continuous jet given in
angular units. ®The projected distance of the farther end of the knot. “The jet opening angle at ro. 9The electron temperature
of the jet material at ro. ®Jet magnetic field at ro. Inclination angle. €Distance of the source from the observer in pc.
b1 Vig et al. (2018), (2) Marti et al. (1993), (3) Carrasco-Gonzdlez et al. (2010), (4) Carrasco-Gonzélez et al. (2012),
(5) Masqué et al. (2012), (6) Rodriguez & Reipurth (1989), (7) Afez-Lopez et al. (2020), (8) Bosch-Ramon et al. (2010) and

(9) Heathcote et al. (1998).

Table 2. Range of parameters explored in the grid of models.

Parameters

Range explored and grid spacing

Power-law index of radial number density variation (g;)
Power-law index of radial ionization fraction variation (g )
Power-law index of lateral ionization fraction variation (g’.)

Angular thickness of shocked region (56 (°))

Power-law index of non-thermal electron population (p)

rel)

Fraction of relativistic electrons (7

—4 to —1 in steps of 0.5
—3to 0 in steps of 0.5
—5to 0 in steps of 0.5

0.01 to 0.1 in steps of 0.01

1.7 to 2.6 in steps of 0.1

10~7 to 10~* by a factor of 10

models. This suggests a minor change in the density
and ionization fraction structure. The best fit value of
86 shows that the shocked region comprises 0.8% of the
jet opening angle.

3.2 HH80

The HH80 knot is located at a projected distance of 4.4’
from the central source. High angular resolution obser-
vation by Heathcote et al. (1998) has identified a large
bright knot HH8O0A in this region with a projected linear
size to be 1.5 x 10'7 cm (0.05 pc). We take this to be
approximately the size of the whole HH80 region that
we have considered here. For the knot, we calculate an
opening angle of 2.4° using the opening angle of the
central knot IRAS 18162-2048. The electron density in
HHSO0 region is determined to be 200 cm ™~ based on the
[SII] line ratios (Heathcote et al. 1998). Since there are
multiple epochs of observations at different frequencies
and the jet is variable, we estimate the parameters for
models corresponding to two observational epochs sep-
arated by nearly three decades: 2016 (Vig et al. 2018)
and 1989 (Marti et al. 1993).

The best-fit model for the low frequency observa-
tional data of Vig et al. (2018) designated as HH80/2016,

is shown in Figure3(b) as the solid black curve along
with the data. The model spectrum peaks at a frequency
of 171 MHz with a flux density of 1.20 mJy. The spec-
tral index of the model between 0.3 and 1.3 GHz is
—0.52. The best-fit model provides a reasonably good
fit with the observational data. The x?2 plots for the
model parameters gy, gx, g%, 80, p and nzel are shown
in Figure 5.

The best-fit model for the high frequency obser-
vational data of Marti et al. (1993) designated as
HHS80/1989, is shown in Figure3(b) as the dashed
grey curve, along with the data. For this epoch, we
have assumed the same thickness of shocked shell
(66 = 0.01°) as obtained for the low frequency case.
The model spectrum peaks at a frequency of 13 MHz
with a flux density of 6.97 mlJy. The spectral index of
the model between 1.5 and 15.0 GHz is —0.32. The
observing frequencies are different in the two epochs
leading to different spectral indices for the two models.

The flux densities measured across three decades
apart show that the emission from this knot displays
variability. We find a difference of 0.5-1.8 mJy in flux
densities between 300 MHz and 30 GHz for the mod-
els HH80/2016 and HH80/1989. Therefore, we have
been able to reproduce the variability in observations
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Figure 4. x? value plots of the model 18162/2016 for parameters: (a) g,, (b) gx, (c) §6, (d) p and (e) nzel, calculated by
varying each parameter, while the other best-fitting parameters are held constant.

Table 3. Best fit model parameters of the observed jets.

qn pE
Model e noxg ¥ (cm™3) q;l qs sof ©) n[,el h x21  References!
18162/2016 2/3 4.5 x 10* -1 -02  0.0* 0.10 1.7 1x10~* 0.87 1
18162/2009 2/3 3 x 10° -2 -0.5 0.0* 0.10 1.7 1x10~* 0.60 2
HH80/2016 2/3 200 -2 -25 =35 001 23 1x107% 0.30 1
HH80/1989 2/3 200 -3 -02 =30 0.01* 17 1x107° 1.07 3
HH81/2016 2/3 103 -3 —-5.0 —45 001 23 1x1077 0.14 1
HH81/1989 2/3 10° -2 -02 —-40 0.01* 24 1x107° 0.96 3

aPower-law index of radial variation in jet width. PIonized number density of the jet at ry. “Power-law
index of radial variation in jet number density. 4Power-law index of radial variation in ionization fraction.
°Power-law index of lateral variation in ionization fraction. fThe thickness of the outer shocked region in
degrees. 2Power-law index of non-thermal electron distribution. "Fraction of relativistic electrons in the
shocked region. 'x? value of the best-fit model. (1) Vig er al. (2018), (2) Masqué et al. (2012) and (3)
Marti et al. (1993).

* Assumed parameter. 'Obtained from observations.
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Figure 5. x? value plots of the model HH80/2016 for parameters: (a) g,, (b) gx, (¢) g%, (d) 86, (¢) p and (f) 17261, calculated
by varying each parameter, while the other best-fitting parameters are held constant.

using models that have a minor difference in jet param-
eters. The best-fit parameters for the models are listed
in Table 3. For the two models, we have used the same
electron number densities for the fitting procedure and
obtained the best-fit values for the parameters to be
similar, except for g, and p. These two parameters
vary significantly between the two models, and this
accounted for the flux density variation between the two
epochs. The best fit value of 56 shows that the shocked
region comprises 0.5% of the jet opening angle.

3.3 HH81

The HHS81 knot is located at a projected distance of
3.7’ from the central protostar. The projected size of the
bright HH81 knot is taken as 0.7 x 10'7 cm (Heathcote
et al. 1998) with an opening angle of 2.5°. Similar to
HHS0, we find best-fit models for HH81 corresponding

to two epochs of observations to account for variability.
The electron density in HH81 knot is assumed to be
1000 ¢cm—3, which is similar to the densities obtained
from the [SII] line ratios observed towards this region
(Heathcote et al. 1998).

The best-fit model for the low-frequency observa-
tional data of Vig et al. (2018) designated as HH81 /2016,
is shown in Figure3(c) as the solid black curve along
with the data. The model spectrum peaks at a frequency
of 147 MHz with a flux density of 1.36 mJy. The spectral
index of the model between 0.3 and 1.3 GHz is —0.15.
The x? plots for the model parameters ¢y, g, q%. 80, p
and nzel are shown in Figure 6.

The best-fit model for the high frequency obser-
vational data of Marti et al. (1993) designated as
HHS81/1989, is shown in Figure3(c) as the dashed
grey curve, along with the data. For this epoch, we
have assumed the same thickness of shocked shell
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Figure 6. x2 value plots of the model HH81/2016 for parameters: (a) g, (b) gx, (¢) g%, (d) 86, (¢) p and (f) n'e, calculated
by varying each parameter, while the other best-fitting parameters are held constant.

(660 = 0.01°) as obtained for the low-frequency case.
The model spectrum peaks at a frequency of 486 MHz
with a flux density of 3.10 mJy. The spectral index of
the model between 1.5 and 15.0 GHz is —0.24.
Similar to the case of HH80 knot, the HH81 knot
also displays variability as evident from the flux den-
sities measured across three decades apart. We find a
difference of 0.5-1.9 mlJy in flux densities between
300 MHz and 30 GHz for the models HH81,/2016 and
HHS81/1989. Using models with a minor difference in
the jet parameters, we have been able to replicate the
variability for this knot as well. The best-fit parameters
for the models are listed in Table 3. For the two models,
we have used the same electron number densities for
the fitting procedure and obtained the best-fit values for
the parameters to be similar, except for g, which varies
in the range of —0.2 to —5. This is accounted to the flux
density variation between the two epochs. The best fit

e

value of 66 shows that the shocked region comprises
0.5% of the jet opening angle.

To summarize, in this section, we obtained the best-fit
values for the model parameters gy, gy, p. ngel, 86 and
qn . For the knots HH80 and HH81, the best-fit values of
qx show a significant variation between the model for
two epochs, implying that it is an important parameter
in deciding the nature of the spectrum. The jet mate-
rial is primarily ionized in the radial direction due to
internal shocks resulting from variations in the flow
velocity. Large values of g, (~ — 5), therefore, imply
that the degree of ionization is significantly lower at
farther radial distances from the driving source indi-
cating a reduction in the strength of internal shocks,
which are capable of ionizing the jet material. Like-
wise, ¢ indicates the degree of ionization resulting
from shocks on the lateral edges of the jet, where
it impacts the ambient medium. This is also seen to
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weaken with radial distance from the driving source
as inferred from the large values of ¢, (—4.5 to
—3) for HH80 and HH81 knots, compared to IRAS
18162—-2048.

The radio spectra of HH80 and HH81 knots are dom-
inated by synchrotron emission. The model parameters
that strongly determine the relative contribution of syn-
chrotron emission in the overall radio spectrum are
n£°1 and p, which are representative of the efficiency
of shock in generating a relativistic electron popula-
tion and the density distribution of the non-thermal
electron population in energy space, respectively. The
best-fit values of nzel for HH80 and HHS1, are in the
range of 1077-107°, which are comparable to the val-
ues obtained from the results of simulation studies in
the context of diffusive shock acceleration (Berezhko
& Ellison 1999; Padovani et al. 2016). This provides
sufficient evidence to reinforce the assertion that the
shocks present in these knots are efficient in generating
relativistic electron population. The best-fit values of p
are in the range of 1.7-2.4, which are typical of shocks
that are capable of generating non-thermal electron pop-
ulation in YSO jets (Araudo et al. 2021). Given that this
parameter p is the power-law index of the number den-
sity distribution of the relativistic electron population in
energy space, p < 2.4 could imply that the majority of
the particle kinetic energy is carried by those particles
with energies significantly higher than the average.

HH80 and HHS81 knots further demonstrate that
despite having steeply decreasing power-law profiles
for ionization fraction in the lateral direction (g,» = —3
to —4.5) and a thin shocked region ((60/0) ~ 0.5%),
the shock acceleration mechanism is highly efficient
in generating non-thermal emission that dominates the
total radio emission from these knots. This is evident
from the best-fit values of the knot spectral indices,
which are in the range of —0.15 to —0.52 (Table 4). For
the central knot of the jet, we also observe that although
nzel is much higher than HH80 and HHS81 knots, the
small fraction of shocked region with respect to the
total opening angle ((66/6) ~ 0.8%) and the high num-
ber density (np) towards this region together results in
higher contribution of thermal emission in the frequency
window that was considered in this study.

For all the knots, the best-fit values obtained for the
power-law index of number density profiles are in the
range of ¢, = —1 to —3. Previous observational stud-
ies and models have predicted a density profile with ¢,
in the range of —1 to —2 for the circumstellar mate-
rial observed around YSOs (Hogerheijde et al. 1999;
van der Tak et al. 1999). However, a steeper profile for
number density (g, = —3), for HH80 and HH81 knots,
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Table 4. Spectral features of the best-fit models of the
observed jets.

Peak
Peak frequency  Spectral
Source flux (mJy) (MHz) index*
IRAS 18162-2048' 2.75 762 +0.13
IRAS 18162-20482 4.18 5311 +0.11
HHS80! 1.20 171 -0.52
HHS03 6.97 13 —0.32
HHS1! 1.36 147 —-0.15
HH813 3.10 486 —0.24

(1) Vig et al. (2018), (2) Masqué et al. (2012) and (3)
Marti et al. (1993). *Calculated in the frequency range of
observations.

is also reasonable due to the fact that these knots are
located much farther away (~2-3 pc; Marti et al. 1993)
from the driving source, where the ambient density will
be significantly lower than the immediate neighborhood
of the central YSO. In addition, it was also observed
that the corresponding knot in the northern arm of the
jet, which is at similar radial distances from the driving
source, has moved out of the molecular cloud (Marti
et al. 1993) into a region of lower density. Given this,
we believe that the ¢, value obtained for these farther
knots are feasible.

4. Conclusion

Protostellar jets are extremely collimated and are
ejected during the accretion phase of star formation.
In numerous cases, these jets are observed in the form
of knots. In general, a combination of thermal free—
free and non-thermal synchrotron emission processes
can account for the observed radio spectrum of these
knots. A numerical model that we had developed earlier
takes into consideration both of these emission mech-
anisms and can be employed to generate radio spectra
of protostellar jets. We apply this model to the case
study of HH80-81 jet, and for this, we have consid-
ered the emission towards the central region of the
jet, HH80 and HHS81 knots. For each of these knots,
we have generated best-fit models for two epochs cor-
responding to two frequency windows. Through this,
we obtained various physical parameters of the knots,
which are otherwise difficult to be solely determined
from observations. The parameters obtained from the
fitting include g,, qx, ¢., 86, p and n' for the jet.
Using electron number densities of 103~10° cm ™ for
these knots, we find the absolute values of power-law
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indices for ionization fraction profile in the radial and
lateral directions to be in the range of 0-5. The jet edges
that contribute to synchrotron emission contain non-
thermal electron population with 1™ in the range of
10~7-10~*, which is consistent with the typical values
observed in jet shocks. For the best-fit parameter sets,
the model spectral indices lie in the range of —0.15 to

+0.11 within the observed frequency windows.
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