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Abstract

As stars often form in clusters, protostellar outflows may be the most important
form of feedback in star formation. The James Webb Space Telescope allows for un-
precedented detailed examination of the outflows close to protostars. This thesis anal-
ysed shocked molecular hydrogen at different locations in the outflow from the Class
0 protostar BHR71 IRS1 obtained using the JWST/MIRI Medium Resolution Spectro-
graph. We detected 12 rotational transitions and calculated the intensities of each line
for comparison with the Kristensen 2023 shock model. Using rotational diagrams, we
find that the temperatures in the shocked region are Ty, ~ 1000K and Tj,,; ~ 2600K,
which is high compared to the more distant outflow. We also find well-constrained
initial conditions using the shock model. Models in agreement with the data report
C-type shocks for all locations, except for the aperture closest to the protostar, where
the shock is of the CJ-type. C-type shocks have been observed in jet-shocked clouds,
which, along with the high temperatures, points to a large influence of the jet in the
outflow close to the protostar. The density in the cavity tends to increase towards the
protostar but is low in the outer locations compared to previous studies of the environ-
ment. Observations agree with the paradigm of more powerful outflows from Class
0 than Class I protostars. 4D grids of the initial conditions were produced that show
the minimum distance, which can be used to confine the parameter space of the shock
code in order to create a finer grid for shock simulations.



Chapter

Chapter 1: Introduction

The formation of most celestial bodies is intrinsically linked to the existence of stars.
During their formation process, stars contribute to the creation of planets. Upon reach-
ing the end of their life cycles, some stars undergo supernova explosions, transforming
them into white dwarfs, neutron stars, or black holes, and synthesising heavy elements
in the process. Life on our planet depends on a star, as it provides light and thus en-
ergy. Consequently, the study of stars is a critical area of astrophysical research due to
their fundamental role in the universe.

Still, many processes relevant to star formation are not yet understood completely.
Star formation is a very inefficient process. Only about 1 — 5% of a cloud’s gas mass
is converted to stellar mass per free-fall time [1]. This indicates that feedback, the
injection of energy, momentum, and mass into the interstellar medium (ISM), some
enhanced by turbulence, and magnetic fields, may counteract the star formation [2].
To understand star formation, understanding this feedback and all related processes
is important. For the formation of low-mass young stellar objects (YSOs), protostel-
lar outflows may be the most dominant source of feedback as stars often form in
clusters[3]. The outflows consist of material ejected from the protostellar system.
These outflows create shocks by interacting with the quiescent interstellar medium.
Shocks heat the environment, which excites the molecules. The most widely used
molecule to trace this emission is CO, which is an important coolant, as it is abundant

n(CO
( ”((Hz))
important tracer is H. Although H, does not have a dipole moment due to its symme-
try and therefore does not show pure rotational emission at millimetre wavelengths,
it does exhibit less frequent quadrupole emission, which is ~ 1372 times less strong
[5]. The abundance of hydrogen in the interstellar medium surrounding the protostar
(~ 90%, helium being the other ~ 10% [6]) makes up for the low probability of emis-
sion. The least energetic transition of Hy requires ~ 1000K, so cold Hj hardly radiates.
Only the shocked H; has strong emission lines, making it an excellent molecule to
trace shocks.

~ 107*) and is easily excited in its low-energy rotational states [4]. An equally

Shocks provide insight into the feedback mechanics of protostars and their environ-
ment, leading to a better understanding of the formation of stars. This thesis examines
the outflow of a very young, Class 0 protostar BHR71 IRS1 and its molecular hydrogen
emission. The data was compared to a shock model by Kristensen et al. (2023)[7], who
simulated shocks in a large range of physical environments.
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1.1 Star forming regions 5

1.1 Star forming regions

In the Milky Way, stars and planets only make up ~ 3 - 10710 of the volume [8], but
the space is by no means empty. The main component of galaxies is the interstellar
medium (ISM), which consists of all matter and radiation between the stars and other
stellar bodies. The ISM of the Milky Way is composed of two physical components.
One half of the volume is ionised medium with n < 0.0lcm—3 and Tx > 10°K. The
other half is a mixture of warm ionised medium and warm neutral medium with n ~
0.1 —1ecm™3and Tx ~ 10%K [9]. Due to thermal instabilities, the warm neutral medium
is divided into warm neutral media (WNM) and cold neutral media (CNM). This CNM
has densities of n > 103cm ™3 and Tx < 100K [10]. Most of the mass of the ISM is in
the CNM, in the form of clouds. These clouds are highly dynamic and are sites for
star formation. The majority of star formation in our galaxy is in Giant Molecular
Clouds (GMCs), which can be 50 pc to hundreds of parsecs and can have masses of
10* — 10’Mg, [11]. However, more nearby formation of stars takes place in smaller
clouds, such as the cloud complex p Ophiuchi [12] which has a total mass of 550M,
[13]. The density and temperature at certain points within the cloud can exceed the
Jeans limit, which means that the pressure of the gas outward cannot overcome the
gravitational force inwards [14]. As a result, the matter will locally collapse in on
itself under the force of gravity. The result is a central dense core, surrounded by an
envelope of material. The core becomes optically thick, and pressure and temperature
increase. Accretion halts as the core heats until it reaches a temperature where it can
dissociate molecular hydrogen. The equilibrium is disturbed and the core collapses
further. The resulting object is a protostar [15].

1.2 Protostars

A protostar is a young star that is still gathering mass from its parent cloud. As every
system has some angular momentum, the protostar rotates around its axis, accom-
panied by an accretion disk (rotational can also be induced by the instability of the
collapse [17]). Figure 1.1 schematically shows the complete evolution of the protostar,
starting from the prestellar core to the planetary system. The main accretion phase is
the first phase of the protostar, which is called Class 0. Systems with accretion disks
tend to exhibit bipolar molecular outflows [4], due to the infall of material on the rotat-
ing protostar in the presence of magnetic fields. These outflows are perpendicular to
the accretion disk. Low-mass protostars with envelope and molecular outflow are re-
ferred to as young stellar objects (YSOs). In Class 0 protostars, the outflows are power-
ful and predominantly molecular, mostly CO and SiO. The mass loss rate can be up to
10~5M, yr~! [18], which is mostly in the powerful jets. These jets are launched within
the smallest angle from the perpendicular of the disk and are traced by low-excitation
forbidden transitions of ionic forbidden lines, such as [Nell], [Fell], and [NilI] [19].
Besides the highly collimated jets, there are slower (< 20 km s~!) molecular outflows
at larger angles from the perpendicular. These outflows impact the surrounding en-
velope and form a bipolar cavity. As the protostar evolves from Class 0 to Class I,
the power of the outflow decreases and becomes more atomic, but the primary winds
become faster and reach extreme high velocities (> 50 km s~!). The cavity widens
with the angle of the standard high-velocity outflow (< 50 km s~!). At this stage,

5
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Figure 1.1: Illustration of protostellar evolution and its different stages. Adapted from Persson
(2013) [16]

most of the envelope mass has already been transferred onto the star and disk. When
the envelope fades, the pre-main sequence star and the disk become visible, marking
the Class II phase. During the Class II phase, the remaining gas in the disk is trapped
in planetesimals or is dispersed by strong stellar winds and radiation [20]. When the
envelope is completely absorbed by the star/disk system or photo-evaporated by the
increasingly more massive protostar and the disk becomes optically thin due to dis-
sipation, the protostar enters the Class III phase [16]. The evolution of the protostar
is often physically marked by the relative masses of the envelope M., disk Mp and
protostar M,, though these are generally difficult to measure [21]. Another method to
determine the difference is by looking at the bolometric temperature associated with
the spectral energy densities (SEDs). Class 0 protostars are faint in cold dust emission,
while for Class I/1I protostars the contributions from the star and disk start to become
visible. This is quantifiable using the bolometric temperature, the temperature of a
black body with the same frequency. Other methods include (1) the infrared spectral
index, given by

- 4

such that redder protostars correspond to earlier phases [22] and (2) the fraction of the
sub-millimetre luminosity and the total luminosity. The infrared spectral index is not
useful for Class 0 protostars, as they are too faint and cold in this regime. Table 1.1
provides a summary of the properties.

6
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Table 1.1: Observational properties of protostellar phases. Adapted from Tychoniec (2021) [15]

Class AIR Lowbmm/ Lot~ Tgot[K]
0 - > 0.5% <70
I > 0.3 < 0.5 70 — 650
II —-03--1.6 - 650 — 2800
111 < -—-1.6 - > 2800
1.3 Shocks

Molecular outflows consist of high-velocity material ejected from the protostar. When
the velocity exceeds the local sound speed, this results in a magnetohydrodynami-
cal (MHD) shock. Similar to supersonic shocks, MHD shocks cause a quick change
in temperature, density, and pressure. Shocks occur within the collimated jet and in
the outflow cavity walls. The impact of the shock on ambient material leads to bow-
shaped emission regions, so-called bow shocks. As the shock clashes with the ambient
material, a reverse shock decelerates and compresses the outflow. Sources may pro-
duce jets with a 'head” which is followed by one or more “internal working surfaces’,
effectively creating more than one shock, following one another [23]. This happens
when there is material in the jet with a higher velocity than the downstream mate-
rial, but a lower velocity than upstream material. This effect is sometimes described
as shock bullets. Protostellar outflows can be described by three-fluid MHD plasmas,
which means there are three main fluid components: a neutral fluid made up of atoms
and molecules, and a plasma composed of ions and electrons[24]. Within this descrip-
tion, shocks can be categorised into two main classes: C- and J-type shocks.

1.3.1 J- and CJ-type shocks

J-type shocks cause a sudden change in the state parameters of quiescent gas and flow
variables of the shock. This occurs mostly in regions with insignificant magnetic fields.
Upon impact, there is a discontinuous jump in shock velocity (within one mean free
path of scatter for neutral atoms) and the state parameters of the medium. This is
schematically shown in Figure 1.2(a). Depending on the shock velocity, J-type shocks
can be either non-dissociative for Hy (Vs < 30km s~1), with peak temperatures up to
a few 10*K, or dissociative with peak temperatures exceeding 10°K [25]. The ionised
material is coupled to the neutral material. If a small magnetic field is present, a mag-
netic precursor can extend downstream (towards pre-shock material), and the ionised
material will impact the ambient material before the neutral shock wave [26]. Due
to the precursor, some energy will be transferred, but there is still a discontinuous
sub-shock from the neutral flow. This combination of a small precursor and a discon-
tinuous subshock is called a CJ-type shock, shown in Figure 1.2(b).

Version of June 14, 2024— Created June 14, 2024 - 14:55
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Figure 1.2: The four shock types. (a) shows the J-type shock, a shock that changes state pa-
rameters instantly. (b) displays the CJ-type shock, which has a small magnetic precursor and a
discontinuous sub-shock. (c) shows a C-type shock, a shock that has a continuous transition of
the flow variables. (d) shows the C*-type, which is a C-shock that momentarily goes subsonic.
The graphics are based on illustrational figures from Draine (1980) [26].

1.3.2 C-and C*-type shocks

C-type shocks occur when the magnetic field is strong enough that there is no dis-
continuous sub-shock, but the whole transition of flow variables is continuous. The
C-type shock usually only reaches a few thousand Kelvin, which cannot dissociate the
Hy. This is why it is also sometimes called a non-dissociative shock. The C-type shock
requires the neutral flow to remain supersonic. If the magnetic field is strong enough
this can be accomplished, or if the magnetic field is insufficient, radiative cooling can
keep the fluid sufficiently cool to remain supersonic. The C-shock is shown in Fig-
ure 1.2(c). An extra class of shocks was discovered after the derivation for the C- and
J-type shocks. The C* shock was first described by Roberge and Draine [27]. It is a C-
type shock that has a supersonic-to-subsonic transition and a subsonic-to-supersonic
transition within the downstream flow. This happens when the neutral flow heats up
by ion-neutral friction sufficiently so that it goes subsonic [28]. Radiative cooling cools
the flow down and the material will return to supersonic speeds. Shocks with this
transition are C*-type shocks, shown in Figurel.2(d).

1.4 Molecular hydrogen emission

Molecular hydrogen, Hy, is a diatomic molecule. It is the most abundant molecule
in the ISM, containing about 90% of the mass[6]. Diatomic molecules have hyper-
fine splitting due to the addition of angular momentum and vibrational momentum
to the Hamiltonian of the system, which results in vibrational (v) and rotational (J)
energy levels, governed by selection rules. Non-symmetric diatomic molecules have
a dipole moment, which allows for transitions between neighbouring rotational states
and between vibrational states: Av = +1(+£2,+£3,efc) with A] = 0, %1, except for
Av = £1,A] = 0. These rules lead to an extensive spectrum for molecules such as CO,
which is why they are used so much for observations of shocks.

8
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Symmetric diatomic molecules, such as Hj, do not have a permanent dipole mo-
ment, and AJ] = =1 transitions are prohibited. However, hydrogen molecules do have
a quadrupole moment, which leads to an extra fine splitting of the energy levels. As a
result, rotational-vibrational (rovibrational) transitions of molecular hydrogen can be
observed for Av = £1(£2,etc),A] = 0,2, except Av = £1,A] = 0 again. These
transitions are less frequent by a factor of a? (the fine structure constant), but due
to the high abundance of molecular hydrogen, they are still detected[29]. There are
three rotational branches, S (A] = 2), Q (A] = 0), and O (A] = —2). The S-branch is
emission for pure rotational lines. Notation for the molecular hydrogen transitions is
vy, — v; S(J;), where u stands for upper and 1 for lower. The S stands for the S-branch.
For example, the line from v =0 to v = 0 and from ] = 3 to ] = 1 is the 0-0 5(1) line.

1.5 BHR 71

BHR71 (Figure 1.3) is a Bok globule, which is a relatively small and dense cloud of
cold gas. Early observations point to a distance of 200 pc from Earth near the southern
part of the Coalsack Nebula [30], however, we adopt the distance from more recent
studies that suggest 150 pc [31, 32]. BHR71 hosts two protostars: IRS1 and IRS2. IRS1
dominates the luminosity with L= 13.5L, [33], while IRS2 has a luminosity of 1.7L,
[34]. IRS1, the target of this thesis, is a Class 0 protostar based on (1) the bolometric
temperature, which is estimated at 47K [35], and (2) the fraction of its emission in sub-
millimetre wavelengths [33, 35]. It has an estimated infall radius of 3500 AU and a
mass accretion rate of 3 - 10_5M@yr_1 [36]. The inclination is ~ 84° and the southern
lobe is predominantly blue shifted [37]. The coordinates of IRS1 are 12"01™36°.516 R.A.
and —65°08'49”.298 Dec [38]. Recently, the Atacama Large Millimeter /Submillimeter
Array (ALMA) has shown that the outflows of IRS1 and IRS2 are colliding, south of
both objects [39]. This outflow does not affect any observations, as it is outside our
field of view.

1.6 The JWST for in-depth examination of outflows

The James Webb Space Telescope (JWST) launch has opened many new observational
possibilities for astrophysicists. One of the instruments on board is the Mid InfraRed
Instrument (MIRI). This instrument has four operating modes, including the Medium-
Resolution Spectrometer (MRS). MRS is an integral-field spectrometer (IFS) that ob-
tains spatially resolved spectroscopic data between 4.9 and 27.9 using integral-field
units (IFU) um [40]. The integral-field units (IFU) split the FOV into spacial slices and
each slice is dispersed. The dispersed light hits the detectors. All dispersed slices
are recombined to form an image with spatial and spectral information. Previous in-
struments used for similar measurements, integral field spectroscopy, included the
Infrared Space Observatory (ISO) and the Spitzer Space Telescope. Depending on the
channel, the JWST MIRI MRS has 1.75 to 900 times the spectral resolution compared to
similar instruments in the corresponding wavelength ranges [41]. More importantly,
it has a much smaller field of view (FOV) and better spatial resolution. The ISO only
provides spectral data for a FOV of at least 14” x20” [42]. Spitzer has a pixel size of
1.8 arcseconds for the 5.2-26 ym range for a slit of 5.6” x57” [43], whereas the JWST
MIRI MRS instrument has a pixel size of 0.196-0.273 arcseconds for the 4.9-27.9 ym

9
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10 Chapter 1: Introduction

Figure 1.3: Left panel: BHR71, the prominent black cloud, captured by the Very Large Tele-
scope (VLT) on January 27th, 2003. The yellow jet in the centre is one of the molecular out-
flows of IRS1. The other outflow is embedded in the cloud. IRS2, located northeast of IRS1,
is not visible in this image. Credit and Copyright: J. Alves (ESO), E. Tolstoy (Groningen), R.
Fosbury (ST-ECF), R. Hook (ST-ECF), VLT. Right panel: BHR”1 in false colours as captured
by the Spitzer Space Telescope in infrared. The cloud is transparent in this regime, revealing
the northern outflow and IRS2 as a small yellow dot eastern of IRS1. Both protostellar systems
are indicated with arrows. The dotted box shows the FOV of the James Webb Space Telescope
observation. Credit: NASA /JPL-Caltech/T. Bourke (Harvard-Smithsonian CfA) c2d Legacy
Team

range within a FOV of at most 6.6”x7.7” [40]. This enables spectral analysis of spe-
cific regions within the outflow rather than the entire outflow at closer distances to the
protostar. This increased spectral and spatial resolution has opened the door for close
examination of shocks in the outflow close to the protostar. Observations can be used
to answer questions about the environment of protostellar systems: What are typical
values for the density and magnetic field? How do these properties within the outflow
change with position? What is the influence of the jet on the shocks? This thesis aims
to get closer to an answer to these questions by examining the BHR71 IRS1 outflow
close to the protostar. Chapter One provides the background information needed for
the thesis. Chapter Two describes the methods used for the results presented in Chap-
ter Three. Lastly, Chapter Four discusses the results and Chapter Five presents the
conclusions.

10
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Chapter 2

Methods

2.1 Data from JWST MIRI

The data used for this thesis are from the JWST Observations of Young protoStars
(JOYS) Cycle 1 guarantee time observations (GTO) program 1290 (PIs: E. van Dishoeck,
H. Beuther). This program was a general survey of protostars, among which was
BHR71 IRS1. The observation of BHR71 IRS1 was conducted using the MIRI-MRS
instrument, described in the introduction, Section 1.6. MIRI-MRS has four IFU (chan-
nels 1 through 4), each divided into three gratings settings (bands): long, medium and
short. In one observation, every channel observes using the same band. Therefore,
three observations are needed to cover the full wavelength range of 4.9-27.9um. The
estimated uncertainty for the absolute accuracy of the spectro-photometric calibration
is 5.6 4= 0.7% [40]. The FOV, pixel size, wavelength range and resolving power of the
bands are given in Table 2.1. The observations of BHR 71 in this work were taken in
a 3x3 mosaic, i.e. with 9 different pointings, to cover a larger part of the blue-shifted
outflow. Each observation utilised one band and had an exposure time of 200 seconds,
resulting in 600 seconds per exposure for the full bandwidth. The resulting file with
both spatial and spectral information is called a datacube. These datacubes can be
analysed using specialised software. For this project, Carta! was the software used to
navigate the datacubes.

2.2 Analysis

The analysis aimed to compare observed intensities with intensities calculated using a
shock model from Kristensen (2023) for different locations of the protostellar outflow
of BHR71 IRS1. First, Section 2.2.1 of the analysis describes the extraction of the spec-
tra. Then, Section 2.2.2 explains the methods used for the calculation of the intensities
from the flux. The intensities needed to be corrected for extinction due to the silicate
and ice features in the star [44], for which rotational diagrams are needed. Rotational
diagrams put the intensities into a physical context. They are tools used to compute
the column density and temperatures given a measured set of intensities. This is fur-
ther described in Section 2.2.4. The method for extinction correction is then described

Lcartavis .org
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Table 2.1: Relevant MRS spatial and spectral features for each channel and band. FOV is the
tield of view of the spectral band. Table adapted from Argyriou et al. (2023) [40]

Spectral band FOV (”) Pixelsize (") A range (um) Resolving power

1 short 32x3.7 0.196 4.9-5.74 3.320-3.710
1 medium 32x3.7 0.196 5.66-6.63 3.190-3.750
1 long 32x3.7 0.196 6.53-7.65 3.100-3.610
2 short 4.0x4.8 0.196 7.51-8.77 2.990-3.110
2 medium 4.0x4.8 0.196 8.67-10.13 2.750-3.170
2long 4.0x4.8 0.196 10.02-11.70 2.860-3.300
3 short 52x6.2 0.245 11.55-13.47 2.530-2.880
3 medium 52x6.2 0.245 13.34-15.57 1.790-2.640
3 long 52x6.2 0.245 15.41-17.98 1.980-2.790
4 short 6.6x7.7 0273 17.70-20.95 1.460-1.930
4 medium 6.6 x7.7 0273 20.69-24.48 1.680-1.770
4 long 6.6 x7.7 0.273 24.19-27.9 1.630-1.330

in Section 2.2.5. Finally, Section 2.3 describes the shock model, its output, and the
methods used for the comparison with the observation.

2.2.1 Extraction of the spectra

In Carta, circular apertures were drawn at certain locations of the outflow. The exact
coordinates of the centres are reported in Table 2.2. They have an aperture radius of
0.65 arcseconds. The apertures are chosen arbitrarily, slightly based on the molecular
hydrogen brightness and location along the flow. The left image of Figure 2.1 illus-
trates the locations of the aperture extractions and the source, marked by white circles
and a star symbol, respectively. The right image of Figure 2.1 also has a [Ni II] emis-
sion line contour overlay. This line indicates the approximate location of the inner jet.

Table 2.2: Coordinates of the locations of the apertures on the protostellar outflow.

Aperture R.A. Dec

A 12"01™36°.553 -65°08'50".908
B 12"01"36°.650 -65°08'53".015
C 12"01™36°.395 -65°08'52".765
D 12"01™36°.593 -65°08'54".764
E 12"01"36°.497 -65°08'56".264
F 12"01M36°.287 -65°08'55".371

12
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H, 0-0 S(5) map

H, 0-0 S(5) map with [Ni II] contour

4BHR71 IRS1 5

Figure 2.1: The apertures from which spectra are extracted. The plot is an integrated intensity
map of the H, 0-0 S5 line, shown on the log scale. The left image shows only the emission line
and the right image shows an overlay of the contours of Ni I 2D3 — 2D3. The contours range
from 40% to 90% of the maximum flux, in steps of 10% The metal line traces the path of the
inner high-velocity jet. The location of the protostar in this image is based on the location with
the highest continuum flux.

Apertures are useful because the different channels of the MIRI MRS have varying
resolving powers. Spectra from pixels within the apertures are summed. At the edges
of the apertures, only the fraction of each pixel within the aperture is included. This
approach solves the issue of varying pixel sizes and simplifies the calculation of the
intensity from the flux using the solid angle. Additionally, it enhances the signal-
to-noise ratio (S/N) and solves the problem of undersampled channels at the lower
wavelengths. Carta is only used to visualise the locations and to export the coordinates
to a text file. Extraction for the data was done in Python following the procedure of
van Gelder et al.(2024)[45]. The Python script sums the spectra within the apertures.
It takes care of residual fringe on the spectrum level that was not yet removed by
the calibration pipeline and creates stitched spectra that are exported to data files.
Molecular hydrogen emission was detected in all resulting spectra, as well as several
molecular and ion lines (e.g. CO, [Ni II], [Fe II]). The MIRI range H lines are listed
in Table 2.3. These lines were identified using the line list of Tychoniec (2024) [46].
Not all emission lines were detected in the spectra, and 1-1 S(8) overlaps with a [Fe II]
line. Two spectra are shown in Figure 2.2, in which the identified emission lines are
marked. From the spectra, the line intensities were calculated.

2.2.2 Calculation of the intensity of spectral lines

Three steps were taken to obtain the intensities of the emission lines, which are needed
for the rotational diagrams. The first step was to remove the CO-lines. The second
was removing the continuum around the lines and calculating the uncertainty on the

13
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Figure 2.2: MIRI-MRS spectra from two apertures. The relevant H, rotational quadrupole
emission lines are marked. The longer green markers indicate v = 1 — 1 transitions, while the
shorter purple markers indicate v = 0 — 0. The insets show the 1-1 56 lines, as they are faint
transitions. The axes have the same units as the axes of the main figure. Top: Spectrum of
aperture A, close to the protostar. Bottom: Sprectrum of aperture D, further away from the
protostar.

flux. The third step was to fit the Gaussian and calculate the integral. The whole
procedure is shown in Figure 2.3. Except for the CO-line fit, the fitting was done using
the Python SciPy 1.13.1 [47] curve_fit package, which uses an iterative nonlinear least
squares algorithm, the Trust Region Reflective algorithm [48].

Removing CO-lines

CO is an asymmetrical molecule with strong IR emission and is abundant in the ISM
[4]. The end of the CO spectrum overlaps with 1-1 S(9)/S(7) and 0-0 S(8)/S(7), which
increases the flux of the H, emission line at the corresponding wavelengths. To re-
move this feature, we custom-fitted the CO spectrum for every aperture. The fitting
was performed using a slab model, following a procedure similar to that described by
Tabone et al. (2023) [49]. The molecular data for CO was retrieved from the HITRAN
database [50]. The resulting CO lines were subtracted from the spectrum, which cor-
rects the flux of the H» lines. The CO fit is done after continuum subtraction, which is
why the fit has base 0. This makes no difference for the intensity of the 1-1 S(9) line.
The CO-line fit is shown in Figure 2.3a.

14
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2.2 Analysis 15

Removing the continuum and calculating error mass

To remove the continuum, the spectra were sliced 1000 km s~ ! around the rest wave-

lengths of the H; lines of interest. The rest wavelengths were taken from Roueff et al.
(2019)[51]. Despite slight shifts in frequency between the lab value and the observed
lines, velocities are comparable (on average < 60kms ') to the MRS resolution. Within
1000 km s~ !, no other lines interfere with our lines of interest. At this scale, the local
continuum can be approximated by a linear function. A Gaussian with a linear base,
)2

(x
f(x) =h+mx+ae 22, (2.1)

was fitted to each clipped spectrum, using the SciPy curve_fit package. The linear
equation (h 4 mx) accounts for the local continuum and was subtracted from all data
points. The standard deviation was calculated 50 outside the Gaussian mean, effec-
tively removing the line. This standard deviation was used as an uncertainty on the
flux for the fit of the emission lines with the continuum subtracted.

Final Gaussian fit and intensity calculation

The final fit was done using the standard Gaussian,
~(—p)?

f(x) =ae 22 (2.2)
and returns a, 4 and ¢. The difference with the continuum fit is that the uncertainty
on the flux was propagated using the fitting package, which returns an uncertainty on
a, u and 0. These parameters could be used to calculate the area under the curve using

F, = V2mao - 10 ?erg s lem2Hz 1], (2.3)

The uncertainty was obtained using the uncertainties on a and ¢ from the fit and the
operation of error propagation, resulting in the following equation:

E,,, = \/(\/27((7518”)2 + (V2mace,)? - 107 B [erg s lem ~2Hz ). (2.4)

The factor 10723 is the conversion from Jy to erg s~! cm~2 Hz~!. The whole process is
shown for the 1-1 S9 transition in Figure 2.3. All fits for every aperture are shown in
Appendix A. Using the integrated flux and the aperture radius for the solid angle, the
intensity was calculated using

I, = = :
U Quper (0.657)2

(2.5)

2.2.3 Integrated intensity maps

Continuum-subtracted flux maps are useful tools to visualise where the emission is
coming from. A clip was created around 250 km s~! of each laboratory value of the
transitions, to ensure that the line would be within that range. This is done for every
spatial pixel in a data cube. Then the median was calculated around 1000 km s ! of the
transitions. This is approximately the continuum noise strength around the emission
line. The median was subtracted from the wavelength pixel flux value and all values
within the 250 km s~! domain were summed to approximate the integrated flux. This
resulted in 12 flux maps, where the continuum is subtracted.

15
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1-1 S9 CO fit 1-1 S9 continuum fit
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(a) CO line fit (orange line) for aperture E on
top of the data (black line), shown for the 1-1
S9 transition.

1-1 S9 error mass
A (um)
5.00 4.98 4.96 4.94 4.92 4.90
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(c) The spectrum within the chosen domain,
with the emission line removed. The standard
deviation is calculated for the uncertainty on
the flux.

604 60.6 60.8 61.0
Freq (THz)

60.0 60.2

(b) Gaussian with a linear base-fit (dashed red
line) to the emission line (black line). The lin-
ear base is subtracted from the entire domain.

1-1 S9 gaussian fit

A (um)
5.00 498 4.96 4.94 4.92 4.90
0.0100 T - T : :

---- Gaussian fit
= 0.0075 1 ---- Lab value
S —}— Data
2 0.00501
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5

L 0.00251

5

@ 0.0000 :
~0.00251 i
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(d) The final Gaussian fit (dashed red line), in-
cluding the uncertainties on the flux, returns
the desired parameters to calculate the area.
The area is shaded red.

Figure 2.3: Procedure for calculating the total flux from the emission lines. The steps are
described in the panels, starting at a and ending at d. Note that the wavelength axis high to
low, which indicates that the lines are slightly blueshifted.

2.2.4 Rotational Diagrams

A rotational diagram is a tool for calculating the temperature and total column density
when you know the intensities of multiple transitions of one species. The column

density is the flattened density of material along the line of sight, in units of cm~2,

defined as
N = / nds.

The rotational diagrams were created using the relation between the column density
of all hydrogen molecules and the column density of hydrogen molecules in an excited
state. This is given by the Boltzmann distribution

Nu _ Niot
Su Q(Trot)

(2.6)

e*Eu/kTrot, (27)
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2.2 Analysis 17

where N, is the column density of the upper state, g, is the degeneracy of the upper
(rotational) state, Ny is the column density of all molecules, Q is the partition function,
E, is the energy of the upper state and T,y is the temperature of the medium. If a
medium is in local thermal equilibrium (LTE), the excitation temperature equals the
temperature of the medium. When we assume an optically thin medium, I, is given

by

o thulelhin

I
v 47_( 7

(2.8)

which states that the intensity is a number of molecules in a column N*" that emit
photons with probability A,; and energy hv, divided by the solid angle of a sphere.
Rearranging this gives an expression for the column density

; 4l
Nihin = 2 2.
u hVAul ( 9)
By combining this expression with equation 2.7, we get
471-[1’ — NtOt e_Eu /kTrot (210)

guhVAul B Q(Trot)

Taking the logarithm of both sides results in

47-[11/ > < Ntot ) Eu
=In{—— ) =1In — . 2.11
Y (guhVAul Q(Trot) kTyot ( )

When defining x = E,, /k, this is a linear equation of the form y = mx + b with

1
m= — T (2.12)
and
- Niot
o= (att) e

The relevant values of the parameters in the equations are given in Table 2.3. The only
two unknowns are Tyt and N, which can be fitted for. This procedure is for a single
component of the Hy, while there could be hotter or colder components present. In
such a case you can use a modified version of 2.10,

exp (_x/Twarm )
Q (Twarm )

y=In (Nwarm &P (_X/Th()t )) ’ (2.14)

Q (Thot )

which results in two-column densities and two temperatures, named warm (T >
10°K) and hot (T > 10°K). This equation assumes two components in the aperture.
If you have more data points, more components could be required, but two were suf-
ticient in the case of this thesis. The total column density is Nyt = Nuwarm + Npot-

17
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18 Methods

Table 2.3: The rotational transitions in the MIRI-MRS range and relevant properties for the
rotational diagrams. E, is the upper state energy, A,; is the Einstein A coefficient for the tran-
sition and g, is the degeneracy of the upper state. Values retrieved from Roueff et al. 2019[51]

Transition  Ajest E,(K) Aul(s_l) 8u

0-0S(1)  17.035 10151 4.76(-10) 21.0
0-0S(2) 12279 1681.6 2.754(-9) 9.0
0-0S(3)  9.6649 2503.7 9.833(-9) 33.0
0-0S(4)  8.0258 34745 2.642(-8) 13.0
0-0S(5)  6.9091 4586.1 5.877(-8) 45.0
0-0S(6)  6.1089 5829.8 1.142(-7) 17.0
0-0S(7) 55111 71967 2.001(-7) 57.0
0-0S(8)  5.0528 8677.1 3.235(-7) 21.0
1-15(1)@  17.932 - - -
1-152)@  12.928 - - -
1-15(3)@  10.178 - - -
1-15(4)@  8.4530 - - -
1-1S(5)  7.2807 10341.2 5.434(-8) 45.0
1-15(6) 64383 11521.1 1.047(-7) 17.0
1-1S(7)  5.8111 128172 1.82(-7) 57.0
1-15(8)%)  5.3300 - - -

1-1 5(9) 49533 15721.5 4.373(-7) 69.0

Notes: The brackets indicate the order of magnitude: b(a) is b x 10°. () Not detected in the
outflow of BHR71 IRS1. (%) Overlaps with [Fe II] line.

2.2.5 Extinction correction

Apart from extinction due to the diffuse interstellar medium, dense molecular clouds
show their own extinction curve [52]. This extinction curve most prominently shows
peaks for silicate grains, H,O ice and methanol ice. The ices reside on the surfaces of
silicate grains. The molecules absorb a fraction of the light emitted by the molecular
hydrogen. Some lines are more suppressed than others, e.g. 0-0 S(3) is deeply embed-
ded in a silicate feature. An empirical extinction curve for star-forming regions has
been created by McClure (2009) [44], which was used to correct the intensities of the
transitions. This correction is incorporated into Equation 2.9 with an extinction fac-
tor A,, which is a correction variable applied to the magnitude. As the magnitude is

18
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Figure 2.4: Extinction curve for dense molecular clouds by McClure (2009) for various values
of Ak (solid lines). The H, transitions are overlaid (dashed lines) in the figure. The main
characteristics are the 6.0 ym H, O, 6.8 ym methanol and the 9.7 ym silicate features.

logarithmic, the factor is incorporated into the equation as follows:

4rl, _25A ) ( Niot ) E,
In{ —— %107 | =1In — . 2.15
(guhVAul Q(Trot) kTyot ( )

McClure provides 1’2—2, which are normalised values for A,, using the total extinction
Ak. Ak is roughly related to the visual extinction Ay and 0.3 < Ag < 7 is approxi-
mately equivalent to 3 < Ay < 501[44]. The extinction was determined by fitting a
single temperature component to 0-0 S(1) through S(4) and varying Ag. This linearises
the first four line intensities, as we expect these transitions to be roughly in a straight
line. Each aperture was fitted for separately, as the extinctions differ at different loca-
tions. Two examples are shown in Figure 2.5.

2.3 Shock model for JWST observations

The thesis mainly aimed to compare the observed emission line intensities with the
Kristensen et al. (2023, hereafter K23) shock models. The model is based on the Paris-
Durham shock model, a stationary, plane-parallel, multifluid shock wave simulation.
This shock model, first published in 1985 [53], has undergone many improvements,
but the version used by K23 is described in Godard et al. (2019) [54]. Although the
model is publicly available on the ISM platform?, this thesis only used the results from
K23. The shock model simulates a 6D parameters space with initial conditions for the
pre-shock density (nyy = n(H) + 2n(Hy)), the shock velocity (vs), the strength of the
transverse magnetic field (b%), the external UV radiation (Gp in units of the field from
Mathis et al. 1983[55]), the cosmic-ray ionisation rate of Hj ({y,) and the fractional
polycyclic aromatic hydrocarbon (PAH) abundance (X(PAH)). It then returns a set
of final conditions, including line intensities of the rotational H, transitions. The first

1%; = 7.75 provided that Ry = 5.
Zhttp:/ /ism.obspm.fr/shock.html
3A scaling factor for the transverse magnetic field strength B = b x \/ny(cm=3)uG

19
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Figure 2.5: Two examples of linearisation for rotational diagrams using the extinction curve.
The left figure is aperture A, and the right is aperture E. The blue diamonds are the uncorrected
data points and the orange dots are the corrected points. The increased error bars are from the
extinction correction uncertainty. The dashed green line is the best linear fit through the 0-0
S(1)-(4) transitions. The calculated Ak are 10.1 £ 1.93 for aperture A and 2.2 £ 0.32 for aperture
E.

four parameters, ny, vs, b, and Go are of particular importance, as they impact the
intensities significantly, following from the MHD equations [26]. The PAH abundance,
X(PAH), is important as it shields the H, from UV radiation, effectively decreasing the
intensity [56]. The cosmic ray ionisation rate, (p,, is similar to Gy, as the externally
ionise Hj, increasing the intensities of the transitions. K23 summarised the impact of
each initial condition. vs; and b together set the shock type. vs and np set the kinetic
energy Ey;,. Go has little effect on J-type shocks but changes the excitation for C-type
shocks with Eyy > Ejyjy. (p, is mainly important when Gy is 0, otherwise it has no
significant impact. Table 2.4 shows the initial conditions grid. Some combinations of
parameters were not simulated, as they either do not produce a shock (high b and
low vs) or result in self-irradiated shocks, which are not treated in this version of the
shock model (vs >30km s lforb < 3). There are a few other limitations of the model,
summarised in Appendix C.

The format of the output used for the comparison is shown in Table 2.5, which is
a tabular form of the data files provided by the paper. The final parameters space is
extensive, but we only looked at the molecular hydrogen column density (N(H>)), the
maximum temperature of the shock (Tggs max), the ortho-to-para ratio (OPR), the shock
width (Delta-z in AU), and the intensities for the relevant molecular hydrogen lines.
Using this output, we aimed to constrain the initial conditions of the shocks in the
outflow of BHR71 IRSI.

20

Version of June 14, 2024— Created June 14, 2024 - 14:55



2.3 Shock model for JWST observations 21

Table 2.4: Shock grid parameters that were simulated, adapted from K23.

Parameter Values

ny@ (cm~3) 102, 10%, 10%, 10°, 10, 107, 10®
b(® 0.1,0.3,1.0, 3.0, 10.0

vs (kms™'),b=0.1,03,1.0 | 2,3,4,5,10,15,20,25,30
vs(kms™1), b=3.0 10, 20, 30, 40, 50, 60

05 (kms™1), b =100 20, 40, 60, 80, 90

G\ 0,101,109, 107,102, 10°
gl(&iz) (5—1) 10-17,10-16,10- 15
X(PAH) 108,107,107

Notes: () Proton density ny = n(H) 4 2n(H,). ®)b is a scaling factor for the transverse mag-
netic field, B = b x \/ng(cm=3)uG. ()Gy in units of the field from Mathis et al. 1983. () H,

cosmic-ray ionisation rate

Table 2.5: Physical parameters simulated by the K23 shock model, sub-selection of data pub-
lished. This is an example of what a table looks like. For actual tables/data, we refer to the
original paper and the data product.

ng (em™3) v (kms™!) b Gy {m, (s7!) X(PAH) Type ® Quantity X

102 3.0 01 0 10~17 1079 0 Example
102 3.0 03 0 10~ 10-% 1 Example
102 3.0 1.0 0 10~ 107% 1 Example

Notes: () Types are provided as a number, i.e. 0 is J-type, 1 is for C-type, 2 is for C*-type and 3
is for CJ-type. Models that did not converge have 99 as Type output.

2.3.1 Method for the comparison to the model

One of the Tables from the K23 paper provides intensities of rovibrational molecular
hydrogen lines, calculated by simulating the model with a combination of the six input
parameters. The calculated Hy lines include the lines that were observed. To compare
the intensities from the model and the observed intensities, the observed intensities
were corrected for extinction using the Ag value found using the extinction correction
on the rotational diagrams. To find the best model, a similar method was used as in
Villa Vélez et al. (2024) [57]. Their method relies on a distance between the model and
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the observations, defined as

3 o __ M m o m
0 iR SISy
d; = < logy, I]m —log, 1]9 - ) if I]m < 1]9 — =t (2.16)

AN W,
logyo (") —logyo (IP+ %) i I" > 1P+,

where I]’.” is the intensity of the model of line j, I].o is the intensity observed of line j and
Wi, is the uncertainty associated with ¢. The distances d; are squared and summed,
effectively calculating the distance in hyperspace between the model and the observa-
tion. This results in the total distance

d= (2.17)

This equation is a distance equation with unit dex on a logarithmic scale and phys-
ically implies that at a dex of 1 at most one observation is underestimated or over-
estimated by a factor of 10. The best model is the model with the lowest distance.
Additionally, results from the model were used as constraints to remove nonphysi-
cal models. Models with maximum shock temperatures lower than the temperatures
derived from the rotational diagrams were excluded.

22
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Chapter

Results

The analysis aimed to find the intensities of the molecular hydrogen emission lines
in the JWST MIRI-MRS range and to create rotational diagrams. A full report of the
integrated fluxes of all lines is in Appendix B, which are a factor of the solid angle
away from the intensities. The calculated intensities and rotational diagrams were
used for comparison with the results of the shock model simulation by K23.

3.1 Integrated intensity maps

. 0-0 8(1) < ) 0-0'S(3)

ADec

ADec

5II OII _5II 5II OII _5II 5II OII _5II
ARa ARa ARa

Figure 3.1: The integrated intensity map for every observed H, transition in the outflow. The
tigures are shown in log-scale. The white circles are the apertures A-F used for spectral anal-

ysis. The star is the location of the protostar, based on the location of the highest continuum
emission.
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0-0 S(7) 0-0 S(8) 1-1 S(5)
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Figure 3.1: Continued.

Figure 3.1 shows the integrated intensity maps for all observed H; transitions in the
outflow. In the 0-0 S(3), S(5), S(7) and S(8) line, a two bow-shaped structures are visible.
One bow-shaped region goes through apertures B and C, and a second bow-shaped
region can be seen through E and F. The bow shapes are at the locations with the most
[Ni II] emission (see Methods 2.2.1), which traces the collimated jet within the outflow.
This points to shocks predominantly driven by the jet. These bow shocks are also the
areas where the 1-1 lines show the most emission, though they are still very faint.
Only 1-1 5(7) and 1-1 S(9) show significant visible emission. In the 0-0 S(1), S(2), S(3),
and S(5) a continuation of the outflow is visible, beyond the outer bow shock in this
observation. Aperture D is in an area with less emission, which is inconsistent with
the [Ni II] tracing the jet.

3.2 Rotational diagrams and fit results

Figure 3.2 shows the rotational diagrams for every aperture. The extinction uncor-
rected and extinction corrected data are plotted, and the fit is shown as a line through
the data points. The uncertainty on the extinction correction is not included in the fit,
as it is not an independent uncertainty of each data point but affects all data points
simultaneously. However, to indicate the size of the extinction correction, they are
plotted as error bars on the intensities. The two temperature components are shown
as linear lines using fit parameters from Equation 2.13. This fit was performed for Ag,
Ak + 04, and Ag — 04, to indicate how large the uncertainty on the column density is
due to the extinction uncertainty. Table 3.1 summarises all resulting column densities
and temperatures. The column density of the hot component is generally ~ 10% of
the column density of the cold component for these outflow positions. The extinction

24

Version of June 14, 2024— Created June 14, 2024 - 14:55



3.2 Rotational diagrams and fit results

25

correction Ak decreases with the distance to the protostellar system, indicating that
the envelope gets less dense when moving away from the protostellar system. This is
expected considering the envelope density decreases with the distance to the source
[58]. The uncertainty of the extinction is biggest in the apertures drawn on the jet (A,
C and E). The column densities also decrease with distance, which is expected for the
same reason as the decrease in Ax. The temperatures of the warm components vary
little, except for aperture A, which is ~ 200K colder. The temperatures of the hot com-
ponents display significant variations, but all temperatures, warm and hot, fall within

the uncertainty of each other.

Table 3.1: Column densities and temperatures of the six apertures, calculated by fitting equa-
tion 2.12 to the rotational diagram. The fit was done for Ax, Ax + 04, and Ax — 0.

Aperture

Nuwarm (Cm_z)

Twarm (K)

Nhot(cm_z)

Thot (K)

Ak

2> o = B o R @ IR o~ R 2

45 £ 2.2(+21)
2.4 =+ 0.7(+20)
2.6 + 0.6(+20)
5.9 + 1.4(+19)
5.5 & 1.2(+19)
5.8 = 0.8(+19)

Extinction correction Ag

771 £ 127
938 £+ 96
1029 £ 111
979 £ 94
1081 £ 115
1004 £ 79

1.4 + 1.3(+20)
5.5 = 4.5(+18)
1.4 + 1.0(+19)
1.7 + 1.3(+18)
3.4 £ 2.4(+18)

(
(
(
(
(
3.3 & 1.3(+18)

2238 + 398
2941 £ 571
2645 + 417
2833 + 482
2985 + 498
2649 £ 265

10.25 £1.87
498 £ 0.23
454 +1.14
3.05+£0.23
2.73 £0.58
2224031

= > I v - I o Y @ T = ~ R =

1.2 4+ 0.6(+22)
2.7 + 0.7(+20)
4.7 £ 1.2(+20)
6.6 £ 1.5(+19)
7.4 + 1.7(+19)
6.8 £ 1.0(+19)

767 =132
937 £ 96
1026 £ 117
977 £ 95
1080 £ 118
1003 £ 81

Extinction correction Ag + 04,

2.9 + 3.0(+20)
6.0 + 5.0(+18)
2.1 =+ 1.8(+19)
1.9 + 1.4(+18)
4.1 + 3.1(+18)
3.6 & 1.6(+18)

2287 + 468
2955 + 587
2726 £ 508
2848 + 496
3038 £ 551
2668 + 280

10.25 £ 1.87
498 +0.23
454 +1.14
3.05 +£0.23
2.73 £ 0.58
222 £0.31

== I e s B R T = ~ R

1.7 £ 0.9(+21)
2.2 + 0.6(+20)
1.5 + 0.4(+20)
5.2 + 1.2(+19)
4.1 £ 0.9(+19)
49 £ 0.7(+19)

770 £ 132
939 + 95
1026 = 115
980 £ 94
1081 £ 115
1005 =78

Extinction correction Ax — 04,

7.0 £ 6.0(+19)
5.1 + 4.1(+18)
9.9 + 6.9(+18)
1.6 + 1.2(+18)
2.8 & 1.9(+18)
2.9 + 1.2(+18)

2184 -+ 360
2926 £ 556
2560 + 377
2818 + 470
2931 4 463
2630 £ 255

10.25 £ 1.87
498 +0.23
454 +1.14
3.05£0.23
2.73 £0.58
222 +£0.31

Notes: The brackets indicate the order of magnitude: b(a) isb x 10"
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Figure 3.2: Rotational diagrams of each aperture. Both the uncorrected (diamond markers)
and extinction-corrected (dot markers) data points are displayed. The purple markers are the
0-0 transitions, while the green markers are the 1-1 transitions. The solid black line is the
best-fit model. The dotted and dashed lines are the hot and warm components, respectively.
The red fill shows the uncertainty on the extinction correction. The column densities and the
temperature of the fit are shown in the legend and are reported with uncertainty in Table 3.1
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3.3 Comparison to the K23 Model

The minimum distance analysis resulted in 6 best-fit models for each aperture at the
calculated extinction. Figure 3.3 shows the observed intensities and the best-fit model
intensities are plotted for aperture E, the others are in Appendix D. In Table 3.2 the
initial parameters of the models are reported. For each aperture, a best-fit model was
found with 4 < 1 dex, i.e. no data point was underestimated or overestimated by
a factor larger than 10. Apertures B and C had a best-fit model with an unphysical
temperature, i.e. the maximum temperature of the shock T},,41 sax in the model was
lower than the temperature of the rotational diagram Tj,;. In these cases, the next
best-fit model was examined, until a model was found with a Ty;p401 max < Thot- The
best-fit models for aperture E and F are, though with different d,,;,,, the same except for
{H,. Furthermore, the densities decrease, similar to the column densities in the rota-
tional diagrams. On the other hand, the magnetic field scalar b and the shock velocity
vs seem to increase with distance. Note that the magnetic field also scales with the
square root of the proton density np, so b is not a representative value for the absolute
magnetic field strength. The shock velocity is > 50kms ! for all apertures. This would
normally dissociate molecules, but due to the also large magnetic field, the shock may
be non-dissociative. A large magnetic field may be consistent with observations by
Hull et al.(2020)[59], who find hourglass magnetic field lines characteristic for high
magnetic fields, though the magnetic field strength itself has not been measured. This
combination of high velocity and high magnetic fields leads to C-type shocks.
However, as there is uncertainty on the extinction correction, we must evaluate the
best-fit models within the uncertainties. The extinction uncertainty cannot be used
as uncertainty on the intensities, it is not an independent measurement for each data
point. Instead, the intensities are extinction corrected for values of Ay between Ay —
0a, < Ap < A+ 04,. All the unique best-fit models provide restrictions on the initial
conditions. The set of restrictions for the initial parameters at each location is shown in
Table 3.3. A complete report of all models that fit the data is in Appendix E. Aperture

Table 3.2: The initial parameters of the models that resulted in the lowest dex for each aperture.

Aperture d;, (dex) ng) (cm™3) vg(kms™! b G(()C) gﬁfz) X(PAH) Shock Type

A 0.553 108 50.0 30 01 1007 10°° CJ
B() 0.731 10* 50.0 30 100 107 1077 C
cl) 0.475 10* 60.0 30 00 107 10°° C
D 0.387 10° 80.0 100 100 10°®  107° C
E 0.359 103 90.0 100 100 1077 107 C
F 0.238 103 90.0 100 100 107 10°° C

Notes: (*) Proton density ny = n(H) + 2n(H,). ®)b is a scaling factor for the transverse mag-
netic field, B = b x \/ng(cm=3)uG. ()Gy in units of the field from Mathis et al. 1983. () H,
cosmic-ray ionisation rate. (¢) Although aperture B and C had best-fit models with lower d,,,
than shown here, those models had a lower T,,,, than the measured temperature from the ro-
tational diagrams and were therefore excluded.
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Table 3.3: Number of models for each parameter and the restrictions that they impose on the
physical initial conditions. {p, is not shown, see Discussion 4.4. A dash (-) denotes a range,
and a slash (/) denotes alternatives.

Aperture # models ng)cm_3 vs(kms~—1) bl G0l X(PAH) Shock type

A 19 107 —10® 50-90 3-10 - - CJ
B 3 10%/107 50-60 3 10/1000 10=7/10°° C
C 8 104 —10° 30-90 3-10 0-100 - C
D 3 103 60/80  3-10 10 1077/107° C
E 4 103 -10* 40-90 3-10 10-100 10=7/107° C
F 2 103 90 10 10 10-° C

Notes: () Proton density ny = n (H) —|— 2n(H2) ()b is a scaling factor for the transverse mag—
netic field, B = b x \/ny(cm~ yG )Gy in units of the field from Mathis et al. 1983. () H.
cosmic-ray ionisation rate.

A accepts the most models, as is expected since it has the largest uncertainty on the
extinction. Still, the density is well constrained, as is the transverse magnetic field.
This trend continues for the other apertures, which also show good constraints for
the external UV radiation. Velocities are less constrained, though the models exclude
low-velocity shocks (< 50 km s~1), except one model with vs = 30kms . All models
for each aperture point to the C-type shock, except for aperture A, which points to a
CJ-type shock, due to high-velocity and high-density shocks.

Best fit model for aperture E, d = 0.359 dex

4
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Figure 3.3: Example of a best-fit model using the minimum distance defined in Section 2.3.
The minimum distance is 0.359 dex. The intensities are plotted on a logarithmic axis, and the
best-fit model is shown as open black circles. The uncertainty on the intensity is very small,
which is amplified by the log scale and the fact that the intensities are corrected for extinction.
The x-axis shows the transitions associated with the intensities.
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3.4 Results summary

To visualise the results for the different apertures, Figure 3.4 shows the grey-scale in-
tegrated intensity map for the 0-0 S(5) transition with a coloured overlay of the aper-
tures. The colours correspond to the value of the presented quantity from the best-fit
models. This way, the trends are visible for the different outflow positions. The tem-
peratures decrease slightly with the distance to the protostellar system, except for the
hot component of aperture B, which is high with respect to its neighbours. The total
column densities from the rotational diagrams do visibly decrease with distance, as
do the densities from the best-fit shock model. The trends are similar. The shock ve-
locity and the transverse magnetic field strength both increase for the best-fit models,
however, they are not well constrained following from the models accepted within the
extinction correction uncertainty.
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Figure 3.4: Grey-scale integrated intensity map for the 0-0 S(5) transition with a coloured over-
lay of the apertures. The colours correspond to the value of the presented quantity from the
best-fit models. Exact values are reported in Tables 3.1 and Table 3.2 of the Results section.

29

Version of June 14, 2024— Created June 14, 2024 - 14:55



30 Results

H, 0-0 S(5) map H, 0-0 S(5) map

5 85 5 9
;':kBHR'?l IRS1 >?-*BHR71 IRS1
80 8
75 _
in 7
9} [ 9}

g o 706 &0 a
3 2 g 6
N

65
5
60
5" g
55 4
50 3
5o o 5 5 o 5
ARa ARa

Figure 3.4: continued
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Chapter I

Discussions

4.1 Comparison to previous observations

Before the JWST, valuable information about protostellar outflows was gathered with
other space telescopes, such as Spitzer and ISO by e.g. Rosenthal et al.(2000)[60], Gi-
annini et al.(2001)[61] and Neufeld et al.[62-64]. Their spectroscopic abilities revealed
hidden processes hidden in the envelopes. The combined effort of the previous and
current generation of telescopes set the stage for the JWST to explore the outflows
in exceptional detail. JWST has the power to spatially resolve previously unresolved
emissions with Spitzer, allowing for an unprecedented detailed analysis of the outflow
in closer proximity to the protostar. We compare the results from this thesis with ob-
servations from the previous generation telescopes, in order to put them into context
and find the differences between new and old observations.

Neufeld et al. (2006)[62] analysed the Spitzer observations of 2 Herbig-Haro (HH)
objects, clouds of hot gas outside the envelope from protostellar systems. These clouds
are shocked by the protostellar jets and radiate the energy away, similar to the molec-
ular hydrogen close to the protostar. The objects observed with Spitzer were HH7
and HH54, shocked by the very early Class I protostar SVS13 [65]. The HH objects
are powered by the molecular bullets from the protostar. Spectra were obtained by
creating apertures with a radius of 15” and their rotational diagrams were fitted with
a two-component fit. Three apertures were drawn for HH54. The results were tem-
peratures of 382K< Tyur < 558K and 1025K< T,y < 1150K. They found column
densities of the order 10 cm~2 for the warm component and 10%cm =2 for the hot
component. The column densities are comparable to those found for the outer loca-
tions in the BHR71 outflow. In addition, they find densities of H, of 10* — 10°cm 3.
This is consistent with aperture B and C, and higher than D, E and F, but for the latter
three, we also find lower column densities. This combination of matching H, density
and column density points to a similar source for the emission, which is the protostel-
lar jet for the HH objects. Furthermore, the matching density points to the fact that the
outflow cavity away from the protostellar system has hydrogen densities comparable
to the entire molecular cloud. The temperatures for their hot components are compa-
rable to our cold components. They only used the 0-0 rotational transitions, whereas
we have access to 1-1 transitions, the latter of which dominate the hotter component.
In addition, they had access to the 0-0 S(0) line, the lowest E, line of Hy which is most
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Table 4.1: Physical conditions obtained from the best-fit models to the observations. Az is the
shock width.

Aperture  N(Hp) (cm™2)  Tyax (K) 0/pini No/ N, Az(AU)

A 1.37-10%2  59340.0 0.04  2.02 38

B 1.69 - 1020 4776.0 0.1 2.75 724
C 4.60 - 1020 8159.0 0.15 2,01 1700
D 9.22 - 101 5947.0 051  2.26 6200
E 8.21-10Y 87270 211  2.88 5170
F 8.04 - 10 86470 051  2.29 5110

sensitive to colder material. Taking that into account, their hot and our warm com-
ponents use almost the same transitions, which might explain the similarity in those
temperatures.

Neufeld et al. (2009)[63] investigated 5 protostellar systems, one of which was
BHR71 IRS1. They stitched together 4 ~ 1’ x 1’ regions arranged along the outflow
around IRS1 and IRS2, which they extracted and summed to obtain one spectrum,
compared to our aperture radius of 0.65”. Their best-fit model resulted in log,,(ny) =
3.8 £ 0.4 and an initial Hy OPR of < 2.4 with a confidence of 95%. Both the jet and
the wider outflow contribute to this density calculation. The hydrogen density is in
agreement with our outer location apertures” densities. Apertures A and B show a
higher density, but this is at a resolution Spitzer cannot resolve. The initial OPR was
reported to be < 2.4, and we find similar results. Table 4.1 shows that the initial 0/ p;y,;
is below 2.4 for every aperture. In an additional paper (Giannini et al. (2011)[66]) they
find an average column density of 10% for the BHR71 IRS1 outflow, with a variation of
3-10" —2-10%°. They also find temperatures for the warm component and for the hot
component of 310K and 1500K respectively. This is significantly lower than reported
in this thesis, pointing to more energetic shocks closer to the protostar. However, they
find a higher density of Hp, ~ 106cm~3, which may explain the similarity in column
density.

Lastly, Neufeld et al. (2019)[64] observed HH7, but with the Stratospheric Observa-
tory for Infrared Astronomy (SOFIA) instrument Echelon-Cross-Echelle Spectrograph
(EXES). They compared the intensities of the 0-0 S(4), S(5), S(6) and S(7) line with the
Paris-Durham shock model (the same model that was used by K23) to find a C-type
shock with ny = 10*ecm™2, v; = 25km s~ ! and b = 1.3. Their best-fit shock velocity
and transverse magnetic field are slightly lower, which could be attributed to the fact
that the HH object is farther away from the protostellar system and to the fact that
SVS13 is a Class I protostar with a less powerful jet. Generally, the new observations
agreed well with older, less precise observations from Spitzer and SOFIA.
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4.2 Comparison with other JWST observations

BHR?71 is not the only object observed within the JOYS program, other objects have
also been observed with both MIRI MRS and NIRSpec. An example is the Class I bi-
nary system TMC1, which consists of two young stellar objects TMC1-W and TMC1-
E analysed by Tychoniec et al.(2024)[46]. TMC1-W launches a collimated jet, while
TMCI1-E has a disk wind outflow. The wind spectrum has been analysed and was
found to excite Hj to temperatures Ty = 661K and Ty, = 1849K with column den-
sities of Nygrm = 10%cm ™2 and Nj,,; = 108cm 2. The jet from TMC1-E has negligible
influence on the Hj intensities. This lower temperature and column density close to
the protostellar system can be attributed to the less powerful Class I jets and Class I
wind outflow, marking a later stage in the star formation process. This difference be-
tween the outflows from Class 0 and Class I protostars can be studied further in the
future by comparing a larger sample of targets at different evolutionary stages.

More H2 observations with JWST MIRI within the JOYS program were analysed by
Gieser et al. (2023, corrected 2024)[67]. They studied the high-mass IRAS23385+6053
cluster, which consists of four continuum sources and three bipolar outflows. Al-
though the sources are unknown, they find both C-type and J-type shocks for the
outflows. There are no clear differences in their rotational diagram between regions
excited by either shock. They have calculated column densities and temperatures us-
ing rotational diagrams for Ax = 3,5,7, as they cannot calculate the best-fit value for
Ak using completely resolved MIRI lines. The temperatures are generally lower for
all extinctions than reported in this thesis, while the column densities are higher. This
may be attributed to the higher densities in that cloud (~ 10”cm~3[68]) or a larger
outflow, considering the high-mass objects.

The Investigating Protostellar Accretion (IPA) is another program from the JWST
Cycle 1. Within this program, Narang et al.(2024)[69] analysed observations of the
low-luminosity Class 0 protostar IRAS16253-2429. It has a bolometric luminosity of
Ly = 0.2L and a relatively low mass-loss and mass accretion rate. The bolometric
temperatures of BHR71 IRS1 and IRAS16253-2429 are roughly the same, so assuming
that bolometric luminosity quantifies heating that is provided by the protostellar ac-
cretion to the system, we find that BHR71 IRS1 heats its environment much more. This
is reflected in the rotational diagram results from the IRAS16253-2429 jet. The warm
temperatures and hot temperatures reported are ~ 500 — 700K and ~ 700 — 800K re-
spectively. The hot component is ~ 3 times lower than reported for BHR71 IRS1. This
may be attributed to the lower luminosity and low mass loss, but this can be confirmed
by comparing the temperatures to other Class 0 protostars in future research.

The Project-] program shows promising results for the observation of HH46 IRS by
Nisini et al.(2024) [70]. HH46 IRS is a Class I binary protostellar system. Papers are
in the work for the complete analysis of H, detected with MIRI in this source, which
might provide additional insights into shocked molecular hydrogen around proto-
stars.

In order to make these comparisons work it is important to note that the JOYS pa-
pers also made use of the McClure (2009)[44] extinction law, while Narang et al.(2024)
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used the KP5 extinction law. KP5 is a widely used extinction law, which has been in
use since 2009 but has recently been documented [71]. According to this paper, KP5 is
the best available extinction correction curve. Comparisons to the other papers made
the use of McClure as the preferred extinction law, but for future work, the KP5 ex-
tinction curve can be incorporated into the analysis.

4.3 Comparison of N(H;) from the shock model and the
rotational diagram

The upper panel of Figure 4.1 shows the total column density from the rotational dia-
gram and the column density calculated in the simulation for the best-fit models. For
every aperture, the column density from the rotational diagram is smaller than the col-
umn density from the model. One explanation is the absence of the lowest excitation
Hj transition 0-0 S(0), which would have added a cold component and could close the
gap. Another possibility is that the assumption of LTE is not valid. Rotational dia-
grams assume local LTE, which might affect the correctness of the rotational diagram.
The OPR is one characteristic of the conditions that can be examined for LTE. If the
medium is in LTE and T > 200K, the OPR of molecular hydrogen is 3[72]. The lower
panel of Figure 4.1 shows the OPR for the sources and Table 4.1 reports the exact val-
ues. There is no big deviation from this value in the apertures, except aperture A. This
aperture is closest to the protostar, which might affect the OPR due to the feedback
mechanisms. Overall, we cannot distinguish between LTE and non-LTE based on the
OPR values.
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Figure 4.1: The rotational diagram column density compared to the calculated column density
from the best-fit model. The upper panel shows the logarithmic values of the observation and
the model, while the lower panel shows the mean OPR of all best-fit models of that aperture.
The x-axis shows the absolute distance to the source in arcseconds.
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4.4 The impact of (y,, X(PAH) and Gy

K23 uses 6 initial parameters for the medium to simulate the shocks, namely ny, v, b,
Go, (1, and X(PAH). The first four significantly change the resulting H; line intensi-
ties, but {py, and X (PAH) barely impact the predicted line intensities of the model. Fig-
ure 4.2 shows the minimum distance in dex for models around the best-fit model. One
initial condition was varied, while all others were kept constant, and the minimum
distance was calculated. Although X(PAH) has a slight preference for one model, {,
has a near-constant minimum distance. The variance in {, is < 3- 1072 dex?, with a
minimum as low as 8 - 1077 dex? for aperture C. For comparison, the variance for np
is > 4 dex? with a peak at 37.5 dex? for aperture C. X(PAH) shows a slight preference
for one model or a slight disfavour for one model, which is significant enough to be
taken into account. All best-fit models prefer a X(PAH) of 10~°, except for the model
titted to aperture B. For aperture A, most likely a high-density CJ shock, Gy is of rela-
tive unimportance, but for the other apertures Gy does impact the minimum distance.

4.5 Grid of 4D parameter space

In K23, they provide a grid in the 4D parameter space, where they keep (y, and
X(PAH) fixed to show the resulting shock types for certain initial conditions. We recre-
ated this grid to show in which regions of 4D space the minima in the distance between
the model and the observations are. This was done only for intensities corrected using
the derived Ag, not for all Ag within the uncertainty. The colour in the grid is based
on the value in the grid, which is the distance in units of (dex) given by equation 2.16.
Higher distances are purple while lower distances (better models) are yellow, with
green as a transition colour. The colours are capped at the median distance, to visu-
alise where the better models are. The grid can be used to reduce the parameter space
in order to simulate shock models using finer initial conditions. Figure 4.3 shows this
grid for aperture A. Low-velocity shocks can immediately be excluded from further
analysis. The grid points to a high-density, high-velocity shock with a preference for
a Go of 0.1-10 (units as before). The grids for the other models are in Appendix F. The
grids are mostly consistent with the ranges of values found for the initial conditions
within the extinction uncertainty. Important to note is that the grid does not distin-
guish between physical and unphysical models at this point. Low minimum distance
models may have Tyax < Thop.

4.6 Resolving shocks

With the JWST, the spatial resolution has improved greatly. Assuming a distance of 150
parsecs[31, 32], the projected diameter of an aperture is ~ 195AU. Physical lengths of
shocks can vary between several tens of AU to several hundreds of AU [73]. In addi-
tion, shocks can display bullet-like behaviour, which could lead to multiple shocks in
one aperture. Table 4.1 reports the width of the shock in AU simulated by the shock
model, defined as the extent of the region where 80 % of the emission is radiated away.
These values, except for aperture A, are not physical for this outflow. This may follow
from an assumption in the shock code or because the apertures cover both the jet and
the cavity outflow, resulting in higher radiation. Still, the models predict large shock
widths, pointing to the fact that we may only see at most one shock per aperture.
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Figure 4.2: The minimum distance around the best-fit model. While each initial parameter was
varied, the others were kept constant at their best-fit value. Missing points are caused either
because the grid is limited or because the shock model returned 0 for all intensities. The red
star indicates the best-fit model value. As the magnetic field and shock velocity are coupled in
the initial grid, the magnetic field was kept constant and only the shock velocity was varied.
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Figure 4.3: 4D grid of Aperture A with distances between models and the observation. (p,
and X(PAH) are set to their best-fit model values, which for Aperture A are {y, = 10~ and
X(PAH) = 107%. The colour is based on the value in the grid, which is the distance in units
of (dex) given by equation 2.16. Higher distances are purple while lower distances (better
models) are yellow, with green as a transition colour. The colours are capped at the median
distance, to visualise where the better models are.
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4.7 Future work

The results obtained for this thesis can be used to do a more in-depth search with the
shock model. The grids can be used as pointers for initial parameter ranges and may
be recreated for other outflow positions or objects, as it is computationally inexpen-
sive. Another way of increasing the certainty about molecular outflows is observations
using the NIRSpec instrument, which provides access to the rovibrational transitions
of Hy compared to only the rotational lines. Results can be used to compare outflows
from Class 0 protostars to Class I protostars, which are also currently being observed
with the JWST. This may provide more information on the formation and feedback
mechanics behind protostellar systems.
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Chapter 5

Conclusions

In this thesis, we looked toward the protostellar system BHR71 IRS1 and analysed
the outflow, which was observed in unprecedented detail using the JWST/MIRI MRS
instrument. We see 12 rotational transitions of H, at different locations in the outflow,
which trace shocks from the jet and cavity walls. Our key findings are summarised as
follows:

1. The H; intensities observed at different locations in the protostellar outflow all
point to C-type shocks, though with varying pre-shock densities and shock ve-
locities. This is in agreement with a previous study of a jet-shocked Herbig-Haro
object. Only aperture A, which is the closest to the protostar, finds a CJ-type
shock, likely due to the higher density. Pre-shock densities are well constrained
and tend to increase toward the protostar, while best-fit shock velocities tend to
increase away from the protostar. However, shock velocities are not well con-
strained due to the uncertainty on the extinction, resulting in v; > 50kms_1,
except one model that finds vs = 30kms ™~ '. The magnetic field strength is con-
sistently high with values of b = 3 and b = 10, where b is a scaling factor for
B = b x \/ny(cm=3)uG, in agreement with previous observations. The best-fit
models indicate that the scalar increases away from the protostar, but this is not
well constrained.

2. We find relatively high temperatures of Tyum ~ 1000K and Tj,; ~ 2600K in the
outflow close to the protostar compared to previous observations by Spitzer of a
4" x 1’ area of the outflow. However, they found a higher average density than
we did for distant outflow positions, pointing to a lower density in the cavity
close to the protostar. This may explain the similar column densities observed
of around Nygm ~ 10%cm=2 and Nj,; ~ 10%cm™2. The high temperatures
indicate that the shocks might predominantly be caused by the jet.

3. Compared to a Class I outflow analysed by Tychoniec et al.(2024) we find higher
column densities and temperatures close to the protostar, consistent with the
paradigm of more energetic outflows in Class 0 protostars.

4. The analysis from this thesis is a good starting point for additional research into
the outflows close to the central protostar. MIRI MRS can very well constrain
initial conditions for protostellar outflows using the shock model published by
Kristensen et al.(2023). The minimum distance grid provides initial conditions
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40 Conclusions

for the simulation of shock codes with a finer grid, and using additional obser-
vations from NIRSpec we could constrain the conditions further, using similar
analyses as presented here.
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Figure A.1: The Gaussian line fit of every molecular hydrogen transition detected in aperture
A. The black line is the data, the red line is the fit. The shaded area indicates the integrated

flux. The green dotted line shows the rest wavelength of the line.
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A.2 Aperture B
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Figure A.2: Same as Figure A.1 but for aperture B
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A.3 Aperture C
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Figure A.3: Same as Figure A.1 but for aperture C
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A.4 Aperture D
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Figure A.4: Same as Figure A.1 but for aperture D
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Line fits of every aperture
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Figure A.5: Same as Figure A.1 but for aperture E
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A.6 Aperture F
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Figure A.6: Same as Figure A.1 but for aperture F
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Appendix

Fluxes of H2 lines

Table B.1: Integrated flux of all molecular hydrogen transitions detected, corresponding to the

shaded area of the line plots in Appendix A.

Line | Wavelength Region A Region B Region C
0-051 17.035 1.62(-15)+£4.68(-18) | 1.14-15+£4.27(-18) | 6.94(-16)+5.48(-18)
0-0 52 12.279 2.23(-15)48.95(-18) | 1.88-154+1.05(-17) | 1.13(-15)+4.97(-18)
0-0 S3 9.6649 2.08(-15)+1.27(-17) | 4.73-154+1.62(-17) | 4.30(-15)1+1.28(-17)
0-0 54 8.0258 1.02(-14)£7.01(-17) | 6.64-15£3.23(-17) | 4.05(-15)+2.64(-17)
0-0 S5 6.9091 1.80(-14)£7.90(-17) | 1.64-14£5.58(-17) | 1.14(-14)%5.71(-17)
0-0 S6 6.1089 5.22(-15)48.24(-17) | 5.39-154+6.48(-17) | 3.74(-15)+5.72(-17)
0-0S7 5.51116 1.96(-14)+2.84(-16) | 1.64-14+1.10(-16) | 1.17(-14)+1.02(-16)
0-0 S8 5.0528 4.64(-15)+2.38(-16) | 4.61-15+8.99(-17) | 3.12(-15)+7.88(-17)
1-1S5 | 7.2801191 | 3.02(-16)1+9.36(-17) | 3.50-16+2.92(-17) | 2.48(-16)+3.19(-17)
1-1S6 | 6.4383478 | 4.53(-16)1+1.75(-16) | 1.80-164+5.94(-17) | 1.27(-16)+4.39(-17)
1-1S7 | 5.8108616 | 4.91(-16)4+1.39(-16) | 9.28-164+6.90(-17) | 5.91(-16)+6.84(-17)
1-1S9 | 4.9540951 | 7.04(-16)%3.03(-16) | 1.21-154+1.03(-16) | 6.97(-16)1+9.67(-17)

Line | Wavelength Region D Region E Region F
0-0S1 | 17.035 | 1.62(-15)%4.10(-18) | 8.12(-16)£3.58(-18) | 1.01(-15)%5.98(-18)
0-052 12.279 2.41(-15)+8.82(-18) | 1.19(-15)£9.16(-18) | 1.56(-15)+1.20(-17)
0-0S3 9.6649 8.19(-15)1+2.98(-17) | 6.16(-15)£2.15(-17) | 8.12(-15)%1.88(-17)
0-0 54 8.0258 1.17(-14)£3.48(-17) | 5.87(-15)4+2.20(-17) | 6.61(-15)+2.82(-17)
0-0 S5 6.9091 3.60(-14)1+5.08(-17) | 1.98(-14)£3.78(-17) | 2.14(-14)+4.57(-17)
0-0 56 6.1089 1.19(-14)£6.27(-17) | 7.04(-15)+5.80(-17) | 7.33(-15)£5.31(-17)
0-057 5.51116 4.16(-14)£1.09(-16) | 2.43(-14)£1.03(-16) | 2.17(-14)17.86(-17)
0-0 S8 5.0528 1.09(-14)£1.93(-16) | 7.45(-15)4+3.09(-16) | 5.95(-15)+8.26(-17)
1-1S5 | 7.2801191 | 9.65(-16)+3.44(-17) | 6.98(-16)£2.89(-17) | 5.76(-16)1+2.93(-17)
1-1S6 | 6.4383478 | 5.12(-16)+6.27(-17) | 3.49(-16)+4.42(-17) | 3.13(-16)1+4.55(-17)
1-1S7 | 5.8108616 | 1.55(-15)+6.63(-17) | 1.46(-15)£6.37(-17) | 1.10(-15)%5.51(-17)
1-1S9 | 4.9540951 | 2.34(-15)£2.87(-16) | 2.11(-15)%2.99(-16) | 1.45(-15)%1.06(-16)

Notes: The brackets indicate the order of magnitude
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Appendix C

Limitations of the shock model

A short summary of the assumptions and simulation conditions of the shock code
used by K23. For a complete overview, we refer to the paper, in which it is discussed

extensively.
Geometry Magnetic Field Self-irradiation
Orientation
The model treats a The magnetic field Shocks in which Hj is
plane-parallel shock front, orientation is assumed to  dissociated are
thus ignoring geometry. be perpendicular to the self-irradiated. These

This may overestimate
the post-shock density,
particularly for J-type
shocks.

Stationary shocks

shock. If this is not the
case, compression can
lead to a change in field
geometry.

Grain chemistry

shocks are not simulated,
which limits the J-type
shock to v; <30km s~ 1.

Course grid

The model only simulates
stationary shocks, which
implies that the stationary
structure has enough time
to develop fully.

Grain-grain interaction is
omitted, which is only
likely a valid assumption
for v, <25km s~ ! and

ng < 10°cm=3

Version of June 14, 2024— Created June 14, 2024 - 14:55

The grid is extensive, but
therefore relatively
course. This makes the
constrain on the
conditions still broad.
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Appendix

Intensities of all models

The figure for aperture D is shown in the Results section.

Best fit model for aperture A, d =0.553 dex
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Figure D.1: The best-fit model for aperture A using the minimum distance defined in Section
2.3. The minimum distance is 0.553 dex. The intensities are plotted on a logarithmic axis, and
the best-fit model is shown as open black circles. The uncertainty on the intensity is very small,
which is amplified by the log scale and the fact that the intensities are corrected for extinction.
The x-axis shows the transitions associated with the intensities.

Best fit model for aperture B, d = 0.731 dex
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Figure D.2: Same as Figure D.1 but for aperture B, which has a minimum distance of 0.731 dex.
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Best fit model for aperture C, d =0.475 dex
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Figure D.3: Same as Figure D.1 but for aperture C, which has a minimum distance of 0.475
dex.

Best fit model for aperture D, d = 0.387 dex
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Figure D.4: Same as Figure D.1 but for aperture D, which has a minimum distance of 0.387
dex.

Best fit model for aperture F, d = 0.238 dex
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Figure D.5: Same as Figure D.1 but for aperture F, which has a minimum distance of 0.238 dex.
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Appendix E

Full report model comparison

Aperture | nH@ (cm~2) | Vs (kms~1) | b®) | Go() ¢ X(PAH)
A 108 90.0 10.0 | 100.0 10-15 1077
108 80.0 10.0 | 1000.0 | 10~15/10716 10~
108 60.0 30 | 01 |10°15/10716 108
108 60.0 3.0 0 10715/10717 108
108 50.0 30| 01 |107'/107Y | 10°7/10°8
108 50.0 30 | 01 |10°t6/107V 10~
108 50.0 30 | 1.0 |10°15/10716 10~
107 90.0 10.0 | 0.1 10-17 10~°
107 60.0 30 | 0.1 1016 10-°
107 50.0 30 | 1.0 |10715/10°17 107°
B 10 50.0 3.0 | 10.0 10715 1077
107 60.0 3.0 | 1000.0 1016 10~
107 50.0 3.0 | 1000.0 1016 10~
C 10° 30.0 3.0 | 100.0 | 10°/107V 10~
104 80.0 10.0 | 100 | 10°1/107Y 1077
104 80.0 100 | 1.0 10715 10—
10 60.0 30 | 1.0 10°15 108
10* 60.0 3.0 0 1015 107°
104 50.0 3.0 | 10.0 10717 10~
D 108 60.0 30 | 100 |10°%/107Y 107
108 80.0 10.0 | 10.0 10715 10~
E 104 50.0 3.0 | 100.0 10~ 107
104 40.0 3.0 | 100.0 10717 10~
108 90.0 10.0 | 100 | 10°1/107V 10
F 10° 90.0 10.0 | 10.0 | 10~*2/107V 10°°

Table E.1: All best-tfit models for the observed intensities in the outflow positions of BHR71
IRS1. The best-fit models were calculated for different values of Ak, extinction correction,
within the uncertainty of Ax. If only one of the initial parameters differed for two models,
they were combined in the Table.
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Appendix F

Grids of all models

In K23, they provide a grid in the 4D parameter space, where they keep (y, and
X(PAH) fixed to show the resulting shock types for certain initial conditions. We recre-
ated this grid to show in which regions of 4D space the minima in the distance between
the model and the observations are. This was done only for intensities corrected using
the derived Ag, not for all Ax within the uncertainty. The colour in the grid is based
on the value in the grid, which is the distance in units of (dex) given by equation
2.16. Higher distances are purple while lower distances (better models) are yellow,
with green as a transition colour. The colours are capped at the median distance, to
visualise where the better models are. The grid can be used to reduce the parameter
space in order to simulate shock models using finer initial conditions. The grids for the
apertures B-F are provided in this appendix, the grid for aperture A can be found in
the discussion, Section 4.5. The grids are mostly consistent with the ranges of values
found for the initial conditions within the extinction uncertainty. Important to note
is that the grid does not distinguish between physical and unphysical models at this
point. Low minimum distance models may have Ty < T
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60 Grids of all models
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Figure F1: 4D grid of Aperture B with distances between models and the observation. (p,
and X(PAH) are set to their best-fit model values, which for Aperture A are {y, = 107 and
X(PAH) = 107%. The colour is based on the value in the grid, which is the distance in units
of (dex) given by equation 2.16. Higher distances are purple while lower distances (better
models) are yellow, with green as a transition colour. The colours are capped at the median
distance, to visualise where the better models are. The best value here is inconsistent with the
conditions reported, due to the fact that the best-fit model in the grid has Tax < Tjot-
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Figure F.2: Same as Figure F1 but for aperture C.

1.09 0.82

1.40 1.08 0.86

1.06
1.36

0 10-110° 10! 102 10°

-
o
3
&
A
0.62
N
o
3
&
L
0.98 097 1.02
1.09 w
o
3
%]
AN

b =10.0

T 106

g

< 104

S
10?2
108

- 0.87

1 10% 1.01  1.15

E 129 1.39
-£104 094 082 068 042 096

S
102
108

'T'E 106 1.02

145 137 125 1.21 130
1.04

_1.29 0.61

1-SWX0S

S
\5:104 1.00 0.93 0.84

S
107

0 10-110° 10! 102 10°
Go 7 106
g

O
< 10*

S
10?
108

T 106
L 104
102

Fa

0 10-110° 10! 102 103
Gy

cm

114 1.09 095 1.11

Ny

61

Version of June 14, 2024— Created June 14, 2024 - 14:55

1_SW0Y

[_SWY08  {_SW309

1_SW06



62 Grids of all models
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Figure F.3: Same as Figure F1 but for aperture D.
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Aperture: E
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Figure F.4: Same as Figure F1 but for aperture E.
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Grids of all models
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Figure E5: Same as Figure F1 but for aperture F.
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