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Abstract

A planetarium is a useful way to present new data to the general public as it results in greater
learning. An interesting approach for a planetarium show, is to communicate how astronomers
gather data from across the sky to confirm the theories on planet formation to the audience.

The stages that need to be shown to explain planet formation are the molecular cloud, the
rotating gaseous disk that points to the formation of a disk, the structures in the dust disk
made by planets, and a planetary system. The Atacama Large Millimeter/submillimeter Array
(ALMA) made it possible to have high resolution observations of protoplanetary disks. So, in
this thesis ALMA data will be used to produce moment maps using immoments to show the
rotating gaseous disk and produce continuum images using tclean to show structured disks. In
this thesis | experimentally determine the best settings for cleaning a continuum image looking
at the visual appearance and the numerical properties of the image. | came to the conclusion
that weak lines spotted with plotms can be neglected for outreach purposes, as well as the de-
convolver settings and the primary beam correction. Briggs weighting with a robust parameter
of 0.5 is generally a safe choice as it has the highest signal-to-noise ratio and interactive cleaning
should be tried if time allows. This part of the thesis resulted in a set of instructions for imaging
ALMA data together with a script for imaging and implementing images in the planetarium.
I compared the final images of both the moment maps and the continuum images to the ones
produced by literature.

This thesis also creates guidelines on communicating astronomy. Attention needs to be paid
to colors and adding scaling to the figures for comprehending astronomical images. Generally
a red (and orange) color scheme is recommended and the selected colors should be explained.
Concerning the communication of science to the audience, it is advised to use storytelling tech-
niques. This part of the thesis resulted set up for a script for a planetarium show on star and
planet formation.
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1 Introduction

Curiosity about the formation of the planets in our solar system has driven scientists, especially
astronomers, to come up with models and theories on planet formation based on the laws of
physics. Nowadays, in scienti c literature, these theories are being con rmed, extended, or even
changed based on observations of planetary systems at di erent stages of their evolution. But
why is this information not commonly communicated to the general public? Science communi-
cation is of great importance as it is the link between the scienti c community and the general
public, it brings scienti ¢ developments to the attention of the public and helps the government
develop science-based policies. Besides, curiosity about planet formation has not only driven
astronomers, it also gave rise to philosophical discussions for the general public. Questions the
audience might wonder about are often related to the fundamental questionls there life else-
where in the universe?(Christensen ). Which often leads to the questionls the earth a
unique planet?. The theories on planet formation developed by astronomers can be commu-
nicated to the public, but often the question remains: "How do you know?' This thesis aims

to guide science communicators to explain how astronomers gather data from the night sky to
con rm their theories on planet formation. Which gives rise to one of my driving questions:
"How can we communicate to the general public how astronomers gather data and use it to form
theories (on planet formation)?'

To answer this question, | will address the scienti ¢ background of planet formation, the
technical background and the communication background. The scienti ¢ background of star and
planet formation must be understood so that the di erent stages of evolution can be explained
to the audience. One of stages | will be imaging, is the rotating gaseous envelope, which can be
observed with the help of line transition and points to the formation of a disk as a consequence
of conservation of angular momentum. Another important stage | will image is the continuum,
produced by the heated dust in the disk, which shows the di erent structures caused by forming
planets. The Atacama Large Millimeter/submillimeter Array (ALMA) is a radio observatory
which is useful to image these stages, as both the line and continuum emission is in the millime-
ter to sub-millimeter wavelengths. ALMA has 66 antennas that work together to produce images
of high resolution and has been revolutionary in showing planetary disk structures (ALMA ).

To produce the best images for the planetarium show, di erent settings of the imaging func-
tion (tclean and immoments) are examined. | will study the visual appearance of the images as
well as the numerical properties of the images. The nal images are also compared to the images
produced in literature to show the di erence between imaging for research purposes and imaging
for communication purposes. With the goal of simplifying the imaging process for a non-expert,
we ensure that the resulting images, while not identical to previous published images, are appro-
priate for the public and display the desired astronomical concepts.

Besides understanding the scienti ¢, technical and communication background it is impor-
tant for a science communicator to choose a suitable communication medium, for example a
planetarium. Yu, K. Sahami, V. Sahami, et al. and Yu, K. Sahami, Denn, et al.
explain that a immersive full dome planetarium show result in greater attention and reduces
cognitive loads because of the large display and the wide eld of view. Because of that, both
groups concluded that a lecture which shows images in a full dome planetarium show, leads to
greater learning compared to the exact same lecture with the images shown on a at screen. Alt
and Shaw give three qualities visitors would like in their ideal exhibition; it should make
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the subject come alive, it should be memorable, and it should be quickly understood. This all
points to the fact that a planetarium is a useful medium for science communication (especially
for astronomy), that's why this thesis focuses on the use of a planetarium, as it will be useful to
visualize how di erent patches of the night sky are used for doing research.

The Data2Dome project of ESO recognized a problem with a planetarium as communication
medium. Namely implementing new content to present it in a planetarium takes days or even
weeks, while the new ndings are posted the very same day on websites of research institutions,
blogs, and the news. So to make a planetarium a relevant way of communicating new ndings,
the implementation of new content needs to be optimized (Christensen ). This thesis will
be a step in facilitating the use of a planetarium for presenting new data or content, as | will
create new guidelines for fellow astronomers and planetarium operators for formatting data so it
can be implemented in the planetarium. This gives rise to the question;What is a simple way
for data to be imaged so it can be implemented in a planetarium show and is understandable for
the audience?'

Science communication does not only require knowledge about science but also about visual
communication. Images are especially important in astronomy as it historically is the way as-
tronomers record our discoveries about the universe and the images give a "Wow'-factor, which is
important for non-experts. In this thesis | will therefore experimentally determine the best way
to image ALMA observations for clear communication to the general public. | will nd the right
ALMA data, reduce, and format it properly and produce a set of instructions while doing so, so
other astronomers can easily reduce ALMA data and use it in a planetarium. | will explain how
astronomy can be communicated to the general public and will produce guidelines for a show
on planet formation with this knowledge. The end result will be a new planetarium show for
the general public about how astronomers use the night sky to gather data and form theories on
star and planet formation, so | can answer my main question;How can communicators produce
a planetarium show using ALMA data to explain to the audience how the theory behind planet
formation is produced?'

By using recent ALMA observations in this planetarium show about planet formation, the
audience will increase their scienti ¢ knowledge while having an incredible visual experience.
The audience will improve their critical thinking and become able to discuss subjects concern-
ing astronomy. They will get to understand how astronomers form theories using observations,
but also learn that it's still an ongoing eld of research. The planetarium show speci cally will
increase the audience's knowledge about and interest in planet formation.

This thesis consists of eight chapters, the Scienti c background (Chapter 2) explains the
theory behind the di erent evolutionary phases and the observables during star and planet for-
mation. Technical background (Chapter 3) explains the concepts behind ALMA data reduction.
Communication background (Chapter 4) explains what to focus on when imaging data for and
explaining astronomy to the general public. In Chapter 4 | will also substantiate certain choices
I made during the process of imaging and writing a script. In Chapter 5, Selected objects, | will
discuss the objects that | will be imaging in this thesis. In Chapter 6 | explain the method of the
data reduction processes, that are explained in Chapter 3 and explain how | took measurements
of the produced images. In Results (Chapter 7) the images produced are shown together with
tables that list certain properties of the images. Additionally guidelines for a script for the plan-
etarium show are given in this section. In the discussion (Chapter 8) | will discuss which image
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parameters are best for communicating star and planet formation theories based on the visual
appearance as well as the measurements, and compare my nal images to the once produced in
other literature. Chapter 9 summarizes the conclusions. Finally, in the appendix there are data
reduction and imaging scripts for formatting ALMA data, a script on how to implement images

in a planetarium using the software SkySkan and a detailed set of instructions for imaging ALMA
data.
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2 Scienti ¢ background

2.1 Dierent Phases in star and planet formation

Star formation starts o in a molecular cloud, where prestellar cores form within dense laments
(André et al. ). If the the core is dense (n 10* 1C° cm®) and cold (T 20 30K)

('t Hof ) enough so that the gas pressure will not be strong enough to balance the gravity,
the core collapses. This so called Jeans instability will occur when the mass of the core succeed
the Jeans mass and gravity dominates over gas pressure. The temperature and pressure rise and
a hydrostatic stellar core is produced. As the temperature of the core rises even more, it experi-
ences another collapse which then forms the protostar according to numerically solved equations
governing the collapse by Larson . During this collapse there are turbulent motions of the
gas or a gravitational torque between overdensities in the cloud which give the cloud and core
angular momentum (Tobin, Sheehan, et al. ). During the collapse of the core, material
moves inward. To conserve the angular momentum, a rotating disk of gas and dust is formed
which is surrounded by an in-falling envelope (Terebey, Shu, and Cassen ). When material
accretes to the protostar it rst falls onto the disk to be transported to the protostar (Larson

)

The early evolution of the newly formed protostar can be divided into four stages. Class

0 is the rst stage in which the rotational disk is formed, Murillo et al. con rmed the
presents a disk with Keplerian velocity in the Class 0 source VLA1623A. The protostar is still
fully embedded in the massive envelope. Jgrgensen et al. observed 20 Class 0 and Class |

sources and determined the mass of the disk and the envelope. The disk of the Class 0O stars is
tipically 1 to 10% of the corresponding envelope.Most of the accretion occurs during this stage,
which results in the most prominent out ow jets (Maury et al. ) (Tobin, Hartmann, et al.

). During Class |, accretion via the disk onto the protostar occurs and causes the mass
of the envelope to decrease and that of the protostar to grow. Jgrgensen et al. observed
the disk mass of a Class | star to be 20 to 60% of the corresponding envelope mass. The out-
ows have a wider opening angle and are less powerful, as most of the mass of the envelope
has already accreted to the disk and protostar (Arce and Sargent ). In Class 0 the disks
are hardly visible because the envelope is prominent, but in Class | the disk is less embedded
in the envelope so it becomes more visible (Sukasz Tychoniec ). The disks surrounding
the Class 0 and Class | protostars are generically referred to as protostellar disks according to
Tobin, Sheehan, et al. . During Class Il the envelope is fully dissipating away, leaving a
well-de ned, clear disk in which structures may occur (Tobin, Sheehan, et al. ). During
this stage, the out ows are very weak since very little accretion from the envelope is taking
place. Sometimes a fth class is used between Class | and Class Il which is called the Flat
spectrum, based on their Spectral energy distribution (Tobin, Sheehan, et al. ). Finally, in
Class Il most dust has been accreted to the planetesimals starting to form planets, and most of
the gas has been dissipated away (Whitney et al. ). The disks surrounding the Class Il and
Class Il protostars are often called protoplanetary disks according to Tobin, Sheehan, et al.

2.2 Observations of these classes

Di erent physical properties can be used to distinguish between these classes, using images,
spectral index, e ective temperatures and spectral energy distributions (SED).
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The central star itself emits mainly in the optical band, but in the early stages the star is
fully embedded in the envelope, making it di cult to observe. Astronomers are interested in ob-
serving the surrounding disk and envelope that contain lots of information about the protostar.
To observe the disk properties three di erent types of observation can be used. First of all you
can observe scattered light, which is light re ected by small dust grains around the star. These
observations depend on the distribution of grains and their albedo which in turn depends on the
size, shape and composition of the grains. With this observation method it's di cult to observe
material close to the star because of the lack of contrast and also di cult to observe material far
out since the stellar radiation eld is not strong enough at large distances. Secondly, the contin-
uum emission of the dust grains can be observed where the dust grains are heated by the central
star and emit as a blackbody of around 20/30K (Tobin, Sheehan, et al. ). This observation
method does not have stellar contrast limitations. Finally, you can also observe spectral line
emission, when a photon is emitted by an atom or molecule as an electron loses energy. This
observation method only traces the gas, and is used to determine the chemical composition and
temperature of the gas and uses Doppler shift to measure the kinematics (S. M. Andrews ).

Lada and Wilking used the infrared spectral index to distinguish the di erent classes,
which gives the slope of the spectral energy distribution (Armitage ):

_dlog(F )

R = ~Tlog() 1)

Where is the wavelength, F is the observed ux, where the fraction represents the deriva-
tive of the SED so the slope can be calculated, which gives|r ,the infrared spectral index.
A redder protostar, which means it emits more in the longer wavelengths, has a positive g
value and corresponds to younger stars (Lada and Wilking ). For the Class 0 sourcer
is unde ned because the spectral energy distribution is shifted to longer wavelength as the star
is deeply buried in the envelope. Class | is de ned to have values ofjg > 0.3, a at spec-
trum source is de ned to have values of 0:3< |gr < 0:3, Class |l is de ned to have values of

1.6< |g < 03, and Class lll is de ned to have values of |g to be g < 1.6 (Armitage

)-

Another way to distinguish between the di erent classes is using the bolometric temperature
(Twol). The bolometric temperature is the temperature a black body would have when emitting at
the mean frequency of the observed continuum spectrum (Myers and Ladd ). H. Chen et al.

constructed the bolometric-luminosity diagram based on 128 young stellar objects to com-
pare the evolutionary stages. A Class 0 star has &, 70K whereas a Class | protostar has a
Tohol between 70-650K (Sukasz Tychoniec ). As these objects are both still fully embedded in
the envelope and thus might look alike, measuring the bolometric temperature can be a good way
to distinguish between both the classes. These infrared sources have a much broader spectrum
than a black body, therefore the bolometric temperature is lower than the e ective temperature
(H. Chen et al. ). The class Il protostars have dl,o between 650-2800K whereas the class
[l protostars have Ty, 2800 (Sukasz Tychoniec ). As the protostar evolves to become a
main sequence star the bolometric temperature will approach the e ective temperature, as the
star is nearly a black body (H. Chen et al. ).

Finally, the classes can also be distinguished by their emitted light. Part of the light from

the protostar will be scattered by the surrounding dust. The central star also heats up the sur-
rounding disk and envelope of both gas and dust, which will then emit in di erent wavelengths

8
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Figure 1: Schematic image of a protostar at di erent stages in the top, together with its expected
Spectral energy distribution in the bottom (from Sukasz Tychoniec ; their Figure 1.1).

close to the infrared. The hot inner parts of the disk emit in the near infrared, whereas the
cooler outer parts of the disk and the envelope emit at (sub)millimeter (sub-mm) wavelengths.
Due to these di erences in emission and physical structure, di erent classes of protostars have
di erent SED shapes (Figure 1). Robitaille et al. analysed many di erent young stars using
di erent models of all physical properties and found that di erent classes can be identi ed using
their SED shape. Whitney et al. has modelled di erent evolutionary stages and their SED
so they can be compared to observations and tells us that the emission in the longer wavelengths
(sub-mm) of the Class 0 disk is caused by the emission of the opaque envelope. The starlight
is only visible by the scattered light, as the star is fully embedded in the massive envelope. For
Class I, the envelope is less massive, so the emission of the central star is more visible. Whitney
et al. tells us that the emission in the longer wavelength emerges from the disk since the
disk is growing in this stage. In Class Il, the envelope almost dissipated away, leaving only the
disk and star emission. Finally, in Class Ill the emission of the disk becomes negligible compared
to that of the central star. So the shape of the SED can be used to determine the evolutionary
stage. Some disks do not t the SED classi cation, and are therefore called transition disks.
They often show some sort of disk structure which alters the SED (Armitage ).

2.3 Planet formation

For planets to form, dust particles need to grow into pebbles by coagulation and condensation.
Overdense pebble laments undergo gravitational collapse which causes planetesimals to form.
These planetesimals accrete more dust and smaller planetesimals to form protoplanets (Bitsch,
Lambrechts, and Johansen ). This method forms terrestial planets, but for gas giants there
are two theories of planet formation: the widely accepted theory of core accretion and another
theory called disk instability. Core accretion is a process where small planetesimals grow more
massive during runaway growth. During this process a gaseous atmosphere is acquired, which
will collapse when the isolation mass (of about 1M ) is reached, causing runaway gas accre-
tion (Bitsch, Lambrechts, and Johansen )(Boss ). Since this process takes a very long

9
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time, the question arises whether it can form a gas giant during the lifetime of the disk. Disk
instability requires a shorter time scale to create giant planets. In this process fragments of the
disk become gravitationally unstable and immediately create self-gravitating clumps of gas and
dust. These clumps will contract and form giant gas planets (Boss ).

The disk consists of gas and dust that is moving around the central star. The velocity of
the gas is in uenced by the pressure gradient%%). If the pressure gradient is negative, the gas
will rotate at a sub-Keplerian speed, if the pressure gradient is zero the gas rotates at Keplerian
speed and where the pressure gradient is positive, the gas rotates at super-Keplerian speeds. If
we would assume the gas has a smooth monotonically decreasing pressure, all the gas would be
rotating at sub-Keplerian speeds and solids would feel a gas drag and move towards the central
star (Takeuchi and Lin ). However, the pressure is not monotonic and consists of local
pressure maxima. As the radial velocity of the gas outside the pressure maxima points inwards,
and inside the pressure maxima points outwards, the particles move towards the pressure maxima
causing a pile up of solids (S. M. Andrews ).

Di erent structures of pressure maxima and minima with di erent origins occur in disks sur-
rounding the protostars. These structures are well observable in protoplanetary disks of Class
Il and Il protostars. They also occur in Class | and possibly Class 0 disks, but S. M. Andrews,
Huang, et al. who observed 20 protoplanetary disks to nd their substructure, explains
that these protostars should be excluded to avoid confusion with the envelope emission. The
di erent substructures can be categorized into four morphologies, ring/cavity structure, ring/gap
structure, arcs and spirals (S. M. Andrews ). The ring/cavity structure has a narrow ring
encircling the depleted cavity (S. M. Andrews, D. J. Wilner, et al. ). Transition disks often
look like this, causing their unusual SEDs (Armitage ). In the rings/gaps structure rings
(intensity enhancements) and gaps (intensity depletions) alternate (S. M. Andrews ). This
substructure is most commonly identi ed in the mm continuum (Brogan et al. ) and has
variations from the whole disk alternating with rings and gaps to only one gap between the core
and the the outer ring (S. M. Andrews, Huang, et al. ). The di erence between this last
structure and the ring/cavity, is that the cavity has a completely empty cavity encircled by a
ring, whereas the ring/gap structure still has a core inside the ring. Another morphology is the
arcs, which is an non-axisymmetric feature the location of which ranges from being a partial ring
surrounding a cavity to an additional substructure in a ring, cavity or gap (S. M. Andrews )
(Kraus et al. ). The nal classi ed substructure is the spiral. These spirals range from open
spirals with a two armed pattern to more complex or asymmetric structures that may be tightly
wrapped. (Laura M Pérez et al. ) (Monnier et al. ).

These substructures themselves have di erent possible origins. Figure 2 shows a schematic
illustration of the di erent structures and the di erent causes. Panel a of this gure shows how
a cavity can be formed by magnetohydrodynamical (MHD) winds, these out owing winds are
induced by the magneto-centrifugal forces induced by electrically conducting uids in a rotating
disk. The cavity can also be cleared out by photo-evaporation ows that are ows of evaporated
material induced by the radiation of the central star or another close source (Takahashi and Muto

)(Ercolano and llaria Pascucci ). The cavity could also be formed by giant planets that

orbit inside the cavity and have overlapping gaps, clearing out the cavity (Zhu et al. ).
Magnetohydrodynamical turbulence, which are chaotic motions in electrically conducting uids,
and circular shaped magnetic ux concentrations can create a rings and gaps structure, since the
created zonal ow generates a banded density structure where the gas is repelled at the peaks
and piles up at the dips (Johansen, Youdin, and Klahr ) (S. M. Andrews ). Smaller
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Figure 2. Schematic illustrations of the di erent substructures and their possible origin (form
S. M. Andrews ; their Figure 10).

planets can also generate gaps and bright rings at the edge of the gap clearing its path (Rosotti
et al. ). The dierent formation methods for the rings/gaps structure can be found in
Figure 2 panel b. Gaps and rings can also occur at snow lines, there where a speci c volatile
sublimates. Snow lines can alter the fragmentation velocityyag , Which is the threshold velocity
for fragmentation to happen. If vfaq is higher, particles stick together more easily, while a lower
Virag » also called a tra ¢ jam causes more fragmentation, which is displayed in Figure 2 (d)
(Pinilla et al. ). These dust density alterations can cause substructures to occur (Marel,
Williams, and Simon Bruderer ).
Spiral density waves (Figure 2 panel (c)) can be caused by magneto-rotational instability, which
occurs when the rotational velocity of material in the disk decreases, in this case because of the
presence of a planet, as the radius increases which makes the disk turbulent (Heinemann and
Papaloizou ). These spiral structures can also be caused by gravitational instabilities which
arise from asymmetric envelope accretion occurring in more massive protostars. (S. M. Andrews
). If the disk is essentially inviscid, which means turbulences are suppressed enough, low
mass planets can make variations in particle distributions causing spiral arms. The more massive
the planet the larger the pitch angles (Bae and Zhu ). More massive planets can also cause
these spirals to occur interior to their large orbits (S. M. Andrews ).
To determine what the origin of these structures is, numerical models and simulations of physical
processes are used to see what model matches the observation (S. M. Andrews ). Once a
planetry system is fully formed, the gas and dust in the disk are gone.

11
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2.4 Observational methods for star and planet formation

The universe emits in all wavelengths of the electromagnetic spectrum, which can be observed
with di erent telescopes. As two important features in planet formation, line emission from gas
and continuum emission from dust, are observable using long wavelengths, radio and sub-mm
telescopes should be considered. With these types of telescopes we can observe gas and dust
from the star and planet forming systems.

One of the two features that is observed in the process of planet formation is the line emis-
sion of the gaseous envelope, which is produced by discrete low energy transitions of atoms or
molecules. This is used to see if the gas is rotating and thus forming a disk around the protostar,
these observations are done at millimeter to sub-millimeter wavelengths. To image the rotating
gas of a Class 0/ Class | protostar, integrated intensity (moment 0) and velocity (moment 1)
maps are needed. Figure 3 shows some of the key molecular tracers.

Figure 3: Which molecule traces a certain part of the protostar (form Sukasz Tychoniec,
Dishoeck, et al. ; their Figure 11

We are interested in the embedded disk, which according to Sukasz Tychoniec, Dishoeck,
et al. is mainly traced by G’O and H,CO. CN can be found in the upper layers of the
embedded disk as it is the main tracer of the out ow cavity walls. H,CO at high velocities can
also be used to trace the molecular jets and at lower velocities to trace the out ows.

The other feature that is observed in the process of planet formation is the continuum emission
of the heated dust in the disk, which emits almost like a black body. The substructures in the
disk can be used to model possible planet formation, and the observed ux density is used to
calculate the mass of the dust particles in the disk. This can be done using the following equation
(Tobin, Sheehan, et al. ):

D2F
M= B (Taw) @)

whereF is the ux density, D is the distance to the star, is the dust opacity, B is the Planck
function with a temperature of the dust (T gust) Which is about 30K for the embedded disks and
20K for Class Il protostars. At these temperatures, the emission of the dust peaks at longer
wavelengths as well. This formula is used to determine the mass of the disk around di erent
protostars.  can range from 0.1 to 2 and can be a large factor of uncertainty in calculating the
mass of the disks (Tobin, Sheehan, et al. ). If a high opacity is taken, the calculated disk
mass is a lower bound.

Sukasz Tychoniec, Manara, et al. used observations of ALMA and VLA to set determine
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Figure 4: The cumulative distribution plots of the dust disk masses (form Sukasz Tychoniec,
Manara, et al. ; their Figure 2 top panel

the mass of the disks surrounding protostars of di erent classes, using equation 2. The disk mass
was compared to the mass of observed exoplanetary systems to set constraints on the time-scale
and e ciency of planet formation. Figure 4 shows some of the results. The Cumulative distribu-
tion plots of the dust disk masses, which means that at a CDF of 1, all disks in that class have a
minimal mass of the according disk mass. The black line gives the cumulative mass of observed
exoplanets. It can be seen that mass in Class |l stars does not account for the mass found in
exoplanetary systems. Whereas the disk mass of Class 0 and | is ve to ten times higher than
the disk mass of Class Il stars, and thus can account for the mass of the observed exoplanets.
These results claim that planet formation can already begin in the rst 0.5 Myr.

To observe radio waves with a precision of about one arcsecond, a kilometer sized telescope
would be needed, since the di raction limit of a telescope is calculated by the observed wave-
length divided by the diameter of the telescope. A telescope this size is impractical, so to make
radio observations with a high precision, interferometry is needed, which uses multiple smaller
telescopes, located on Earth, to work together to act as a larger aperture (D. Wilner ). An
additional di culty in observing sub-mm waves is the distortion of the signal by the water in
the atmosphere. So when building the Atacama Large Millimeter/submillimeter Array (ALMA),
the location was important, namely at the Chajnantor Plateau in the Atacama Desert of Chile
at a height of 5000m. The atmosphere in the desert is very dry and together with the elevation
the distortion is limited and since the desert is very dark as well, the signal is strong enough to
get detected by ALMA (ALMA ).
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3 Technical background

The data used in this thesis has been observed with ALMA. ALMA consists of 66 high precision
antennas: Four antennas working as single dishes with a diameter of 12 meters, 12 antennas
working together with a diameter of seven meters, and the remaining 50 antennas have a diame-
ter of 12 meter and work together via interferometry (ALMA ), which uses the tiny delay in
detecting the same signal between two antennas to measure the so-called coherence or the visi-
bility function. The visibilities can later be converted using the Fourier transformation to obtain
information on the sky brightness distribution. The rotation of the Earth causes the antennas

to take di erent samples. The antennas can also be moved around on the surface of Earth to
change the baseline between the two antennas which can be used to 'zoom' . Each unique set
of baselines improves the completeness of the resulting image. The produced "dirty" images are
corrupted by the structure of the point spread function, which is caused by the di raction of light

in the aperture and is based on the sampling structure. To get a better point spread function
and thus a clearer image in the end, more antennas or samples are needed (D. Wilner ).

The ALMA default data calibration can be performed without any prior experience in inter-
ferometry as a calibration process with automated pipeline can be used by executing a script.
The scriptForPI, which is provided with the raw data, calls the ALMA science pipeline which
calibrates the visibilities and generates the calibrated Measurement Set containing the calibrated
visibilities, the data weights and information about the point spread function. To create an im-
age (referred to as cleaning) from the visibilities that the ALMA telescope produces théclean
command is used, which can generate data cubes and continuum maps from the calibrated mea-
surement set. tclean runs iterations of major and minor cycles. The minor cycle operates only
in the image plane and does the deconvolution, which removes the noise and resolves the signal.
During the minor cycle the point spread function, the cleaning model itself and the gridded resid-
ual of the data with the model subtracted, are passed to the cleaning algorithm. The cleaning
algorithm then searches for peaks in the residual image, subtracts the point spread function,
and adjusts the model repeatedly. During this process the model is constructed with discrete
components which can be based on delta functions or multi-scale, depending on the type of de-
convolution algorithm used. The updated model will then be transferred to the visibilities plane
where it is subtracted from the data during the major cycle to produce a new residual image.
This new residual can then be used in the minor cycle again. These cycles are iterated until the
stopping criteria are met. This stopping criterion is often based on having the residual maximum
to be lower than a statistically relevant threshold (NRAO ).

The deconvolver parameter within tclean is used to choose the algorithm of the minor cycle.
The default deconvolver is the 'hogbom' algorithm which constructs the model with components
based on the delta functions by estimating the strength of the pixels. This was originally used to
reconstruct point sources as it identi es the source pixel for pixel, but has been proven to work
well for extended objects as well, though it might take longer and instabilities can occur for this
reason. Another deconvolver algorithm that is used is the multi-scale algorithm, produced to
improve stability, which rst smooths the residual image and then constructs the model as if the
object is composed of various di erent scale sizes by estimating the strength of these scale sizes
(Cornwell ) (NRAO ).

Another argument of the tclean command is theweighting argument, which has three op-
tions: natural, uniform and Briggs weighting. The natural weighting weighs the visibilities

14



3. Technical background Floor van der Kolk

according to the data weights, meaning it will enhance the contribution from shorter baselines
(corresponding to lower resolution) and decreases the contribution from the longer baselines (cor-
responding to higher resolution). This will result in a lower RMS noise level but also a lower
angular resolution. Uniform weighting weighs all baselines equally, meaning extra weight is given
to longer baselines. This results in a higher angular resolution, but the RMS noise will also be
higher. Uniform weighting also reduces the sidelobes, which are caused by the di raction of light
in the antennas. Finally, there is a compromise between natural and uniform weighting called
Briggs weighting. Briggs weighting has a robust parameter that sets the relative importance of
uniform (robust = -2) and natural (robust = 2) weighting. The default robust value is 0.5 when
using Briggs weighting (Bemis )

The tclean command also has the argumentgell and imsize, which can both be calculated.
The cell size, in arcseconds, can be calculated using the following formula:

Cell = 206265 3)
" 'longest baseline in wavelength’ ‘number of cells across the beam’

The image size can be calculated from the Half Power Beam Width (HPBW) of the Primary
Beam which is calculated using:

1:02
HPBW = 0 (4)
D
(multiplied by some factor of 1.5-2 (Bemis )) where is the observed wavelength and D
is the diameter of the antenna. Based on measurement,s Cortes et al. suggests using the
following formula:
11
HPBW = D3 (5)

The imaging process when making a continuum, will convert the signal of the telescope into
intensities in Jy/beam. Another useful unit for the intensity is the brightness temperature (K),
which can be calculated using the Rayleigh-Jeans law:

2
B (Ty= 220 ©

where Ty, is the brightness temperature, is the observed frequencykg is the Boltzmann
constant, ¢ is the speed of light andB (Ty) is the spectral radiance with units Wsr ' m 2.
Finally, to use this formula a conversion from Jy/beam (the signal) to Wsr 1 m 2 (the spectral
radiance) needs to be used:

10 22 (beam size in arcsed
4:25 1010

Another argument of the tclean command is thespecmodeargument, which sets the spectral
gridding type when cleaning the calibrated measurement set. This spectral mode should be set
to mfs when producing a continuum image, as it will give only one output image channel, and
should be set tocubeto produce a data cube for spectral line imaging. A data cube is a 3D
array of which two dimensions are spatial, producing an image, and the third dimension gives
the spectral data based on wavelength or frequency. In short, the cube contains a full spectrum
for every pixel in the image. A moment map can be produced out of a data cube, which means
‘collapsing’ one of these axis to gather a value from the combined moment axis into one pixel.
This can be done in di erent ways to obtain di erent forms of moment maps. For explaining
star and planet formation, moment 0 and moment 1 maps are useful. A moment 0 map gives the

Jy=beam=

B (")
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integrated intensity of the spectral line. This essentially gives the amount of gas at each point.
Moment O can be calculated using: X
Mo= Vv I (8)

Where v is the pixel width in direction of the moment axis and |; is the intensity of the
spectrum of the ith pixel. A moment 1 map is the intensity weighted coordinate, which gives
the velocity eld based on Doppler shifts. This essentially tells whether most of the gas at each
point is moving towards or away from the observer. Moment 1 can be calculated using:

livi

My = Mo )

wherev; is the coordinate of theith pixel. (NRAO )
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4 Communication background and choices

4.1 Imaging using colors

Telescopes based in space and on the ground, covering the whole electromagnetic spectrum, re-
lease hundreds of astronomical images to the public every year (K. Arcand et al. ). These
astronomical images are a powerful tool in communication as they are aesthetically pleasing,
convey information (Smith et al. ) and are of great importance as they “sell' astronomy
(Christensen ). But it is important to think of the way the public perceive these images.
Do they perceive the message of the image as intended by the astronomer? And what role does
color play in perceiving an image?

K. Arcand et al. and Smith et al. looked at the aesthetics and understanding of
astronomical images. They gave some guidelines and focus points when formatting images for
the general public. For conveying the message of the image, the viewers as well as the experts,
chose the red coloration (which is primarily red, medium green and high blue) as best t. This
color scheme was also the most pleasing for about two thirds of the viewers. Whereas orange or
purple was the most appealing color for imaging (Smith et al. ). These are things to keep
in mind when imaging for the general public as non-experts look at the aesthetic qualities of the
image rst (K. Arcand et al. ). The produced continuum images will thus have a speci ed
color map that is focused on red and orange, and designed to show the structures and contrasts
in the image the best. This color scheme should also be chosen so that colorblind people can
still see the structures and contrasts. To meet these criteria | produced a color scheme myself
using 'LinearSegmentedColormapfrom the matplotlib.colors package with the colors black, red,
orange-red, dark-orange, orange, gold and yellow.

It is important when choosing a color to explain why this color was chosen and especially
what it represents. So the viewers do not feel mislead by the colors that are picked by the scien-

tist, they want to know that the colors have a certain purpose (K. K. Arcand et al. ). This
explanation needs to be added in the text that accompanies the image. Viewers also indicated
that a provided scale would help comprehending the image(K. Arcand et al. ). So | will be

adding an ellipse and bar with the size of our solar system to most images to provide a bit of
perspective, as our solar system is something familiar to the audience.

4.2 Medium of presenting images

At the moment, a planetarium is not yet a relevant way of communicating new ndings. New
data is constantly posted on websites of research institutions, blogs and the news, but this new
content typically takes days or even weeks to be presented in the planetarium, if ever. Chris-
tensen et al. of ESO recognised this and concluded that there are several problems: it takes
too much manual work to import and visualize the data, the pipeline and procedures to import
and visualize the data are planetarium software dependent which makes the process inconvenient,
it's di cult for the operator to nd the new content as it is widely distributed over the research
institutions and nally, the operator would have a hard time learning the background story. The
project Data2dome was created to make the ow between the content from the research institu-
tions to the planetarium better, so that new data could be implemented in the dome, directly
ready for outreach (Christensen et al. ).
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To avoid these di culties we thought of another way of using the planetarium for presenting
new ndings. We would like to start o with showing the night sky at the location of the tele-
scope. Then an image of the rst object will be enlarged from their exact location in the sky.
Non-experts indicated that knowing the location of the object helps in comprehending the image
(K. Arcand et al. ), which is a bene t of presenting the images in a planetarium. When the
image is explained in the enlarged form, it will move to left the bottom of the dome. Then the
second image or graph will be enlarged from its location on the sky, explained and also moves
to the bottom of the dome, next to the rst image. This will be continued with all the gathered
images, representing the data gathered by the telescope. All images together at the bottom of
the dome will then present some sort of timeline. This is a fairly easy way of implementing
new ndings, as you would only need the directory path of the image and the right location
on the night sky. In this script, the image settings can also be altered to the users preferences.
A detailed script based on the software used in DOT planetarium, which is called the SkySkan
system (SkySkan ), can be found in the Appendix 10.4.

Since this way of implementing is rather quick, the operator does not need much time to cre-
ate a show containing new data. This method therefore allows the operators to spend more time
deciding exactly what and how to communicate as a thorough background research can be done,
or the operator can spend more time making the data understandable for the public instead of
spending time understanding the complex mechanisms of the planetarium. The operators could
also format the ALMA data themselves following the instructions in Appendix 10.2, making it
for example possible to update the show on planet formation.

It is also possible for the astronomer who gathered and formatted the data, and thus knows
the background of the theory, to give a science talk with the help of communication guidelines.
This would make the process of producing a show with new data even less time consuming.
Additionally, direct contact between the public and the scientist can have a large impact, as they
can ask guestions face-to-face after the show, according to Christensen

4.3 The talk

Christensen explains that de ning and knowing your target audience is of great importance.
The narrower your target audience is, the better you can understand their needs and level of
understanding. So the talk can be altered more speci cally based on their knowledge but also
pre-existing misconceptions about the scienti ¢ and technical details. These pre-existing miscon-
ceptions should be addressed to avoid further misunderstandings. Besides the misconceptions,
the interest of the audience in science should be known so recent developments and concrete
examples applicable to their daily life can be presented. These things can make science commu-
nication more successful.

When writing for the general public it is best to assume they know nothing and make the
text as simple as possible. It's necessary, though, to nd a balance between simpli cation and
scienti ¢ correctness. The science should not be left out completely as showing the process and
rewards of getting the solution helps appreciating the research, but keep it as simple as possible.
For example, the equations should be minimized and only the most interesting parts should to
be selected to keep the attention of the audience. To keep the audience even more engaged,
questions can be asked, for exampléWhat do you think?' (Christensen ).
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| de ned my target audience as students of other faculties, which means they all passed
secondary school. Since Groningen has a large proportion of international students (26% of
the students and 52% of the PhD candidates (Groningen )) and the English level of
the average Dutch student is high (assuming all students have either nished HAVO, achieving
CERF level of B1 (97.1%) or B2 or higher (79.1%), in English, or nished VWO, achieving a
level of B2 or higher (93.3%) (Fasoglio and Tuin )), the talk may be given in English. This
is in agreement with the fact that English shows at DOT Live Planetarium are better attended
than Dutch shows (Hoek , Private Communication) But the knowledge of physics and its
terminology varies greatly between individuals. Among the Dutch students, some will know
most terms in physics, if they have taken physics exams within the past few years, while others
know very little if they only had physics lessons up to the age of 14 or 15. This means that
introducing the subject, concepts and terminology is of great importance, as well as the usage
of easy language, otherwise the story will not be conveyed.

Besides an extensive introduction on the subject and the concepts used, other issues need to
be addressed during the talk. The viewers surveyed in Smith et al. gave some suggestions
for what they would like to hear to improve the comprehension of images. First, they would like
to have some historical background of the object together with a sense of scaling and the location
of the object, which is partly taken into account when producing the image and implementing it
in the planetarium. Most images are already accessible for the general public, but to understand
the images, people nd it interesting to know how the data was gathered and how the images
were produced (Hiramatsu and Amano ). To accomplish this, the telescope that gathered
the data should rst be shown and introduced. When showing the images produced, parts of the
imaging process should be explained as well. For example, what the colors represent and if this
is what we would see with the naked eye. The viewers also want to know if the images shown are
used for research or only produced to show to the public and they are curious how astronomers
perceive these images (Smith et al. ). During the talk, uncertainties in theories and imaging
can be shared with the public. At the end of the show, it is then useful to give a future perspec-
tive as well and what type of revolutionary new telescope could remove some of the uncertainties.

Another way to increase the chance of getting your story being conveyed well is using sto-
rytelling techniques. When people listen to facts only two parts of the brain are activated, but
when they listen to a narrative story, seven parts of the brain are activated (Schwertly ).
That is because parts of the brain that aren't part of the traditional "language network" are
activated. These are parts of the brain that are coupled to our senses, as we experience what hap-
pens in the story by evoking mental images, causing a chemical, physical and emotional response
(Martinez-Conde et al. ). The audience will then participate in the story since there are
recognizable parts. As a result of this response, storytelling can increase information retention
by 26%, compared to stating facts (Schwertly ). This can be a very useful technique when
communicating science to the public, as viewers also indicated that they would like to have some
context given, preferably in a narrative text style (Smith et al. ).

There are many di erent methods of (scienti c) story telling, there are di erent templates,
structures and approaches. Wibisono explains that most stories have characters, like a
hero, a nemesis and a sage. In scienti ¢ stories this can be the researcher themself, someone who
has inspired the researcher, or perhaps the object you want to show or explain. Next a setting
should be explained, give the background to the study. Then there should be some tension or
con ict that your hero is trying to overcome, think of the setbacks during the study. The story
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then needs some action, what did the hero do to over come these setbacks. Then the story needs
a climax, what is the nal solution to solve your main challenge and a resolution, what does it
mean for the rest of the world or your eld that this problem is solved. This can be done in

di erent formats. For example a classic Fairytale story line can be used, starting withOnce upon

a time... . Other storytelling structures that are useful can talk about the past, 'What did we
learn?' or the future, 'What can we do?' (Schwertly ).

| used another simple template:'Because | saw/knew that ...." sketches the scene and explains
inspiration, 'l wondered ...." states the research question) suspected that if (this happened) then
(I would observe this)'is used to state your hypothesis;So | (did this) and (this happened)’ gives
the method, approach and results. 'Which nally told me that ...." concludes your story and
can give future perspectives.
When telling a story it is useful to follow the three-act structure, that is essentially explained
as: "Say what you are going to say; say it; then say what you said." Wibisono explains
this exact structure might be a bit boring for storytelling purposes, but it is advised to use
the three-act structure where you state the problem or issue, then the action and nally the
result or bene t. This structure with a beginning, middle and end is used by novels, movies and
other media as well and makes the content more memorable (Stahl and Davis ). Using a
three-act structure still leaves many di erent story shapes. For example the 'mountain’, where
the drama piles up after the start until the top of the mountain is reached, and ends at a di er-
ent place then the start. Or the 'sparkline’, where the beginning paints the world as it is now,
the middle presents comparisons to what could be and what is, and the ends with a call for action.

When writing a story, think also about what the inspiration was for the research or theory
you want to present and try to understand your audience so you can tell a story they want to
take part in so they get invested. It is also important to use sensory details and descriptions so
it's easier to be part of the story and try to connect new concepts to things that are familiar to
the audience(Schwertly ) (Wibisono ).
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5 Selected objects

Now that the theory on planet and star formation is clear, it's necessary to think of the stages
that need to be explained, and especially shown, to the general public for a complete story. It's
important to note that not all steps need to be explained in detail, and some steps are easier to
visualize then others. In this section, a selection of objects that can be imaged to explain some
main stages in the theory of planet formation are laid out .

The rst stage that should be shown is a molecular cloud. This is the location where many
new stars, and thus planets, are formed so it's an important stage to start with. We start o with
an image of the Orion nebula (M42) made by Hubble, shown in Figure 5. This is a huge cloud
500pc from the sun that provides a large sampling of all stages, containing at least 428 Class
0 / Class | sources and 2990 class Il / Class Ill sources(Tobin, Sheehan, et al. ). Tobin,
Sheehan, et al. used sources from these clouds to nd the average mass of protostars in
each class. The location of the Orion nebula:
M42: 05h 35m, -05 23' J2000 (SIMBAD ).
The image of the Orion nebula is also widely known, so most of the audience will be able to
relate to this object as it is a familiar image.

Figure 5: Hubble image of Orion nebula.(from: NASA ) Credits: NASA , ESO :
M. Robberto (Space-Telescope-Science-Institute /ESO ) and the Hubble Space Telescope
Orion Treasury Project Team

After the molecular cloud is shown, Class 0 and Class | should be shown. This stage is
characterized by a rotating gaseous envelope surrounding the protostar and a disk that is formed
as a consequence of the conservation of angular momentum. To show this, moment 1 maps are
needed that will demonstrate the movement of the gaseous envelope. The Taurus molecular cloud
is one of the closest star forming regions, located at 140 pc from our sun. Van't Ho et al.
have observed 5 sources in the Taurus molecular cloud and show moment maps that indicate the

kinematics of these objects. Aso et al. and Yen et al. both show extensive analyses
using ALMA observations of two of these objects: TMC1A and L1489 IRS. The Taurus cloud is
located at 140 pc (Yen et al. ) from our sun. The exact locations of the objects are:

L1489 IRS: 04h 04m 43.1s, +2618' 56.2 J2000 ( )

TMC1A: 04h 39m 35.2s, +25 41' 44.2 J2000 ( ).

The systematic velocity of L1489 IRS is 7.2 km/s (Yen et al. ) and the systematic velocity
of TMC1A is measured to be 6.4 km/s (Aso et al. ). L1489 IRS and TMC1A are both

classi ed as Class | protostars with a bolometric temperature of 226K and 164 K respectively. A

21



5. Selected objects Floor van der Kolk

disk and Keplerian motion have been established at both sources (Van't Ho et al. ). Aso
et al. and Yen et al. also present moment 1 maps that show the rotational motion.
So | will be making moment maps of these two objects to show the audience the second phase
of star and thus planet formation. Relevant properties of the objects selected for the moment
maps are shown in Table 1

Source hame L1489 IRS TMC-1A

Class I I

Right Ascension (J2000)| 04h 39m 35.2s| 04h 04m 43.1s
declination (J2000) +25°41'44.2 | +26° 18' 56.2
Velocity 7.2 km/s 6.4 km/s
Distance 140 pc 140 pc

Disk radius 600 AU 100 AU

T bol 226 K 164 K
Reference 1&2 1&3

Table 1: Overview of the properties of selected objects for the moment maps. References (1)
(Van't Ho et al. ), (2) (Yen et al. ), (3) (Aso et al. )

Next we need to show the Class Il and Class Il protostars and disks. The main feature to

show the audience in this phase are the substructures in the disk. S. M. Andrews, Huang, et al.

show high resolution images of some disks in the Rho Ophiuchi cloud complex, but because
the show is about planet formation we need to make sure the gaps are likely to be formed by
planets. Fedele et al. and Dipierro et al. predict, with ALMA observations and the
help of simulations, that the gaps of the disks around AS209 and Elias24 are formed by planets.
This makes these sources especially interesting to look at and ideal objects for a planetarium
show about planet formation. Both stars are classi ed as K5 stars and as Class Il sources based

on their SED (S. M. Andrews, Huang, et al. ). AS209 is located at the northern part of
Rho Ophiuchi 3a, at 121pc from the sun (S. M. Andrews, Huang, et al. ) whereas Elias24 is
located at the main cloud L1688 which is located 136 pc from the sun (S. M. Andrews, Huang,
et al. ). The exact location of the objects are:

AS209: 16h 49m 15.31s, -1422' 08.6 J2000 ( ).

Elias24: 16h 26m 24.09s, -2416' 13.3 J2000 ( ).

The disk of AS209 has a diameter of 278 AU and the disk of Elias24 has a diameter of 272
AU. The observations of AS209 done in project ID 2015.1.00486.S have an angular resolution of
0.172 arcsecond, which corresponds to a spatial resolution of 20.1 AU at the distance of AS209.
Later observations of AS209 in project ID 2016.1.00484.L have an angular resolution of 0.033 arc-
second, which corresponds to a spatial resolution of 4.0 AU at the distance of AS209. The higher
resolution of project ID 2016.1.00484.L allows for the structures to be imaged more precisely.
The observations of Elias24 have an angular resolution of 0.022 arcsecond, which corresponds
to 3.0 AU at the distance of Elias24 ( ).The high angular resolution
data of these two objects from project ID 2016.1.00484.L are used to produce continuum images
to show the next stage of planet formation to the audience. Relevant properties of the objects
selected for the continuum images are shown in Table 2.

To make the story complete, a planetary system needs to be shown. The planets in system
HR8799 can actually be shown since they have been imaged directly (Figure 6) re ecting the
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Source name Elias24 AS209

Class [l [l

Right Ascension (J2000)| 16h 26m 24.095 16h 49m 15.31s
declination (J2000) -24° 16' 13.3 -14° 22' 8.6
Spectral type K5 K5

Distance (pc) 136 121

Disk radius (AU) 136 139

log (Tets ) (K) 3.63 3.63

Reference 4&5 485

Table 2: Overview of the properties of selected objects for the continuum images. References (4)
( ), (5) (S. M. Andrews, Huang, et al. )

light of their central star. Showing an image of this planetary system will be a step to something
the audience might already know: the re ection of light, just as we can see the re ection of
Jupiter or Mars some nights. HR8799 has 4 directly imaged planets which are all classi ed as
super Jupiters. It also contains a debris belt outside the planetary orbits, with a disk size of 1136
AU (Marois, Zuckerman, et al. ). This debris belt can still be observed in the continuum,
which does not have a high resolution but would be a nice extra feature to make the bridge to
show there is very little dust left when the planets are formed. HR8799 is classi ed as a A5 star
and is located at about 40 pc away from the sun (Marois, Macintosh, et al. ). The exact
location of the object is:

HR8799: 23h 07m 28.71s, +2108' 03.3 J2000 ( ).

Figure 6: Image of HR8799 by Keck Observatory. (fromObservatory ) Credits: NRC-HIA/C.
MAROIS/W. M. KECK OBSERVATORY.

Ideally, more objects should be selected in order to clarify the story about how astronomers
verify their theories on star and planet formation using observations. Objects from di erent
locations should also be used, where this thesis was limited by time and therefore only used two
locations.
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6 Method

The ALMA archive ( ) was used to collect the data needed from
di erent objects. To analyse the data and make images, the Common Astronomy Software Ap-
plications (CASA) was used (NRAO ).

For L1489 IRS and TMC1A the cubes from project ID 2017.1.01413.S were used. For L1489
IRS the cubes of spectral windows 27 and 29 show activity that can be used for imaging and
for TMC1A the cubes with spectral windows 29 and 30 are used. Spectral window 27 traces the
line emission of CN with the rest frequency of 226.87478 GHz, spectral window 29 traces the
line emission of HCO the transition 332  23.1 with rest frequency 225.697775 GHz and nally
spectral window 33 traces the line emission of €0 the transition 2-1 with a rest frequency of
224.714385 GHz (Van't Ho et al. ). For these observations 47 antennas were used with
baselines between 15m and 1.4 km (Van't Ho et al. ).

For AS209, rstthe data from project ID 2015.1.00486.S was used, in which AS209 is observed
in 2016, in band 6 (211 275 GHz), once with 22 and once with 41 antennas. For the contin-
uum the spectral window was centred at 230 GHz (Fedele et al. ). To calibrate this data
set the raw and auxiliary data was downloaded and reduced with the CASA pipeline version 4.7.0.

To get images of AS209 with a higher resolution the raw and auxiliary data was downloaded
from project ID 2016.1.00484.L. These observations were also taken in band 6, and the contin-
uum was sampled in three spectral window's that were centred at 232.6, 245.0, and 246.9 GHz
(S. M. Andrews, Huang, et al. ). The data reduction was done with CASA version 4.7.2.
The same project and CASA version was used to image Elias 24.

All images were made usingmmoments and tclean in the newest CASA version 6.2.1.

Once all images are produced, di erent measurements, from both the moment maps and the
continuum images, are taken using CARTA. For the continuum image, the header is used to nd
the beam size and the central frequency, and the statistics tool is used to make measurements
for the peak intensity and the rms noise level. The data gathered from CARTA is also used to
produce a brightness pro le to analyzed the continuum of of AS209. The brightness pro le plots
the observed brightness temperature (in Kelvin), converted using the formulas 6 and 7 of Section
3, vs the radial displacement of the disk.

Another measurement that can be done for the produced continuum images and moment
maps, is the inclination angle and position angle of the disk, to get these values an ellipse is
tted to the emission. To calculate the inclination angle | assumed the disk is circular and used:

minor
major

coqi) =

wherei is the inclination angle, minor is the minor axis of the tted ellipse and major is the
major axis of the tted ellipse. The errors on the inclination angle and emission area correspond-
ing to the tted ellipse are calculated assuming a measurement error of two pixels for both the
major and minor axis.

For the continuum images, a disk can be tted just by looking at the edge of the disk. For
the moment maps | tted an ellipse in three di erent ways focusing on di erent parts of the
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emission since the emission of the moment map is not perfectly symmetric, | tted an ellipse in
three di erent ways, focusing on di erent parts of the emission. The rst time | only looked at
the centre of the emission, the brightest parts of the moment 1 map. For the second ellipse, |
plotted the contours of the moment 0 map, that show 50% of the ux and tted an ellipse closely
related to these contours. For the nal ellipse | plotted the contours of the moment 0 map that
correspond to 5 ( = 7mJy/beam) and tted an ellipse closely related to the contours. | per-
formed these measurements and calculations for all spectral windows for both Class | sources,
the results can be found in Tables 3, 4, 5, 6 and 7.

The tted ellipse is also used to determine the integrated ux density of the disk for both the

continuum and the moment maps and is used to calculate the area of emission for the moment
maps.
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7 Results

In this chapter, | discuss the dierent results; section 7.1 shows the di erent Moment map
imaging parameters | explored and some properties of these images, section 7.2 the continuum
imaging parameters and the properties of these images and section 7.3 shows the guidelines for
a script for a show on planet formation.

7.1 Moment maps

In this section, combined moment 0 (white contours) and moment 1 (color scale) maps are shown
of L1489 IRS and TMC 1A. Di erent chemical species are mapped in di erent gures. The dif-
ferent sub gures shown have di erent intensity inclusion levels which are set withincludepix, in
which the pixels of a speci ed intensity and higher are included. The lower the rst value of this
argument, the lower the threshold intensity and thus the more pixels are included, whereas the
higher the value the fewer pixels are included. This is used to avoid mapping the background
noise, and it is recommended to have the lower boundary at about three times the RMS noise
level. Since this value uctuates between ve and 10 mJy/beam, for all cubes, a minimum of 20
mJy/beam was chosen to begin with. To see the e ects of these settings, the images must be
viewed and based on the amount of noise remaining new boundaries fancludepix' can be set
to nalize the moment 1 map.

This section also lists the properties position angle, inclination angle, area of emission and
ux density of three di erent methods discussed in Section 6 of the moment maps produced.

L1489 IRS moment maps

(a) Include pix > 0.015 mJy (b) Include pixels > 0.02 (c) Include pix > 0.025 mJy
mJy

Figure 7: Moment 0 (white contours) and moment 1 (color scale) maps of CN towards L1489 IRS. Contours at

(0.015, 0.0524, 0.0898, 0.1272, 0.1646) Jy/beam. Color scale runs from 10.6 km/s (blue) to 15.2 km/s (red). Beam
size 0.5447 x 0.3825. Left (panel a) moment 1 maps includes pixels with uxes above 15 mJy, middle (panel b)

includes pixels with uxes above 20mJy/beam, right (panel c) includes pixels with uxes above 25mJy/beam.

Figure 7 shows combined moment 0 and moment 1 maps of CN towards L1489 IRS. To produce
these maps the channels 803 to 914 were used. The three sub gures are created with di erent
noise levels included, with includepix = [0.015,100], includepix = [0.02,100] and includepix =
[0.025,100]. The CN molecule can be found in the upper layers of the disk and in the cavity
walls (see Figure 3). Figure 7 panel (a) shows too much noise as there are randomly colored dots
appearing, further from the main gas emission. Figure 7 panel (b) shows a bit too much noise
as there are still some random colored dots in the bottom left corner. Figure 7 panel (c) shows
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minimal noise, but the emission is cut, as some black patches occur in the uniformly colored

emission.
Method | PA | Inclination Area Flux
() () (arcse¢) | (Jy)
1) (2) 3 4) (5)
Central | 62 | 66.657; | 1.74%4 | 1.1
50% | 607 | 62.37%5 | 94075 | 4.0
5 5470 | 63.1%5 [ 2027533 | 6.0

Table 3: Properties of tted ellipses of L1489 IRS spectral window 27, corresponding to the
emission of CN with includepix =20mJy, corresponding to Figure 7 panel (b). The rows show
the three di erent methods used to t an ellipse. Column 1: The part of the emission the ellipse
is tted to. Column 2: The position angle of the tted ellipse. Column 3: The inclination angle
of the tted ellipse assuming a circular disk. Column 4: The emitting area corresponding to the
area of the tted ellipse. Column 5: The ux density of the moment 0 map inside the tted

ellipse.

Table 3 shows the measured disk properties for CN towards L1489 IRS based on Figure 7
panel (b). The tted ellipse has an inclination angle between 62 and 67, a position angle
between 54-62 , and enclosed uxes of 1.1 Jy within the central emission, corresponding to 1.74
arcseé, 4.0 Jy within the 50% contour (9.4 arcseé), and 6.0 Jy within the 5 contour (20.2

arcsed)

(@) Include pixels > 0.02
mJy

(b) Include pix > 0.025 mJy

(c) Include pix > 0.03 mJy

Figure 8: Moment 0 (white contours) and moment 1 (color scale) maps of H,CO towards L1489 IRS. Contours
at (0.025, 0.073, 0.121, 0.169, 0.217) Jy/beam. Color scale runs from 5.4 km/s (blue) to 9.5 km/s (red). Beam
size 0.5532 x 0.3874 . Left (panel a) moment 1 maps includes pixels with uxes above 20 mJy, middle (panel b)
includes pixels with uxes above 25mJy/beam, right (panel c) includes pixels with uxes above 30mJy/beam.

Figure 8 shows combined moment 0 and moment 1 maps of,B0 towards L1489 IRS.

To produce these maps the channels 390 to 508 were used. The three sub gures are created
with di erent noise levels included, with includepix = [0.02,100], includepix = [0.025,100] and
includepix = [0.03,100]. The H,CO molecule traces the embedded disk and can also be found
in the out ows and molecular jets (see Figure 3). Figure 8 panel (a) shows too much noise as
there are randomly colored dots appearing, further from the main gas emission. Figure 8 panel
(b) shows a bit too much noise as there are still some random colored dots in the bottom left
corner. Figure 8 panel (c) shows minimal noise and uniform colored emission.
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Method PA Inclination Area Flux
() () (arcsec) | (Jy)
1) ) ®3) 4) (6)
Central | 687% | 73.77%2 [ 25272 | 2.1
50% | 6979, | 62.3"%, [9.10"27 | 5.6
5 60 | 647757 | 2127535 | 8.9

Table 4: Properties of tted ellipses of L1489 IRS spectral window 29, corresponding to the
emission of BCO with includepix = 30mJy, corresponding to Figure 8 panel (c). Columns as
in Table 3.

Table 4 shows the measured disk properties for #CO towards L1489 IRS based on Figure
8 panel (c). The tted ellipse has an inclination angle between 62 and 74, a position angle
between 60-69 , and enclosed uxes of 2.1 Jy within the central emission, corresponding to 2.52
arcseé, 5.6 Jy within the 50% contour (9.10 arcseg), and 8.9 Jy within the 5 contour (21.2
arcse@).

(@) Include pixels > 0.02 (b) Include pix > 0.025 mJy (c) Include pix > 0.03 mJy
mJy

Figure 9: Moment 0 (white contours) and moment 1 (color scale) maps of C*” O towards L1489 IRS. Contours at
(0.023, 0.0494, 0.0758, 0.1022, 0.1286) Jy/beam. Color scale runs from 5.0 km/s (blue) to 10.8 km/s (red). Beam
size 0.5562 x 0.3877 . Left (panel a) moment 1 maps includes pixels with uxes above 20 mJy, middle (panel b)
includes pixels with uxes above 25mJy/beam, right (panel c) includes pixels with uxes above 30mJy/beam.

Figure 9 shows combined moment 0 and moment 1 maps of!@ towards L1489 IRS. To
produce these maps the channels 387 to 505 were used. The three sub gures are created with
di erent noise levels included, with includepix = [0.02,100], includepix = [0.025,100] and include-
pix = [0.03,100]. The C’O molecule is a isotope of CO and is used to trace the embedded disk.
Figure 9 panel (a) shows too much noise as there are some randomly colored dots appearing,
further from the main gas emission. Figure 9 panel (b) shows minimal noise but a bit to much
emission is cut as black patches are appearing in the uniformly colored emission. Figure 9 panel
(c) has excluded too much emission, indicated by all black patches between the uniformly colored
emission patches.
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Method PA Inclination Area Flux
() () (arcsed) | (Jy)
(2) (2) 3) (4) (5)

Central | 677 | 64.3%, | 1.75"% 5 | 0.78
50% | 6670, | 55.2731 [ 329705, | 1.2
5 557% | 70.1%,; [ 125735 | 6.7

Table 5: Properties of tted ellipses of L1489 IRS spectral window 33, corresponding to the
emission of G’O with includepix = 20mJy, corresponding to Figure 9 panel (a). Columns as
in Table 3.

Table 5 shows the measured disk properties for €O towards L1489 IRS based on Figure
9 panel (a). The tted ellipse has an inclination angle between 55 and 71, a position angle
between 55-67 , and enclosed uxes of 0.78 Jy within the central emission, corresponding to
1.75 arcseg, 1.2 Jy within the 50% contour (3.29 arcset), and 6.7 Jy within the 5 sigma contour
(12.5 arcseé).

Other guantities that are obtained from the images are the central velocity which is 13.0
km/s based on the emission of CN, 7.4 km/s based on the emission oL80 and 7.5 km/s based
on the emission of ¢’0, and the integrated ux within a circular aperture with 6.0 diameter
that resulted in 6.19 Jy km/s for the emission of CN, 8.72 Jy km/s for the emission of HCO
and 3.43 Jy km/s for the emission of G70.

TMC1A moment maps

(a) Include pix > 0.015 mJy (b) Include pixels > 0.02 (c) Include pix > 0.025 mJy
mJdy

Figure 10: Moment 0 (white contours) and moment 1 (color scale) maps of H,CO towards TMC1A. Contours
at (0.022, 0.042, 0.062, 0.082, 0.102) Jy/beam. Color scale runs from 5.1 km/s (blue) to 8.2 km/s (red). Beam
size 0.5647 x 0.3701. Left (panel a) moment 1 maps includes pixels with uxes above 15 mJy, middle (panel b)
includes pixels with uxes above 20mJy/beam, right (panel c) includes pixels with uxes above 25mJy/beam.

Figure 10 shows combined moment 0 and moment 1 maps o£B0 towards TMC1A. To produce
these maps the channels 430 to 504 were used. The three sub gures are created with di erent
noise levels included, with includepix = [0.015,100], includepix = [0.02,100] and includepix =
[0.025,100]. Figure 10 panel (a) shows too much noise as there are randomly colored dots ap-
pearing further from the main gas emission. Figure 10 panel (b) shows only a few colored dots,
so ther is still too much noise included. Figure 10 panel (c) shows no noise but has excluded
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too much emission, as a black patch has appeared in the centre of the uniformly colored emission.

Method | PA | Inclination Area Flux
arcseé | Jy
@) ) ®) (4) (5)
Central | 75% | 55.95 | 2.53%55 | 0.93
50% | 652 | 47.3% 3, | 513553 | 1.6
5 587, | 535%e | 73075 1.9

Table 6: Properties of tted ellipses of TMC1A spectral window 29, corresponding to the emission
of H,CO with includepix = 20mJy, corresponding to Figure 10 panel (b). Columns as in Table
3.

Table 6 shows the measured disk properties for #CO towards TMC1A based on Figure 10
panel (b). The tted ellipse has an inclination angle between 47 and 56, a position angle be-
tween 58 -75 , and enclosed uxes of 0.93 Jy within the central emission, corresponding to 2.53
arcseé, 1.6 Jy within the 50% contour (5.13 arcse®), and 1.9 Jy within the 5 contour (7.30
arcsed).

(a) Include pix > 0.015 mJy (b) Include pixels > 0.02 (c) Include pix > 0.025 mJy
mJdy

Figure 11: Moment 0 (white contours) and moment 1 (color scale) maps of H,CO towards TMC1A. Contours
at (0.035, 0.121, 0.207, 0.293, 0.379) Jy/beam. Color scale runs from 4.3 km/s (blue) to 8.5 km/s (red). Beam
size 0.5625 x 0.3695. Left (panel a) moment 1 maps includes pixels with uxes above 15 mJy, middle (panel b)
includes pixels with uxes above 20mJy/beam, right (panel c) includes pixels with uxes above 25mJy/beam.

Figure 11 shows combined moment 0 and moment 1 maps of'@ towards TMC1A. To
produce these maps the channels 410 to 528 were used. The three sub gures are created with
di erent noise levels included, with includepix = [0.015,100], includepix = [0.02,100] and include-
pix = [0.025,100]. The C’O molecule is an isotope of CO and is used to trace the embedded
disk. Figure 11 panel (a) shows a signi cant amount of noise as there are randomly colored dots
appearing around the main emission. Figure 11 panel (b) shows only a few colored dots, so still
too much noise is included. Figure 11 panel (c) shows minimal noise.
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Method | PA | Inclination Area Flux
arcseé Jy
) ) ©) (4) (5)
Central | 757§ | 45.6% ¢ | 1.427Q%7 | 2.0
50% | 70°% | 49.0°%, | 2.66%5; | 2.9
5 60" | 47.1°7 | 52577 | 3.6

Table 7: Properties of tted ellipses of TMC1A spectral window 33, corresponding to the emission
of C0 with includepix = 25mJy, corresponding to Figure 11 panel (c). Columns as in Table
3.

Table 6 shows the measured disk properties for €O towards TMC1A based on Figure 11
panel (c). The tted ellipse has an inclination angle between 45 and 49, a position angle be-
tween 60-75 , and enclosed uxes of 2.0 Jy within the central emission, corresponding to 1.42
arcseé, 2.9 Jy within the 50% contour (2.66 arcse®), and 3.6 Jy within the 5 contour (5.25
arcsed).

Other quantities that are obtained from the images are the central velocity which is 6.6 km/s
based on the emission of HCO and 6.4 km/s based on the emission of €0, and the integrated
ux within a circular aperture with 6.0 diameter that resulted in 2.8 Jy km/s for the emission
of H,CO and 5.1 Jy km/s for the emission of G70.

7.2 Continuum

In this section, the resulting continuum images created with di erent parameter settings are
shown. When producing the continuum images, di erent settings in the CASA imaging task
tclean were used to see what the consequences are for imaging purposes, especially to determine
the settings that work best for presenting to the general public. A selection of the results are
given here and the rest of the images can be found in Appendix 10.1.

This section also lists the properties central frequency, beam size, integrated ux inside the
disk, peak intensity, rms noise and signal-to-noise ratio of these images. An ellipse was tted to
the continuum images as well, the boundaries of which are less uncertain than for the moment
maps since the disk is mapped clearly. These ellipses were used to nd the integrated ux of the
disk and the inclination and position angle. This resulted in an inclination angle of 33.6 *}.,
for AS209 and 31.6 *}:1 for Elias 24. And the position angle for AS209 is 85 4 and for Elias
24, PA = 43 12.

Channel selection

The rst thing that was tested, was the inclusion or exclusion of lines as well as the inclusion or
exclusion of multiple spectral windows.
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Figure 12: Signal amplitude in each channel of AS209 indicated by blue points, shown in plotms. This CASA
function allows the user to identify any channels which contain spectral lines.

Figure 12 shows the signal amplitude in each channel of spectral window O toward AS209
from project ID 2015.1.00486.S. This shows a line ranging from channel 0 to channel 40. The
common practice in making continuum images is to exclude any channels containing spectral
line emission.

(a) Imaged all channels (b) Excluding possible line
channels

Figure 13: 230 GHz continuum (color scale) images of low resolution observations of AS209 produced with
natural weighting. Beam size approximately 0.2094 x 0.1794 . Left (panel a) includes all channels, right (panel
b) excludes the line channels (0-40)

Figure 13 shows the di erence between an image that has included the line ranging from
channel 0-40 (panel a) when producing a continuum image and an image excluding this line
emission (panel b). These images look very much alike, but Figure 13 panel (b) has slightly
more contrast in the rings.

(a) Spectral window 0 (b) Spectral window 1 (c) Spectral window 2
Figure 14: Three spectral windows containing the signal amplitude in each channel indicated with blue dots

from high resolution observations of AS209, shown with plotms. This function allows the user to identify any
channels which contain spectral lines.
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Figure 14 shows the amplitude per channel of three di erent spectral windows. No clear line
emission (like in Figure 12) can be seen because it comes from di erent observation in a di erent
frequency range. Spectral window zero (Figure 14 panel a) and spectral window one (Figure 14
panel b) show a similar slope in the rst 50 channels, whereas spectral window two (Figure 14
panel (c)) shows a dip in these channels but is almost at.

(a) All channels of all spec- (b) Selected channels of all (c) Spectral window 2
tral windows spectral windows

Figure 15: 240 GHz continuum (color scale) images of AS209, produced with Briggs weighting robust 0.5. Left
(panel a) includes all channels of all spectral windows. Middle (panel b) excludes the slope channels (0-50 of
spectral window 0 and 1) both have approximately beam size 0.0989 x 0.0430. Right (panel c) includes all
channels of spectral window 2 and has beam size 0.1026 x 0.0507 .

In Figure 15 there are three images for which the channel and spectral window selection is
di erent. Figure 15 panel (a) was produced using all channels of all three spectral windows, in-
cluding the bumps and dips. Figure 15 panel (b) was produced using all three spectral windows
but imaging only the channels that do not have a bump: for spectral windows 0 and 1, channel
50 till 120, and for spectral window 2, all channels. Figure 15 panel (c) has been produced using
all channels from spectral window 2. The di erences are not clearly visible, especially Figure
15 panel (a) and Figure 15 panel (b) look the same, but in Figure 15 panel (c) the background
noise is visibly higher, resulting in a brighter background and thus a less clear disk versus the
background.

Image Beam size Flux density | Peak intensity | Rms Noise | SNR
(GH2) (mJy) (mJy/beam) | ( Jy/beam)
) 2 3 4 ®) (6) Q)
15a | 239.7 | 0.0989 x 0.0430 211 3.60 21 175
15b | 239.8 | 0.0989 x 0.0430 213 3.62 23 161
15c | 249.9 | 0.1026 x 0.0507 233 3.80 36 106

Table 8: Properties of the continuum images from Figure 15, which shows the e ect of varying
spectral window and channel selection. Column 1: gure number. Column 2: central frequency.
Column 3: synthesized beam size. Column 4. ux density of the disk taken from within a tted
ellipse. Column 5: peak intensity in the image. Column 6: averaged rms noise level of image.
Column 7: signal to noise ratio.

Table 8 lists the properties of the images shown in Figurel5. The central frequency values
vary from 239.7 to 249.9 GHz depending on which spectral windows are included. The beam
sizes for panel (a) and (b) are the same at 0.0989" x 0.0430" and 0.1026" x 0.0507" for panel
(c). The ux densities range from 211-233 mJy with peak intensities from 3.60-3.80 mJy/beam.
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The rms noise levels are 21-36Jy/beam resulting in signal-to-noise ratio of 175, 161, and 106
for panel a, b and c respectively. The higher rms for 15c¢ listed in Table 8 re ects the brighter
background seen in Figure 15 (c)

The same analysis was done for Elias 24, Figures 30 and 31 and Table 15 in the appendix,
giving the same result.

Weighting and deconvolver

(a) Natural weighting, hog- (b) Briggs weighting, hog- (c) Uniform weighting, hog-
bom deconvolver bom deconvolver bom deconvolver

(d) Natural weighting, mul- (e) Briggs weighting, multi- (f) Uniform weighting, mul-
tiscale deconvolver scale deconvolver tiscale deconvolver

Figure 16: 240 GHz continuum (color scale) images of Elias24. The left images (panel a & panel d) are produced
with natural weighing and have beam size 0.0722 x 0.0381 . The middle images (panel b & panel e) are produced
with Briggs weighing with robust parameter 0.5 and have beam size 0.0494 x 0.0287 . The right images (panel
c& panel f) are produced with uniform weighing and have beam size 0.0405 x 0.0202 . Images in the upper row
(panel a & panel b & panel ¢) are produced with the hogbom deconvolver. Images in the lower row (panel d &

panel e & panel f) are produced with the multi-scale deconvolver.

Figure 16 shows six images representing di erent deconvolver- and weighting-settings. The im-
ages in the top row (panels a & b & c) are produced using the default deconvolver setting of
'hogbom', whereas the images in the bottom row (panels d & e & f) are produced using the de-
convolver setting 'multiscale’. The visual di erence between these two deconvolvers is minimal.

In the left column (panels a & d) the images are produced using natural weighting. These images
show a very bright ring and a larger but more transparent ring, which is di cult to see as the
background is has a very bright patch at the location of the ring as well. In the central column
(panels b & e) the images are produced using the Briggs weighting with a robust parameter
of 0.5. These images show less background noise, the large gap and the bright ring are clearly
visible and the larger more transparent ring is di cult to distinguish from its background. The
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right column (panels ¢ & f) contains images that are produced using uniform weighting. These
images have a very grainy look, which makes the gap clearly visible, the ring less visible and the
larger more transparent ring invisible as it is blended with the background.

Image Beam size Flux density | Peak intensity | Rms Noise | SNR
(GHz) (mJy) (mJy/beam) | ( Jy/beam)
) 2 3 4 ®) (6) Q)
16a | 239,7 | 0.0722 x 0.0381 583 7,12 210 34
16b | 239,7 | 0.0494 x 0.0287 216 4,41 29 154
16c | 239,7 | 0.0405 x 0.0202 22,5 2,59 86 30
16d | 239,7 | 0.0722 x 0.0381 583 7,12 210 34
16e | 239,7 | 0.0494 x 0.0287 215 4,41 29 154
16f 239,7 | 0.0405 x 0.0202 22,5 2,59 86 30

Table 9: Properties of the continuum images from Figure 16 which shows the e ect of di erent
deconvolver and weighting settings. Columns as in Table 8

Table 9 lists the properties of the images shown in Figure 16. The central frequency is 239.7
GHz for all images. The beam sizes for panel (a) and (d) are the same at 0.0722 x 0.0381,
the beam sizes for (b) and (e) are the same at 0.0494 x 0.0287 and for (c) and (f) are the
same at 0.0405 x 0.0202 . The ux densities range from 22-583 mJy with peak intensities from
2.95-7.12 mJy/beam, and the rms noise levels are between 29-210y/beam both depending
on the di erent weightings, resulting in signal-to-noise ratio of 34 for panel (a) and (d), 154 for
panel (b) and (e), and 30 for panel (c) and (f).

As the values in Table 9 for a, b and c are the same as those in d, e and f, respectively, it can
be seen numerically as well as visually that the choice of deconvolver is not important to this
type of imaging. And as can be seen in Figure 16, the images using Briggs weighting show the
structures the best and have the lowest rms noise according to Table 9.

The same analysis was done for both data sets of AS209 and can be found in the appendix
in Figure 32 and 34 and Table 16.

(a) Briggs weighting, robust (b) Briggs weighting, robust (c) Briggs weighting, robust
=05 =0 =-05

Figure 17: 240 GHz continuum (color scale) images of Elias24. Left (panel a) has Briggs weighing, robust

parameter 0.5 and beam size 0.0424 x 0.0238. Middle (panel b) has Briggs weighing, robust parameter 0 and
beam size 0.0494 x 0.0287 . Right (panel c) has Briggs weighing, robust parameter -0.5 and beam size 0.0413 x
0.0210.
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In Figure 17 three images are shown that are all created using Briggs weighting with three
di erent robust values. The lower the value of the robust parameter, the more the image looks
like uniform weighting, the grainier the image looks and the harder the extended ring is to dis-
tinguish from the background.

Image Beam size Flux density | Peak intensity | Rms Noise | SNR
(GHz) (mJy) (mJy/beam) | ( Jy/beam)
1) (2) 3) 4) ©) (6) )
17a | 239,7 | 0.0424 x 0.0238 216 4,41 29 154
17b | 239,7 | 0.0494 x 0.0287 148 3,57 34 105
17c | 239,7 | 0.0413 x 0.0210 24,5 2,66 a7 56,4

Table 10: Properties of the continuum images from Figure 17, which shows the e ect of di erent
Briggs robust values. Columns as in Table 8

Table 10 lists the properties of the images shown in Figure 17. The central frequency is 239.7
GHz for all images. The beam sizes is for panel (a): 0.0424 x 0.0238, for panel (b): 0.0494
x 0.0287 and for panel (c): 0.0413 x 0.0210. The ux densities range from 24-216 mJy with
peak intensities from 2.66-4.41 mJy/beam, and the rms noise levels are between 29-4%/beam
both depending on the di erent values for the robust parameter, resulting in a signal-to-noise
ratio of 154 for panel (a), 105 for panel (b) and 56.4 for panel (c).

The same analysis was done for both data sets of AS209 in the appendix, Figures 33 and 35
together with Table 17 show the results.

Figure 18: Non-zoomed 240 GHz continuum (color scale) image of Elias24 with natural weighting shown in
Figure 16 panel (a) . Beam size 0.0722 x 0.0381.

In Figure 16, the images produced with natural weighting have a bright patch in the back-
ground, making it more di cult to distinguish the structures. Figure 18 shows the complete
pattern of brighter patches of this image produced with natural weighting. Figure 36 in the
appendix shows the exact same pattern for three di erent deconvolver settings; hogbom (panel
a), multi scale (panel b) and multi-term multi-frequency synthesis (panel c). The values are
listed in the rst row of Table 9.
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Interactive cleaning

(a) Natural weighting (b) Briggs weighting (c) Uniform weighting

Figure 19: 240 GHz continuum (color scale) images of Elias24 produced with interactive cleaning. Left (panel a)
has natural weighting and beam size 0.0722 x 0.0381 . Middle (panel b) has Briggs weighing, robust parameter
0.5 and beam size 0.0494 x 0.0287 . Right (panel ¢) has uniform weighing, beam size 0.0405 x 0.0202 .

Figure 19 shows three images that are all made using interactive cleaning instead of auto-masking,
but have di erent weightings. The image in panel (a) of this gure is produced with natural
weighting and shows all three feature, the inner gap, the brighter ring and the more extending
transparent ring clear. The image in panel (b) of this gure is produced with Briggs weighting
and shows the gap and the ring clearly, but the more extending, more transparent ring is barely
visible. The image in panel (a) of this gure produced with uniform weighting is very grainy,
which makes the gap clearly visible, the ring less visible and the larger more transparent ring
invisible compared to the background.

Image Beam size Flux density | Peak intensity | Rms Noise | SNR
(GH2) (mJy) (mJy/beam) | ( Jy/beam)

1) ) 3 4 5) (6) )

19a | 239,7 | 0.0722 x 0.0381 405 7,05 49 144

19b | 239,7 | 0.0494 x 0.0287 202 4,43 29 154

19c¢ | 239,7 | 0.0405 x 0.0202 227 2,59 86 30

Table 11: Properties of the continuum images from Figure 19, which shows the e ect of di erent
weighting methods using interactive cleaning. Columns as in Table 8

Table 11 lists the properties of the images shown in Figure 19. The central frequency is 239.7
GHz for all images. The beam sizes is for panel (a): 0.0722 x 0.0381, for panel (b): 0.0494 x
0.0287 and for panel (c): 0.0405 x 0.0202. The ux densities range from 202-405 mJy with
peak intensities from 2.59-7.05 mJy/beam, and the rms noise levels are between 29-88/beam
both depending on the di erent values for the robust parameter, resulting in a signal-to-noise
ratio of 144 for panel (a), 154 for panel (b) and 30 for panel (c).
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Primary beam correction

(@) Natural weighting (b) Natural weighting
no PB correction with PB correction

Figure 20: 240 GHz continuum (color scale) images of AS209 produced with natural weighting. Left (20a) has
no primary beam correction. Right (20b) has a primary beam correction. Beam size 0.2098 x 0.1816

Figure 20 shows the di erence between an image that did not have a primary beam correction
(panel a) and an image that is corrected for the primary beam (panel b). It can be seen that the
images with a primary beam correction shows brighter patches in the background, which might
make the rings mess distinguishable.

7.3 Final images

(a) L1489 IRS C¥ O moment map (b) TMC1A C O moment map

Figure 21: Left (panel a) Moment O (white contours) and moment 1 (color scale) maps of C O towards L1489
IRS. Contours at (0.015, 0.045, 0.075, 0.105, 0.135) Jy/beam. Color scale runs from 5.0 km/s (blue) to 10.8 km/s
(red). Beam size 0.5562 x 0.3877 . Right (panel b) Moment 0 (white contours) and moment 1 (color scale) maps
of H,CO towards TMC1A. Contours at (0.045, 0.135, 0.225, 0.315, 0.405) Jy/beam. Color scale runs from 4.3
km/s (blue) to 8.5 km/s (red). Beam size 0.5625 x 0.3695 .

The nal moment 0 and 1 maps, shown in Figure 21, were chosen to show the kinematics of the
disk the best. For L1489 IRS the Figure 9 panel a and for TMC1A the image of Figure 11 panel
¢ were selected as they show the emission of @, which traces the disk best. The arguments
of the imaging processes are given in Table 12 These images were formatted in python, so the
color and scales could be altered. A color scheme was made usihghearSegmentedColormap
from the matplotlib.colors package with the colors; darkblue, dodgerblue, lightskyblue , white,
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