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1 INTRODUCTION

This hands-on session will introduce you to circumstellar disks, how they are studied, how they
appear at different stages of their evolution, and the different features they can exhibit.

SPECTRAL ENERGY DISTRIBUTION (SED) AND IMAGES You will first get acquainted with the
concept of the SED (Figure [1), which represents how bright a source is as a function of wave-
length. Historically, and before any detailed images of disks were obtained, circumstellar disks
were identified around a wide variety of stellar types because the surrounding dust absorbs
starlight and re-radiates that energy in the infrared, resulting in excess infrared (IR) emission

above the stellar photospheric emission (see Figure[2).
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Figure 1: An SED model of a star surrounded by a circumstellar disk
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Figure 2: SEDs of the "Fabulous Four", the debris disks of Beta Pictoris, Epsilon Eridani,
Vega (a Lyrae), and Fomalhaut (« Piscis Austrini) (from left to right, respectively; from
Backman & Paresce, 1993). These show photometric measurements taken with the In-
frared Astronomical Satellite (IRAS) at infrared wavelengths. The solid line is the tail of
the star’s blackbody emission. One can clearly see that the IR emission exceeds that ex-
pected from the star; this is a sign that the star harbours circumstellar dust. These were
the first four debris disks discovered.

The IRAS satellite, launched in 1983, discovered excess IR emission from a number of main-
sequence stars, including the prototypical A star, @ Lyrae (Vega), leading to this class of cir-
cumstellar or debris disks being called the Vega Phenomenon (Aumann et al.,[1984; Backman
& Paresce, 1993). After the initial IRAS discovery, |Smith & Terrile (1984) made a coronagraphic
image of Beta Pictoris which revealed the presence of an edge-on disk (see Figure[3).

Figure 3: Coronagraphic image of Beta Pic-
toris (Smith & Terrile, [1984). This was the
first resolved image of a debris disk.

Subsequent IR facilities (ISO and Spitzer, launched in 1995 and 2003, respectively) greatly ex-
panded the number and provided insight into the nature of known disks through their re-
radiated emission at IR wavelenghts and their SED.

On the other hand, our knowledge of disks also dramatically improved as new facilities were
able to provide images of those disks. In particular, advanced coronagraphic imaging from
the Hubble Space Telescope (HST) led to vast improvements in our knowledge of the disks in
scattered starlight, that is, at optical and near-infrared wavelengths (see Figure . There are
also recent ground-based coronagraphic imaging instruments, aided by the use of adaptive
optics, that enable us to obtain high-resolution images of debris disks (see Figure[5).



Figure 4: HST/STIS image of the debris disk of Fomalhaut (left; Kalas et al.,|2005). HST
images of the debris disk of Beta Pictoris, with STIS (fop right; Heap et al.,|2000) and ACS
(bottom right\Golimowski et al.;,2006). Fomalhaut appears offset from the disk center of
geometry, i.e., the disk is intrinsically eccentric. The debris disk of Beta Pictoris exhibits
awarp, i.e., a secondary disk mutually inclined with the main one. In both cases, these
large scale asymmetries indicate the presence of planet(s) dynamically sculpting those
disks.
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Figure 5: Gemini Planet Imager (GPI) image of the debris disk of HR 4796 in the J-band
(1.24 pm) (left;|Arriaga et al.,[2020). VLT/SPHERE image of the debris disks of HD 106906
in the H-band (1.6 um) (right;|Lagrange et al.,|2016).

Resolved images of many disks’ thermal emission at IR and (sub)millimeter wavelengths were
provided by facilities such as the Herschel Space Observatory, the James Clerk Maxwell Tele-
scope JCMT), and the Atacama Large Millimeter Array (ALMA); examples are shown in Fig-
urefdl
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Figure 6: Herschel/PACS 70 ym image of the debris disk of Vega (left;|Su et al., 2013),
JCMT 850 um image of the debris disk of Epsilon Eridani (middle;Greaves et al.,|1998),
and ALMA 1.3 mm map of the debris disk of Fomalhaut (right; MacGregor et al.,[2017).

Find these images and many more in the online catalog of spatially resolved
circumstellar disks, available at https://circumstellardisks.org.

BIRTH AND EVOLUTION OF DIsks In addition, stars are known to be born in molecular cloud
cores, surrounded by large envelopes of dust and gas. This circumstellar material also causes
excess emission at IR and longer wavelengths and often obscures the forming star at optical
wavelengths. The material from the envelope surrounding a young protostar falls onto a disk
and is accreted from there onto the star. Some of the accreting material is also ejected in out-
flows aligned with the rotation axis of the star, perpendicular to the disk plane.

Over the course of a few hundred thousand years, the envelope is depleted, and the young
star is left with its circumstellar accretion disk (see, e.g., Figure[7). These stars are also known
as T Tauri stars, after the prototype star T Tau in the Taurus star-forming region. During this
phase, the star continues to accrete material, and both the gas and dust in the disk evolve. In
particular, small dust grains grow and settle towards the disk midplane, causing the disk to
be less flared (smaller scale height), thus intercepting less starlight and emitting less infrared
radiation.
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Figure 7: Left: H-band image of IM Lup obtained with the VLT; it is a T Tauri star sur-
rounded by a large, flared disk (Avenhaus et al.,|2018). Right: Schematic of a flared disk
and its SED (Dullemond et al., 2007)
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The primordial or protoplanetary disks around T Tauri stars are also thought to be the birth-
places of planets; as planets form and grow, they clear gaps in the disk (see Figure[8). After a
few million years, the protoplanetary disk is dispersed due to various processes, and eventually
the star becomes a main-sequence star. It is around main-sequence stars that debris disks are
formed from collisions of planetesimals left over from the planet formation process.

This entire temporal evolution sequence is outlined in Figure[9} and Figure[10]shows the evolu-
tion of a protoplanetary disk, from flared to settled, which includes the growth of larger bodies,
and finally disk dispersion.
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Figure 8: Left: VLT J-, H-, and K-band three-color image of the HK Tau binary (McCabe
et al.}[2011). Right four images: Protoplanetary disks observed by ALMA at 1.3 mm (An-
drews et al.,[2018)
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Figure 9: Phases of star and planetary system formation (schematic by Tom Greene,
2001).
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Figure 10: The evolutionary stages of a protoplanetary disk. The typical lifetime of pro-
toplanetary disks is estimated to be less than 10 million years (Myr). The flaring of the
disk is due to hydrostatic balance (Williams & Cieza, 2011)

In this hands-on session, you will discover what kind of information astronomers retrieve
from SEDs and images and how these two different products complement each other.

THE PROTAGONISTS We have selected four objects that are each representative of different
evolutionary stages of star and planetary system formation. Here is a short introduction for
each of those to help you choose which ones (or all of them!) you would like to explore:

e HL Tau: Not only does HL Tau harbour a protoplanetary disk, but it is also still sur-
rounded by a large envelope of gas and small grains (stage (c) in Fig.[9). It became famous
when ALMA pierced through the envelope and revealed that the largest grains in the disk,
detected at millimeter wavelengths, harbored a series of gaps.

* Herbig-Haro 30: This young stellar object hosts an edge-on protoplanetary disk in which
the large dust grains have settled onto the disk midplane into a flat structure, while the
smaller grains exhibit a less flattened and more flared distribution. In addition, this sys-
tem displays a jet (stage (d) in Fig.[9} and stage (b) in Fig.[10).

e PDS 70: This star harbours what we call a transition disk, characterized by the presence of
a large central cavity carved out by some combination of stellar wind, radiation pressure,
grain growth, accretion of primordial material onto the star, or perhaps even forming
planets. PDS 70 harbours two giant planets within the cavity. This corresponds roughly
to stage (e) in Fig.[9) and stage (c) in Fig.

* HR 4796: This is what we call a debris disk, analogous to the objects first discovered by
IRAS (and shown in Fig. [2to[6). It is much less massive than a protoplanetary disk and
has little or no gas; it is dominated by a second generation of dust generated by collisions
of large remnant bodies (asteroids and comets, like in the Solar System’s asteroid and
Kuiper Belts). The material in this particular debris disk resides in a narrow ring, perhaps
shepherded by the presence of one or more planets, while other debris disks show a much
broader distribution. This corresponds to stage (f) in Fig. @]) and stage (d) in Figure



THE SCIENCE QUESTIONS There is a lot of information on the structure, intrinsic properties,
and evolutionary stage of a circumstellar disk that can be retrieved from the examination of
an SED and/or an image. We're saying "and/or" because sometimes information can be sim-
ply retrieved from the SED, and sometimes images are required to alleviate degeneracies and
pinpoint the exact origin of the SED’s characteristics.

In other words, you will investigate science questions of the following type:

¢ What can an SED tell me about X for this specific system? And what do images tell me
about X? (Where X is a certain property)

* Do I need an image to complement the SED or is the SED sufficient to retrieve the in-
formation I need?

¢ Is there an underlying physical phenomenon at play?

The X can be the inclination at which the system is seen, the mass of its circumstellar disk, the
presence of a planet, the disk structure, etc... In Table[1} we list the parameters and properties
explored and which one of the four selected objects will allow you to know more about them.

Object
HLTau | HH30 | PDS 70 | HR 4796

Property explored

Envelope Mass
Presence of Gaps
Scale Height
Inclination
Flaring
Disk Mass
Cavity Size
Cavity Depth
Presence of a Planet
Distance of Dust from Star
Dust Grain Size

Table 1: Disk/system properties explored in this hands-on session and which one of the four
selected objects allows you to explore them.

How You ARE GOING TO STUDY DIisk PROPERTIES During this session, you will be provided
with the outputs of a radiative transfer code called RADMC-3D, developed by Cornelis P. Dulle-
mond. This is a code which, given stellar and disk parameters, allows one to compute how the
disk dust grains interact with the light from the star, either reflecting it (scattered emission) or
absorbing and re-emitting it (thermal emission). The code produces images of the disk at a
given wavelength and for a given orientation. The code also produces the SED of the system.

The production of these images and SEDs can require complex installations (depending on
your operating system) and, most importantly, can take a significant amount of time to pro-
duce a single model. Therefore, because we want you to make the best out of your time in
this session, we will not ask you to compute those products yourselves, but rather we will pro-
vide the end products for you to analyze. Note that as part of the software installation for this
hands-on session, you will install RADMC-3D, but we will only use its Python plotting routines.

The end products of RADMC-3D (images and SEDs) can be plotted using a set of Python tools.
If you are not acquainted with Python’s ability to produce plots for your publications and re-
ports, this hands-on session will also provide a good introduction to its capabilities. You will


https://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/

use Jupyter notebooks to read in the model files and plot them (see Figure[11]for an example).
For each disk, you will execute the cells in the Jupter notebook to plot the SEDs and images,
and, to explore the effect of changing certain parameters, you will copy the lines with the plot-
ting commands into new cells to plot different model files. Alternatively, we make Google Colab
notebooks available, which are similar to the Jupyter notebooks, but do not requite a Python
installation and instead run in your Google Drive, using a free virtual machine.

Please check the Installation documents to find information to either install Python on your
computer or how to use the Google Colab notebooks. These are available here.

Spectral Energy Distribution

In [3): os.chdir(cwd+'/HH3@_Best_Fit')
fig = plt.figure()
H readSpectrum('HH3@_SED_Best_fit.out')

star = readStars()
lam = s[:,0]
nu = ledxcc/lam
fou = s[:,1]

nufnu = nuxfnu

plt.loglog(lam,nufnu, label="'Total SED')

plt.loglog(lam,nukstar. fnustar([:,8],label="Star",linestyle="'dashed"')
plt.axis([le-1, led, le-8, 1le-2])

plt.xlabel('$\lambda\; [\mu \mathrm{m}$1")

plt.ylabel('$\\nu F_\\nu \; [\mathrm{ergh\,\mathrm{cm}*{-2}\,\mathrm{s}*{-1}1%")
plt.title('HH 386 - Best Fit - SED')

plt.legend()

Reading wavelength_micron.inp
Out[3]: <matplotlib.legend.Legend at @x1l4cbbcd@>

HH 30 - Best Fit - SED
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Star
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Images at 0.8 um (scattered light)

In [8]: #0.8 microns: scattered light

os.chdir({cwd+' /HH3@_Best_Fit')

image = readImage('HH30_88um_Best_fit.out')

fig = plt.figure()

plotImage(image,au=True, log=True,vmax=-14.5,vmin=-16.5,bunit="inu", cmap="hot")
plt.title{'HH 3@ - Best Fit - @.8 microns')

plt.close()

Reading HH38_@8um_Best_fit.out

A=0.80000um
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Figure 11: Examples of code and plots from the the Python notebooks: the best-fit SED
of HH 30 (top) and the best-fit scattered light image (at 0.8 um) of HH 30 (bottom).
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2 HL TAU

HL Tau is a young stellar object in the Taurus star-forming region, about 140
pc away. At an age of about 1 Myr, it is still surrounded by an infalling envelope, which feeds gas
and dust onto a circumstellar accretion disk (Figure [12). In 2015, high-resolution ALMA images
of the sub-mm and mm emission revealed that the disk has several gaps (Figure [13); they could
be caused by giant planets forming in the disk, a change in dust properties, and gravitational
instabilities. Those gaps are present not only in the dust emission, but also in the gas (right
panel of Figure [14), which lends more weight to the theory that planets clear these gaps due to
tidal interactions with the disk. It also has jets and outflows that lie perpendicular to the disk.
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Figure 12: Views of the envelope around HL Tau. Left: Envelope around HL Tau imaged
in the '3CO emission at 2.7 mm (Hayashi et al.;[1993). Middle: Nordic Optical Telescope
images of the HL Tau region taken in the [SII] filter (672 nm); other young stellar objects,
like XZ Tau, HH 30, and LkHa 358 are also included (Anglada et al., 2007). Right: ALMA
12c0 and HST R-band image of HL Tau (ALMA Partnership et al., 2015).
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Figure 13: Views of the protoplanetary disk surrounding HL Tau, which is embedded in-
side the envelope. Left: VLA 9 mm low-resolution continuum map of HL Tau (Carrasco-
Gonzalez et al.;,2019). Right: ALMA 1.3 mm continuum high-resolution map of the disk
of HL Tau (ALMA Partnership et al.,[2015).
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Figure 14: The disk gaps of HL Tau: 3 mm continuum image (left) and HCO* image
(right) (Yen et al.}|2016).

The star is taken as a blackbody of temperature
4,000 K and modeled as a point source. The system is seen 47° from face-on and is made up
of three components. First, the envelope: it is approximated as spherical, and so its geometry
is parameterized by only its radius; its density is defined by a central density py and a power
law index y. The code does not allow for a cut-off at a given distance, but even though en-
velopes typically extend over scales of several 1,000 AU, the outer parts are tenuous and cold,
and therefore it is sufficient for the output images here to be limited to 1,000 AU in radius.

Hidden inside the envelope, the protoplanetary disk is made up of two sub-disks, both extend-
ing from 0.2 to 120 AU. One disk is made of large, 100 um grains, which have settled in the
mid-plane; therefore, its scale height is taken to be 1%, with a reference distance of 100 AU.
This means that the disk is taken to be 1 AU thick at 100 AU. This is the disk that exhibits the
gaps seen in the famous ALMA image. Another disk component of smaller 0.1 ym grains does
not exhibit the gaps and has not settled to the mid-plane: its scale height factor is taken to be
0.15 (or 15%, corresponding to a disk vertical extent of 15 AU at a radius of 100 AU).

To study this object, you will work through a Python notebook (either
aJupyter notebook, if you have installed Python, or a Google Colab notebook) and plot various
model SEDs and model images (see Figure[15|for an example).
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Figure 15: Examples of a model SED plot (left) and model image (right) for HL Tau.
These are the type of plots you will generate in the Python notebook.
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As you work through the Python notebook, you will explore the effect of the envelope mass,
the presence of gaps, and disk scale height. Please be ready to address the following questions:

QUESTIONS

1. How does the mass of the envelope (set by its initial density) affect the images of
the system at visible wavelengths?

2. And how does it affect the SED? If you have also studied HH 30: can you derive
the presence of an envelope from the SED only or is there another parameter you
can think of that can produce the same type of effect on the SED?

3. Can an SED be used to infer the presence of gaps?

Can an SED be used to derive the disk scale height?

5. Can the disk scale height be retrieved from images if the disk is seen at certain
inclination angles?

5=

2.1 HL TAU: EXPLORING THE EFFECT OF THE MASS OF THE ENVELOPE

HL Tau - 0.8 um - po = 10g. cm—3 HL Tau - 0.8 um - pp = 10"17g.cm=3 HL Tau - 0.8 um - pp = 10~18g. cm~—3
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Figure 16: Exploring the effect of the envelope mass on images at 0.8 um. From left to
right and top to bottom, the central density pg is decreasing, with values 1071, 10717,
10718,10719,10720, 1072° g.cm ™3 but with an embedded disk without gaps, respectively.
Note that the colorscale has been kept constant throughout the images.

The more massive the envelope, the less the star is visible. The star is obscured at visible wave-
lengths (but not at longer ones, hence the capacity of ALMA to "pierce" through the envelope
and reveal the disk with gaps, which is embedded within the envelope).
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HLTau - Varying Envelope Mass
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Figure 17: Exploring the effect of the envelope’s central density po (and thus mass) on
the SED.

This effect also shows on the SED: the more massive the envelope, the dimmer is the star at
wavelengths inferior to 1 micron. With central density smaller than 10717, one can see that the
SED of the whole system at the wavelengths dominated by the star do not differ very much than
the stellar SED.

However, for central density greater or equal, there is extinction of the stellar flux. On the other
hand, at longer wavelengths (10-100 microns), the more massive the envelope, the brighter the
SED is. This is an effect of the mass that can be further explored with HH 30. Note that when
exploring HH30, one can see that this extinction of the star can also stem from the system’s
inclination or flaring.

Finally, there is a small difference at long wavelengths between the case where the disk has gaps
and the case it does not. However, this difference is very small. Remember that an SED displays
fluxes measurements, and hence, that these measurements come with error bars. One would
need error bars to be very small to detect this difference.

In addition, and as you can see from the SED plot, a larger envelope mass can have a similar
effect on the SED, and hence, one cannot tell for sure whether the effect comes from the pres-
ence/absence of gaps or the mass of the envelope. In conclusion, one cannot tell from the SED
whether a disk harbours a series of gaps as HL Tau does.
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How does the mass of the envelope (set by its initial density) affect the images of the system
at visible wavelengths (0.8 micron)?

31/ 40 correct responses

A higher envelope density (mass) B o
makes the disk easier to see. 9(22.5%)

v A higher envelope density (
mass) makes the disk harder to
see.

31 (77.5%)

10 20 30 40

o

How does the mass of the envelope affect the SED? (Check all that apply)

24 / 40 correct responses

v A higher envelope density (
mass) decreases the emission
below about 3 micron.

27 (67.5%)

v A higher envelope density (
mass) increases the emission at
wavelengths longer than about...

34 (85%)

A higher envelope density (mass)
decreases emission at all
wavelengths.

0 10 20 30 40

Can an SED be used to infer the presence of gaps?

19 réponses correctes sur 40

Yes —21 (52,5 %)

¥ No 19 (47,5 %)

15 20 25

o

o

-
o
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2.2 HL TAU: EXPLORING THE EFFECT OF THE DISK SCALE HEIGHT

HLTau - Varying Scale Height
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—— Scale height 0.01 - No gaps
Scale height 0.01 (Best Fit)
103 4 —— Scale height 0.025
—— Scale height 0.05
—— Scale height 0.1
— 1074 —— Star
1
'
T
§ 105
=4
=2
iy
= 196 4
10-7 4
1078 T T T T
1071 10° 10! 10? 10° 104

A [pm]

Figure 18: Exploring the effect of the disk scale height on the SED.

It is extremely difficult to determine the scale height of the disk from the SED; there might be
a small effect on the SED, however, remember that an SED displays fluxes measurements, and
hence, that these measurements come with error bars. One would need error bars to be very
small to detect this difference.

On the other hand, the disk scale height can definitely be determined best if the disk is seen
edge-on. In that case, whether it has gaps or not does not make any difference since those are
not visible with this orientation.

The scale height cannot be determined if the disk is face-on, the gaps all looks the same.

However, and this is possibly one of the most important results on HL Tau and its observations
with ALMA (Pinte et al.} [2016), is that with an intermediate inclination, if the disk possesses
gaps, the smaller the scale height, the more constant the gap width azimuthally. If the disk
possesses some significant scale height, some parts of the gaps will be shadowed and obscured.
If the disk is very flat, the gaps will appears constant in width everywhere. However, if the disk
does not harbour gaps, it is extremely difficult to determine its scale height at the inclination it
appears.
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Figure 19: Exploring the effect of the disk of large grains scale height on 1.3 mm images.
From left to right: observed orientation (inclination 47° from face-on), face-on, and

edge-on. From top to bottom: scale height 0.01 (best fit), without and with gaps,
0.05, and 0.1, respectively.
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Can an SED be used to derive the disk scale height?

32 réponses correctes sur 40

¥ Yes, if the SED is sampled at

certain wavelengths (e.g. at 5-10 32 (80 %)
micron).
No —8 (20 %)
0 10 20 30 40

The disk scale height be retrieved from images if the disk is seen: (Check all that apply)

18 réponses correctes sur 40

v Edge-on 28 (70 %)

Face-on —9 (22,5 %)

v At an intermediate inclination

0y
angle 27 (67,5 %)

0 10 20 30

The disk gaps are clearer when the scale height is large.

32 réponses correctes sur 40

True —8 (20 %)

V False 32 (80 %)

2.3 INPUTS FOR RADMC3D

Listing 1: HL Tau - Preamble.

from radmc3dPy import =

from radmc3dPy.image import =

from radmc3dPy.analyze import *

from radmc3dPy.natconst import =
import matplotlib.pyplot as plt
import numpy as np

import matplotlib.gridspec as gridspec
import os
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21

22

23

24

25

26

27

28

29

30

32

Listing 2: HL Tau - Envelope setup.

analyze.writeDefaultParfile (’spherld_1")

setup .problemSetupDust( 'spherld_1’, tstar=’'[4000.0] ' ,nx="[30,200]",
ny="[50,25,25,50] ", nz="150", xbound=’[0.1*au,1.0*au,1000.0*au]’,
ybound = ’[0., pi/3., pi/2., 2.xpi/3., pi]’, scattering_mode_max='2",
nphot="1000000", nphot_scat="1000000", nphot_spec="100000",
binary=False, nw="[10, 30, 40, 20]’,
wbound="[0.1, 1.0, 10., 25., 3e3]’,
prho="-2.0", rho0="1e-20")

os.system ('mv dust_density.inp dust_density_envelope.inp’)

with open(’dust_density_envelope.inp’,’r’) as f:
env_dens = np.loadtxt (f)
count = int(env_dens[1])
f.close()

Listing 3: HL Tau - Disk setup.

analyze.writeDefaultParfile (' ppdisk’)

setup .problemSetupDust ('ppdisk’, tstar='[4000.0]’, nx=’[30,200]",
ny='[50,25,25,50]’, nz="150", xbound=’[0.1*au,l.0*au,1000.0*au]’,
scattering mode_max="2", hrdisk="0.15", hrpivot= ’100.0*au’,
mdisk="5e-6+ms’, plh="0.", rin="0.2+au’, rdisk="120.xau’,
nphot="1000000", nphot_scat="1000000", nphot_spec="100000",
binary=False)

os.system ('mv dust_density.inp dust_density_SG.inp’)

with open(’dust_density_SG.inp’,’'r’) as f:
SG_dens = np.loadtxt(f)
count = int(SG_dens[1])
f.close ()

setup . problemSetupDust(’'ppdisk’, tstar='[4000.0]", nx="[30,200]",
ny="[50,25,25,50]’, nz="150", xbound=’[0.1*au,1.0*au,1000.0*au]’,
scattering_mode_max="2", hrdisk="0.01", hrpivot= '100.0xau’,
mdisk="5e-4*ms’, plh="0.1", rin="0.2*au’, rdisk="120.xau’,
gap_rin=[7.2+au,26.8+au,38.7+au,47.75+au,58.2+au,69.65+au,86.05+au],
gap_rout=[19.2+au,37.8«au,45.3*au,52.25+au,70.2+au,77.75+au,95.95+au],
gap_drfact=[0.056,0.0625,0.145,0.263,0.125,0.083,0.091],
nphot="1000000" ,nphot_scat="1000000" ,nphot_spec="100000",
binary=False, nw="[10, 30, 40, 20]’,
wbound="[0.1, 1.0, 10., 25., 3e3]’)

os.system( 'mv dust_density.inp dust_density_BG.inp’)
with open(’dust_density_ BG.inp’,’'r’) as f:

BG_dens = np.loadtxt(f)
f.close ()
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Listing 4: HL Tau - Dust files.

# Concatenating the dust density files. Small and big grains populate the same gr
# but of course, with different distributions

Dust_dens_l=np.append (env_dens[3:len(env_dens)],SG_dens[3:len (SG_dens)])
Dust_dens_2=np.append (Dust_dens_1,BG_dens[3:1len (BG_dens)])

with open(’dust_density.inp’, 'w+’) as f:

f.write(’1\n’) # Format number

f.write ('%d\n’%(count)) # Nr of cells

f.write(’3\n’) # Nr of dust species

np.savetxt (f,Dust_dens_2,fmt=["%13.6e’]) # The data of the two species
f.close ()

# Dust opacity control file: tells the code that in the density file,
# small grains come first and the first distribution encountered should
# use the opacities for 0.1 micron grains and the second distribution
# should use the opacity file for 100 micron grains.

with open(’dustopac.inp’,’'w+’) as f:

f.write(’2 Format number of this file\n’)

f.write(’3 Nr of dust species\n’)

f.write(’ \n’)
f.write(’1 Way in which this dust species is read\n’)
f.write(’0 0=Thermal grain\n’)

f.write(’silicate Extension of name of dustkappa_x#x*.inp file\n’)
f.write(’ \n’)
f.write(’1 Way in which this dust species is read\n’)
f.write(’0 0=Thermal grain\n’)

f.write(’0.1_micron Extension of name of dustkappa_=x*+.inp file\n’)
f.write(’ \n’)
f.write(’1 Way in which this dust species is read\n’)
f.write(’0 0=Thermal grain\n’)

f.write (’100_micron Extension of name of dustkappa_=x=x+.inp file\n’)
f.write(’ \n’)

Listing 5: HL Tau - Produce image.

Fididiaiad g dddididigidid g dddididiaddd i

# Run the radiative transfer #

Vi da did did i i i g did g i

os.system ( 'radmc3d mctherm setthreads 47)

Vdidiaadd i dididiaigidid i didididididididid g ddidididididd g g diddidd g g

#Make image of full disk at 0.8 microns: scattered light#

Vi i i i g i i i i i g g i i i i i i g i

makelmage (npix=2000,incl=47.,posang=48.,wav=0.8,sizeau=2000, setthreads=4)

os.system ( 'mv image.out HLTau_08um_rho0O_10e-20.out’)
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Listing 6: HL Tau - Produce SED.

RERBHAAATARRH AR RRRHHHAAAA

# Run the radiative transfer #
RARHAHHRHABHRHARARH AR HRH AR HHHH

os.system ( 'radmc3d mctherm setthreads 47)
HA##AHARH AR H AR Y

# Making a SED #

REHHHHHAAARARRHH

os.system ("radmc3d sed incl 47 posang 48 setthreads 4")

os.system ( 'mv spectrum.out HLTau SED_rho0_10e-20.out’)

This is an example of the code that was used to generate the
input files, run RADMC3D, and produce the output files you worked with during the Hands-on
Session. You can build from this example to produce your own files.

Do not forget to make good use of the RADMC3D and RADMC3DPy documentation, whether
online (available here) or within the package. The opacity files for the different grain sizes are
available in the whole package, but this one also contains a routine that will allow you to pro-
duce the opacity files for the dust grain size you are interested in.

When plotting an SED, the spatial sampling can be reduced, as well as the number of photons
(this will increase the speed of the calculations). If you want to see the disk at ALMA wave-
lengths, feel free to remove the envelope from the setup. It will also make your calculations go
faster. Finally, the scale height of the disk is the parameter "hrdisk’ and has been varied in the
large grains distribution.
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https://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/guide.php

3 HH 30

HH 30 is a young stellar object in the Taurus star-forming region, about 140
pc away. It is about 1 Myr old and surrounded by an accretion disk, which feeds material onto
the star. The disk of HH 30 is seen edge-on. HH 30 drives a jet, which is launched perpendicular
to the disk (see left panel of Figure [20). Large dust grains have settled into the disk midplane,
while smaller grains are found at larger scale heights, delineating a flared disk surface. This
flared disk can be seen in reflected light in the near-infrared (see middle panel of Figure [20).

0.001

0.0001
]

10 100 1000 10000
A [um]

Figure 20: Left: False-color HST/WFPC2 image at optical wavelengths of HH 30 (Bur-
rows et al.,[1996). Middle: ALMA continuum map at 0.89 mm (contours) superposed on
the HST data; the bar in the bottom left corner indicates a scale of 0.5” (Villenave et al.}
2020). Right: SED of HH 30 (Madlener et al., 2012).

The star is taken as a blackbody of temperature
4,000 K. The disk model consists of two sub-disks, both extending from 0.2 AU to 220 AU, for a
total dust mass of 6 x 1073 M. One disk is made of large (100 um) grains that have settled in
the midplane (scale height factor is 0.01) and which represent 99% of the disk dust mass. The
other disk is made of small 0.1 ym grains which have not settled to the midplane (scale height
factor of 0.15) and present a flared distribution, with a flaring index of 0.4; it contains 1% of the
disk’s total dust mass. The flaring index ¢ is defined such that %I o R*¢ where H is the height
of the disk surface and R is the disk radius. The whole system is seen with an inclination angle
of 84° from face-on.

To study this object, you will work through a Python notebook (either
Jupyter notebook, if you have installed Python, or a Google Colab notebook) and plot various
model SEDs and model images (see Figure[21]for an example).
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https://caltech.box.com/s/v3kq0tnkthu7ame1faxx2apye2ya9r1v
https://colab.research.google.com/drive/1nNZuSEXps1VRi4ZO3Tz_JECMF0aVroQA?usp=sharing
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Figure 21: Examples of a model SED plot (left) and model image (right) for HH 30.
These are the type of plots you will generate in the Python notebook.

As you work through the Python notebook, you will explore the effect of the disk mass,
inclination angle, and flaring index. Please be ready to address the following questions:

QUESTIONS

\,

1.

How does the inclination of the system affect the images of the system at visible
wavelengths?
And how does it affect the SED? What is the physical phenomenon at play?

. How does the mass of the disk affect the images of the system at visible and sub-

millimeter wavelengths?

And how does it affect the SED? What is the physical phenomenon at play?

How does the flaring of the disk affect the images of the system at visible wave-
lengths?

And how does it affect the SED? What is the physical phenomenon at play?

Can you infer any of these three properties (inclination angle, disk mass, flaring
of the disk) from the SED only?

3.1 HH 30: EXPLORING THE EFFECT OF THE DISK INCLINATION

, HH30 - Varying Inclination
10

—_ 0
30°
1073 4 — 60°
— 75"
— 80°
107 3 —— 84" (Best Fit)
Star

]_075 4

VF, [ergcm~2571]

10-6 4

10-7 4

1078

107! 10! 102 103 104

A[um]

Figure 22: Exploring the effect of inclination on the SED.
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Figure 23: Exploring the effect of inclination on images at 0.8 um. From left to right and
top to bottom, inclinations 0, 30, 60, 75, 80, and 84° (best fit), respectively.

Atvisible wavelengths, the more edge-on the disk is, the more the disk appears as two mirroring
parts. The star is also extinguished, but this effect is probably not as blatant in the images than
it will be in the SED. The physical phenomenon is extinction by dust (the same happens when
HL Tau is obscured by its surrounding envelope).
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How does the inclination of the system affect the images of the system at visible
wavelengths? (Check all that apply)

16 / 34 correct responses

The st‘ar t?ect-Jmes brlghter as the |2 (5.9%)

inclination angle increases.

¥ At higher inclination angles, the
disk flaring can be clearly seen.

v At higher inclination angles, the
upper and lower disk surfaces
can be seen.

¥ The star is actually obscured at
higher inclination angles; the disk
emission dominates.

22 (64.7%)
0 10 20

How does the inclination of the system affect the SED? (Check all that apply)

19 / 34 correct responses

¥ The emission below about 5
micron decreases for higher
inclination angles.

The emission beyond about 15
micron increases for higher
inclination angles.

3 (8.8%)

¥ The emission at all
wavelengths decreases for higher
inclination angles.

24 (70.6%)

3.2 HH 30: EXPLORING THE EFFECT OF THE DISK MASS

HH30 - Varying Disk Mass

1072 5
] — M=6.10"2M,
] — M=1.10"2M,
103 5§ .
E —— M=6.10"3M, (Best fit)
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ln 1 "
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E 1054 —— star
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Figure 24: Exploring the effect of disk mass on the SED.
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Figure 25: Exploring the effect of mass on images at 0.8 ym. From left to right and top
to bottom, masses (in Solar masses) of 6 x 1072, 1 x 1072, 6 x 103 (best fit), 1 x 1073,

6x 1074, 1x107*, respectively.
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Figure 26: Exploring the effect of mass on images at 870 ym. From left to right and top

-100

-200

—200

HH30 - 870 um - M =1.1072Mo

[
X [AU]

HH30 - 870 um - M = 6.10~%M

X[AU]

-14.50

-1475

-15.00

-15.25

-15.50

-1575

-16.00

-1625

-16.50

-14.50

-1475

-15.00

-15.25

-15.50

-15.75

-16.00

-1625

-16.50

logl, [erg/s/cm/cm/Hz/ster))

log(l, [erg/s/cm/cm/Hzister])

Y[AU]

Y[AU]

-100

—200

HH 30 - Best Fit - 870 microns

o
X [AU]

HH30 - 870 um - M = 1.10~*M,

X [Au]

rg/s/cm/cmMz/ster])

3
3
z
§
H
H
L

-6.5

-14.50

-1475

-15.00

-15.25

-15.50

-15.75

-16.00

-16.25

-16.50

to bottom, masses (in Solar masses) of 6 x 1072, 1 x 1072, 6 x 103 (best fit), 1 x 1073,

6x1074,1x107*, respectively.

24

log(l, [erg/s/cm/cm/Hzister))



How does the mass of the disk affect the images of the system at visible and sub-millimeter
wavelengths? (Check all that apply)

5/ 31 correct responses
v A larger disk mass results in a

brighter extended disk at both
wavelengths.

24 (77.4%)

¥ The disk is more vertically
extended at 0.8 micron when the
disk mass is larger.

The disk is more vertically
extended at 870 micron when the
disk mass is larger.

The flaring angle can be
determined more easily when the
disk mass is small.

18 (58.1%)
|20 (64.5%)

5 (16.1%)

0 5 10 15 20 25

How does the mass of the disk affect the SED? (Check all that apply)

22 / 34 correct responses

A more massive disk has more
emission at all wavelengths.

¥ A more massive disk has less
emission around 1 micron, but
more beyond about 20 micron.
¥ The larger the disk mass, the
more flux is emitted in the far-
infrared and sub-millimeter.

28 (82.4%)

31 (91.2%)

The emission around 10 micron

| 0,
does not change with disk mass. 4(11.8%)

0 10 20 30 40

3.3 HH 30: EXPLORING THE EFFECT OF THE DISK FLARING INDEX

HH30 - Varying Disk Flaring Index

1072
—— Flaring index 0.4 (Best fit)
] —— Flaring index 0.3
1073 5 —— Flaring index 0.2
3 —— Flaring index 0.1
—— Star
— 10744
Im
b )
E 1054
E 3
g
B 107° 4
1077 4
1078 T T T T
1071 10° 10! 10? 10% 10*

A[pm]

Figure 27: Exploring the effect of disk flaring index on the SED.
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Figure 28: Exploring the effect of the disk flaring index on images at 0.8 um. From left
to right and top to bottom, flaring index of 0.4 (best fit), 0.3, 0.2, 0.1, respectively.

The greater the flaring index, the more "curved" the disk appears. Part of the star is extin-
guished due to the system’s inclination, and the nominal "best fit" model has a significant
amount of flaring to begin with. If you diminish the flaring, there will be less reflective sur-
face provided to the starlight, and there will be additional extinction.

Because both flaring and inclination can cause a stellar extinction, it would be difficult to know
which one exactly is at play just by looking at the SED. This is the kind of case where having
images will help breaking degeneracy. The disk mass, on the other hand, could be measured
from the SED since it mostly affects longer wavelengths than that at which the star is visible. Of
course, a mass fit to the SED will necessarily involve some sort of assumptions on the grain size
distribution in the disk.
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How does the flaring of the disk affect the images of the system at visible wavelengths (0.8
micron)? (Check all that apply)

17 / 33 correct responses

v At small flaring angles, the
upper half of the disk is brighter
than the lower half.

v For large flaring angles, the
two disk halves look more
symmetric.

24 (72.7%)

27 (81.8%)

The larger the flaring, the fainter | 5
the disk is. 6 (18.2%)
Large flaring angles make the | o
disk look less vertically extended. 7(21.2%)
0 10 20 30

How does the flaring of the disk affect the SED? (Check all that apply)

17 / 34 correct responses

The smaller the flaring index, the
more flux is emitted around 3
micron.

¥ The larger the flaring index, the
more flux is emitted around 30
micron.

26 (76.5%)

¥ The emission at all
wavelengths increases as the
flaring increases.

24 (70.6%)

0 10 20 30

What are the main physical phenomena at play that affect the SED as the inclination angle,
disk mass, and flaring angle increase?

25/ 31 correct responses

Increased dust emission —6 (19.4%)

v Increased extinction 26 (83.9%)
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Can you estimate any of these three properties (inclination angle, disk mass, flaring of the
disk) from the SED only?

24 / 35 correct responses

Y Yes 24 (68.6%)

No 11 (31.4%)

3.4 INPUTS FOR RADMC3D

Listing 7: HH 30 - Preamble.

from radmc3dPy import =

from radmc3dPy.image import =

from radmc3dPy.analyze import =

from radmc3dPy.natconst import *
import matplotlib.pyplot as plt
import numpy as np

import matplotlib.gridspec as gridspec
import os

Listing 8: HH 30 - Disk setup.

analyze.writeDefaultParfile (' ppdisk’)

REHHBHAAARRRHHRHAARRRRHRAAARRRRHAAAARRRRHAHHARRRRHARAARRRRHH
# Setup of the small dust grains 0.1 microns distribution #
RARBHAATAARRRHRAATATARRRRRAATTRRRBRAATTRRRRRHAATARRRRAHAAAARRHH

setup . problemSetupDust (' ppdisk’, tstar='[4000.0]", nx="[30,250]",
ny="[50,25,25,50] ", nz="150", xbound=’'[0.1*au,1.0+au,250.0%au]’,
scattering_ mode_max="2", hrdisk="0.15", hrpivot= ’100.0*au’,
mdisk="6e-5*ms’, plh="0.4", rin="0.2xau’, rdisk="220.xau’,
nphot="10000000" ,nphot_scat="10000000" ,nphot_spec="10000",
binary=False, nw="[10, 30, 40, 20]’,
wbound="[0.1, 1.0, 10., 25., 3e3]’)

os.system ( 'mv dust_density.inp dust_density_SG.inp’)
with open(’dust_density_SG.inp’,’r’) as f:
SG_dens = np.loadtxt(f)

count = int(SG_dens[1])
f.close()
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REBHHAHAARRBHHHARARRBHHAAAARRBHHAAARARRBHHAAAARRBHHAAAARRBHHHHA
# Setup of the big dust grains 100 microns distribution #
RERBHAATAARRRHRAATARRRRRAATARRRRAAATRRR R AT ARRRRAAAAARRHHHAA

#In this case, the scale height of the disk is much smaller.

setup . problemSetupDust (' ppdisk’, tstar=’[4000.0]", nx="[30,250]",
ny=’[50,25,25,50]’, nz="150", xbound=’[0.1*au,l.0*au,250.0*au]’,
scattering_mode_max="2", hrdisk="0.03’, hrpivot= '100.0xau’,
mdisk="5.94e-3*ms’, plh="0.4", rin="0.2xau’, rdisk="220.xau’,
nphot="10000000", nphot_scat="10000000", nphot_spec="10000",
binary=False, nw="[10, 30, 40, 20]’,
wbound="1[0.1, 1.0, 10., 25., 3e3]’)

os.system ('mv dust_density.inp dust_density_BG.inp’)
with open(’dust_density BG.inp’,’'r’) as f:

BG_dens = np.loadtxt (f)
f.close ()

Listing 9: HH 30 - Dust files.

# Concatenating the dust density files. Small and big grains populate the same gr
# but of course, with different distributions

Dust_dens=np.append (SG_dens[3:1en (SG_dens)] ,BG_dens[3:len (BG_dens)])

with open(’dust_density.inp’,’w+’) as f:

f.write(’1I\n’) # Format number

f.write ('%d\n’%(count)) # Nr of cells

f.write(’2\n’) # Nr of dust species

np.savetxt (f,Dust_dens,fmt=["%13.6e’]) # The data of the two species
f.close ()

# Dust opacity control file: tells the code that in the density file,

# small grains come first and the first distribution encountered should
# use the opacities for 0.1 micron grains and the second distribution
# should use the opacity file for 100 micron grains.

with open(’dustopac.inp’, ’'w+’) as f:

f.write(’2 Format number of this file\n’)

f.write(’2 Nr of dust species\n’)

f.write(’ \n’)
f.write(’1 Way in which this dust species is read\n’)
f.write(’0 0=Thermal grain\n’)

f.write(’0.1_micron Extension of name of dustkappa_=x=+x.inp file\n’)
f.write(’ \n’)
f.write(’1 Way in which this dust species is read\n’)
f.write(’0 0=Thermal grain\n’)

f.write (’100_micron Extension of name of dustkappa_x+*.inp file\n’)
f.write(’ \n’)
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Listing 10: HH 30 - Produce image.

RERBHAAATAARRRRHHHH

# Making images #

HARBARARHARHARHHHH

# Run the radiative transfer part
os.system ( 'radmc3d mctherm setthreads 47)

# Make image of disk at 870 microns: thermal dust emission

makelmage (npix=500,incl=84.,wav=0.87e3, sizeau=500,setthreads=4)
os.system ( 'mv image.out HH30_870um_Best_fit.out’)

Listing 11: HH 30 - Produce SED.

RERBHAAAAARRRRHHHH
# Making an SED #
HARBABHRH AR H AR HRHA

os.system ( 'radmc3d mctherm setthreads 4’)

os.system ("radmc3d sed incl 84 setthreads 4")
os.system ('mv spectrum.out HH30_SED_Best_fit.out’)

COMMENTS AND NOTES: This is an example of the code that was used to generate the
input files, run RADMC3D, and produce the output files you worked with during the Hands-on
Session. You can build from this example to produce your own files.

Do not forget to make good use of the RADMC3D and RADMC3DPy documentation, whether
online (available here) or within the package. The opacity files for the different grain sizes are
available in the whole package, but this one also contains a routine that will allow you to pro-
duce the opacity files for the dust grain size you are interested in.

When plotting an SED, the spatial sampling can be reduced, as well as the number of photons
(this will increase the speed of the calculations).
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https://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/guide.php

4 PDS 70

INTRODUCTION PDS 70 is a pre-main-sequence star located in the Upper Centaurus-Lupus
group at a distance of about 113 pc and has an age of about 5 Myr. It is surrounded by a pre-
transition disk, which is a disk that has a large inner gap that was cleared due to disk evolution
(see Figure [29). This gap manifests itself by a reduction in infrared emission in the SED. In most
pre-transition and transition disks, the inner cavity is cleared of dust, but there is still remnant
gas, which keeps accreting onto the star. Several factors can cause disk clearing, among them
photoevaporation by the central star, grain growth, and forming planets. The inner cavity in
PDS 70 is quite large, with a radius of about 70 AU; in near-infrared scattered light, the outer
disk edge is located at 140 AU (see left panel of Figure[30). Sub-mm images reveal a ring of dust,
extending from about 60 to 110 AU from the star (see right panel of Figure[30).

Full Disk

Pre-Transitional Disk

D

Transitional Disk

Figure 29: Left: Artist’s impression of a pre-transitional disk [NASA/JPL-CALTECH].
Right: A schematic of the differences between a full protoplanetary disk, a pre-
transitional disk, and a transitional disk [Catherine Espaillat].
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1 L
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Figure 30: Left: H-band polarized intensity image of PDS 70; Middle: SED (data and
best-fit model) of PDS 70 (Hashimoto et al.|[2012). Right: 0.87 mm continuum image of

PDS 70 (Long et al.} 2018).
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Two planetary-mass companions were detected within the cavity of PDS 70, one at about 0.19”
(or about 22 AU) from the central star, and one at about 0.25” (or about 28 AU), embedded

within a bright region of the dust disk (see Figures[31Jand[32). Both young planets were detected
in Ha, which implies that they are still accreting. Modeling shows that they are larger and more
massive than Jupiter. It is likely that both planets are responsible for clearing out the inner disk

gap of PDS 70.
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K114 May 2016 Lp 1 June 2016
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Figure 31: Top: Images of the planetary-mass companion PDS 70b taken in several
near- to mid-IR filters (Keppler et al.,2018). Middle: Images showing the two planetary-
mass companions, PDS 70b (lower left from the star) and PDS 70c (to the right of the
star): Ha, K1-band, and L-band, from left to right, respectively (Haffert et al., [2019).
Bottom left: Narrow-band K-band image of PDS 70b (Miiller et al.,[2018). Bottom right:
H-band image from VLT/SPHERE overlaid with the contours of the Halpha emission,
which show the position of the two planets (Haffert et al., 2019)
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Figure 32: Left: ALMA 0.855 mm image of PDS 70; two compact sources, likely associ-
ated with PDS 70b and PDS 70c, are detected within the cavity (Isella et al.,|2019). Right:
Keck/NIRC2 L-band image of PDS 70b and c (Wang et al.,2020).

RADMC-3D MODEL - IMPORTANT FEATURES:  The star is taken as a blackbody of temperature
4,400 K. The disk is made out of two sub-disks, both extending from 0.1 AU to 110 AU, and
harbouring a wide gap of radial extent 1 AU-60 AU and of depth 0.001 (the depth being the
ratio between in-gap density and out-of-gap density). One disk is made of small 0.1 ym grains
and contains 0.1% of the disk’s total mass. The other disk is made of bigger 100 ym grains,
which contains 99.9% of the disk mass. It is seen at an inclination of 47° from face-on and a
position angle of 155°. This system includes a second point source, a planet with a nominal
mass of 10 Jupiter masses and temperature of 1200 K, separated by 22 AU from the star (so this
represents planet PDS 70b).

PyrroN NOTEBOOKS:  To study this object, you will work through a Python notebook (either

aJupyter notebook, if you have installed Python, or a Google Colab notebook) and plot various
model SEDs and model images (see Figure[33|for an example).

PDS 70 - Gap Depth 0.5 PDS 70 - 870 um - Gap Depth 0.005

—— Total SED
Star

vF, [ergem—2s71]
\
|
o
tn
log(Sully/pixel])

T T
107t 10° 10! 10? 10? 104 —200 -100 0
Aum] X [AU]

Figure 33: Examples of a model SED plot (left) and model image (right) for PDS 70.
These are the type of plots you will generate in the Python notebook.
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https://caltech.box.com/s/z4eva5dhog70ucx65st52gagw152ipcz
https://colab.research.google.com/drive/1aB3xg1Ox1P12YP26THAzeRXIhZeAsWQg?usp=sharing

As you work through the Python notebook, you will explore the effect of the gap depth and
width, as well as the presence of a planet. Please be ready to address the following questions:

QUESTIONS

How does the gap width affect the SED?

How does the gap depth affect the SED?

And how do both of these parameters affect the images?

Can you derive the depth and width of the gap from the SED only?
Can a planet be detected via the SED?

o> 89 =

4.1 PDS 70: EXPLORING THE EFFECT OF GAP WIDTH

PDS 70 - Varying Gap Width

1077
—— Width 59 AU (Best fit)
Width 49 AU
1073 4 —— Width 39 AU
—— Width 29 AU
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- 1074 4 — Width 9 AU
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Figure 34: Exploring the effect of the gap width on the SED.
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Figure 35: Exploring the effect of the gap width on images at 0.8 pm. From left to right
and top to bottom, gap widths of 59 AU (best fit), 49, 39, 29, 19, and 9 AU, respectively.
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Figure 36: Exploring the effect of the gap width on images at 870 ym. From left to right
and top to bottom, gap widths of 59 AU (best fit), 49, 39, 29, 19, and 9 AU, respectively.

How does the gap width affect the SED? (Check all that apply)

31/ 43 correct responses

The gap width has no effect on
the SED below 100 micron.

The larger the gap width, the
more flux is emitted at 100
micron.

¥ The best-fit SED (gap width of

42 (97.7%
59 AU) has the lowest emission. ( %)

v The flux between about 20 and
100 micron is highest for the
smallest gap width.

33 (76.7%)

10 20 30 40 50
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4.2 PDS 70: EXPLORING THE EFFECT OF GAP DEPTH
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Figure 37: Exploring the effect of the gap depth on the SED.
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Figure 38: Exploring the effect of the gap depth on images at 0.8 ym. From left to right
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and top to bottom, gap depth of 0.001 (best fit), 0.005, 0.01, 0.05, 0.1, 0.5, respectively.
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Figure 39: Exploring the effect of the gap depth on images at 870 pm. From left to right
and top to bottom, gap depths of 0.001 (best fit), 0.005, 0.01, 0.05, 0.1, 0.5, respectively.

How does the gap depth affect the SED? (Check all that apply)

21/ 41 correct responses

Y When the gap depth is at its
smallest value (0.001), the
emission around 50 micron is s...

Small gap depths mean more
emission between 30 and 100
micron.

v Disks with gap depths larger
than 0.05 are brighter at 100
micron.
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How do the gap width and depth affect the images at 0.8 micron? (Check all that apply)

9 / 40 correct responses

¥ The larger the gap depth, the
more emission is inside the gap.
The gap depth does not affect the
images.

The gap outer edge at 59 AU is
only discernible for the smallest...
¥ The gap is not discernible any
more once the gap width is 9 AU.
As the gap width decreases, the
brightness of the ring remains...
v As the gap width decreases,
the gap's outer edge becomes...

30 (75%)
|6 (15%)

—10 (25%)

19 (47.5%)

L4 (10%)

25 (62.5%)

o

10 20 30

Can you estimate the depth and width of the gap from the SED only?

28 / 43 correct responses

¥ Yes, but | need fluxes between

9
about 20 and 100 micron. 28 (65.1%)

Yes, but | need fluxes both below
! —1(2.39

about 10 micron. 2:3%)

Yes, but | need fluxes close to

- 0,
800 micron. 4(9.3%)

No 10 (23.3%)

o

10 20 30

The narrower the gap, the more material is present closer to the star. Hence the intermediate
wavelengths of the SED are populated. The depth of the gap has an extremely similar effect.
Both effects look very different looking at images but they do not or only little when looking at
the SED only. Hence, we have some degeneracy here and it would be difficult to know whether
the intermediate wavelengths are populated because the gap is narrower or less deep.
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4.3 PDS 70: EXPLORING THE EFFECT OF PLANET TEMPERATURE

PDS 70 - Varying Planet Temperature
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Figure 40: Effect of the planet temperature on the SED.
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Figure 41: PDS 70 seen in Band L (3.4 microns) and H (1.6 microns), top and bottom
respectively. From left to right: nominal image, image with coronagraphic mask, and
zoom onto the planet location.
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Figure 42: PDS 70 seen in Band L (3.4 microns) with coronagraphic mask, and zoom
onto the planet location. Planet temperature varies 1200 K (best fit), no planet, 1500,
2000, 2500, 3000 K (from left to right and top to bottm respectively)
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Figure 43: PDS 70 seen in H (1.6 microns) with coronagraphic mask, and zoom onto the
planet location. Planet temperature varies 1200 K (best fit), no planet, 1500, 2000, 2500,

3000 K (from left to right and top to bottm respectively)

One can see that the SED of a planet falls way below that of the star and thus it is not possible to
see a planet from the SED. One has to resort to imaging. Naturally, the higher the planet tem-
perature, the brighter it is. Note that the Python library allows to place a virtual coranagraph
on the image and to zoom-in onto the planet.
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Can a planet be detected via the SED?

32/ 44 correct responses

Yes —12 (27.3%)

¥ No 32 (72.7%)

4.4 INPUTS FOR RADMC3D

Listing 12: PDS 70 - Preamble.

from radmc3dPy import =

from radmc3dPy.image import =

from radmc3dPy.analyze import =

from radmc3dPy.natconst import =
import matplotlib.pyplot as plt
import numpy as np

import matplotlib.gridspec as gridspec
import os

Listing 13: PDS 70 - Disk setup.

analyze.writeDefaultParfile ('ppdisk’)

HHAAHH ARG H ARG ARG ARG ARG ARG ARG AR A ARG ARG ARG ARG A
# Setup of the small dust grains 0.1 microns distribution #
HAARHHAHHHARHARRHHAARHAARHHARHARRHHARHARR AR R HARHAARBHARHHAH

setup .problemSetupDust (’ppdisk’ ,nstar="2" ,mstar="[0.87+ms,9.5e-3*ms] ’,
rstar="[1.0*rs,0.1*rs]’, tstar="[{4400.0,1200.0]",
pstar="[[0.0,0.0,0.0],[-10.0*au,-20.0*au,0.0]] ",
staremis_type= ’["blackbody","blackbody"]’, nx="[30,200] ",
ny=’"[100,50,50,100]", nz="150", xbound="[0.05*au,1.0*au,200.0xau] ’,
scattering mode_max="2", hrdisk="0.05", hrpivot= ’100.0*au’,
mdisk="3.5e-5*ms’, plh="0.15", rin="0.05+xau’, rdisk="110.xau’,
nphot="1000000", nphot_scat="10000000", nphot_spec="10000",

binary=False, nw="[10, 30, 40, 20]’, wbound="[0.1, 1.0, 10., 25., 3e3]’,

gap_rin="[0.1*au] ', gap_rout="[60.0*au]’, gap_drfact="[0.001]")
os.system ('mv dust_density.inp dust_density_SG.inp’)
with open(’dust_density_SG.inp’,’r’) as f:

SG_dens = np.loadtxt(f)

count = int(SG_dens[1])
f.close ()
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RERBHAAAARRRHHAAARRRRRRAATAARRRBAAAARRRRAAAATARRRHAAAAARRRHHHAA
# Setup of the big dust grains 100 microns distribution #
HARHAHRB AR AR ARG AR ARR AR ARG AR ARA AR ARA AR ARG AR AR AR ARG AR AR A

#In this case, the scale height of the disk is much smaller.

setup . problemSetupDust (’ppdisk’ ,nstar="2" ,mstar="[0.87+ms,9.5e-3*ms] ’,
rstar="[1.0xrs,0.1*rs]’, tstar='[4400.0,1200.0]",
pstar="[[0.0,0.0,0.0],[-10.0*au,-20.0*au,0.0]] ",
staremis_type= ’["blackbody","blackbody"]’, nx="[30,200] ",
ny='[100,50,50,100] ", nz="150", xbound=’[0.05+au,1.0*au,200.0*au]’,
scattering_mode_max="2", hrdisk="0.05", hrpivot= '100.0xau’,
mdisk="6.965e-3*ms’, plh="0.15", rin="0.05+au’, rdisk="110.xau’,
nphot="1000000", nphot_scat="10000000", nphot_spec="10000",
binary=False, nw="[10, 30, 40, 20]’, wbound="[0.1, 1.0, 10., 25., 3e3]’,
gap_rin="[0.1+xau]’, gap_rout="[60.0+*au]’, gap_drfact="[0.001]")

os.system ( 'mv dust_density.inp dust_density_BG.inp’)
with open(’dust_density_BG.inp’,’r’) as f:

BG_dens = np.loadtxt(f)
f.close()

Listing 14: PDS 70 - Dust files.

# Concatenating the dust density files. Small and big grains populate the same gr
# but of course, with different distributions

Dust_dens=np.append (SG_dens[3:1en (SG_dens)] ,BG_dens[3:len (BG_dens)])

with open(’dust_density.inp’, 'w+’) as f:

f.write(’1\n’) # Format number

f.write (’%d\n’%(count)) # Nr of cells

f.write(’2\n’) # Nr of dust species

np.savetxt (f,Dust_dens,fmt=["'%13.6e’]) # The data of the two species
f.close()

# Dust opacity control file: tells the code that in the density file,

# small grains come first and the first distribution encountered should
# use the opacities for 0.1 micron grains and the second distribution
# should use the opacity file for 100 micron grains.

with open(’dustopac.inp’,’w+’) as f:

f.write(’2 Format number of this file\n’)

f.write(’2 Nr of dust species\n’)

f.write(’ \n’)
f.write(’1 Way in which this dust species is read\n’)
f.write(’0 0=Thermal grain\n’)

f.write(’0.1_micron Extension of name of dustkappa_x+*.inp file\n’)
f.write(’ \n’)
f.write(’1 Way in which this dust species is read\n’)
f.write(’0 0=Thermal grain\n’)

f.write (’100_micron Extension of name of dustkappa_x*x*.inp file\n’)
f.write(’ \n’)
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Listing 15: PDS 70 - Produce image.

os.system ( 'radmc3d mctherm setthreads 47)
makelmage (npix=500,incl=45.,posang=65.,wav=0.87e3, sizeau=500, setthreads=4)

os.system ( 'mv image.out PDS70_870um_Best_fit.out’)

Listing 16: PDS 70 - Produce SED.

REHBHHHAAAAAARH
# Making SED #
RARBHAAAAAAAAS

os.system ( 'radmc3d mctherm setthreads 47)

os.system ("radmc3d sed incl 45 posang 65 setthreads 4")
os.system ( 'mv spectrum.out PDS70_SED_No_Planet.out’)

This is an example of the code that was used to generate the
input files, run RADMC3D, and produce the output files you worked with during the Hands-on
Session. You can build from this example to produce your own files.

Do not forget to make good use of the RADMC3D and RADMC3DPy documentation, whether
online (available here) or within the package. The opacity files for the different grain sizes are
available in the whole package, but this one also contains a routine that will allow you to pro-
duce the opacity files for the dust grain size you are interested in.

When plotting an SED, the spatial sampling can be reduced, as well as the number of photons
(this will increase the speed of the calculations).
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5 HR 4796

INTRODUCTION HR 4796A is an A-type star surrounded by a debris disk; it is relatively nearby
(72 pc), young (8 Myr), and also has a stellar companion of M spectral type at a distance of 7.7”
(Jura et al.,[1993). The debris disk consists of second-generation dust, generated in collisions
of large remnant bodies (asteroids and comets). The HR 4796A debris disk forms a narrow ring
(~ 75 AU semi-major axis), which may be an indication of shepherding by planets; it also has
some brightness asymmetries, and the center of the ring seems offset from the star (Wyatt et al.,

1999).

Figure 44: Left: Image of the debris disks around HR 4796A taken at 18 um (Jayaward-
hana et al.,{1998). Second from left: Composite image of HR 4796A taken at 12.5 and
20.8 micron (Koerner et al.;,[1998). Second from right: HST/NICMOS near-IR image of
the HR 4796A debris disk (Schneider et al., 2009). Right: Gemini/NICI JHK false-color
image of the HR 4796A debris disk ring (Wahhaj et al.,|{2014).
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Figure 45: Top: Images of the debris disk of HR 4796A taken in three different near-IR
filters with the Gemini Planet Imager (Chen et al., 2020). Bottom: SED of HR 4796A; a
model that includes the stellar photosphere and two blackbodies (to fit the dust emis-
sion) is also shown (Chen et al.,|2014)
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RADMC-3D MODEL - IMPORTANT FEATURES: The star is taken as a blackbody of temperature
10,000 K. The disk extends from 75 AU to 85 AU, i.e., it is radially centered at 80 AU, with a total
mass of 5x 1077 M. It has a scale height 0of 0.01 (reference radius of 100 AU) and a flaring index
of 0.1. It is seen at an inclination angle of 77° from face-on. The nominal grain size is 30 ym.

PyTHON NOTEBOOKS: To study this object, you will work through a Python notebook (either
aJupyter notebook, if you have installed Python, or a Google Colab notebook) and plot various
model SEDs and model images (see Figurefor an example).

HR 4796 - Grain size 1 um HR4796 - 870 um - Grains 100 microns

-10
—— Total SED
Star
—— Dust SED

-14

5
Y[AU]

-16

vF, [ergcm=2571]
log(ly [erg/s/cm/em/Hz/ster])

1078 4
-18

10-10

—20

10° 10t . 102 1(‘)3 —200 -100 X[ZU]
Figure 46: Examples of a model SED plot (left) and model image (right) for HR 4796.
These are the type of plots you will generate in the Python notebook.

As you work through the Python notebook, you will explore the effect of the disk radial
location and grain size. Please be ready to address the following questions:

QUESTIONS

How does the disk radial distance affect the SED?

How does the grain size affect the SED?

Can you infer the disk radial distance or grain size from the SED only?

How does the grain size affect the images? If you wanted to learn something about
grain sizes through images, what would be the best observational strategy?

= 89 =
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5.1 HR 4796: EXPLORING THE EFFECT OF DISK RADIAL LOCATION
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Figure 47: Exploring the effect of disk radial location on the SED
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Figure 48: Exploring the effect of disk radial distance on images at 0.8 ym. From left to
right and top to bottom, disk centred on 80 AU (best fit), 60, 40, 20, 10, 7.5 AU, respec-

tively.
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Figure 49: Exploring the effect of disk radial distance on images at 870 ym. From left to
right and top to bottom, disk centred on 80 AU (best fit), 60, 40, 20, 10, 7.5 AU, respec-
tively.

The closer the disk is to the star, the hotter it is and hence, the shorter the wavelengths at which
it is bright.
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How does the disk radial distance affect the SED? (Check all that apply)

9 / 26 correct responses

The smaller the radial distance,
the less flux is emitted around 30
micron.

3 (11.5%)

v The smaller the radial distance,
the more flux is emitted at all 17 (65.4%)
wavelengths.
v For certain radial distances,
there is no excess flux above the

16 (61.5%)
stellar SED at wavelengths sho...

0 5 10 15 20

Can you infer the disk radial distance from the SED only?

18 / 26 correct responses

v Yes, but | need fluxes around
10 micron and 100 micron (and

18 (69.2%)
an estimate of the grain size).

Yes, | can tell with just a few
measurements around 10 micron

4 (15.4%)
(and an estimate of the grain si...

4 (15.4%)
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5.2 HR 4796: EXPLORING THE EFFECT OF DISK GRAIN SIZES
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Figure 50: Exploring the effect of grain sizes on the SED
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Figure 51: Exploring the effect of disk radial distance on images at 0.8 ym. From left to

right and top to bottom, grain sizes of 0.1, 1, 10, 30, and 100 microns, respectively.
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Figure 52: Exploring the effect of disk radial distance on images at 0.8 ym. From left to
right and top to bottom, grain sizes of 0.1, 1, 10, 30, and 100 microns, respectively.
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How does the grain size affect the SED? (Check all that apply)

12/ 26 correct responses

¥ The smaller the grains, the
larger the mid-infrared emission,
in particular between 10 and 20...
v Small grains (0.1 micron) have
additional broad features at 10
and 20 micron.

v Grains of size 30 micron emit
more at 200 micron than grains of|
size 0.1 micron.

18 (69.2%)
23 (88.5%)

17 (65.4%)

One cannot tell the dust grain
size from the 10-100 micron
SED.

Can you infer the grain size from the SED only?

21/ 26 correct responses

¥ Yes, but | need fluxes between
10 and 100 micron (and an 21 (80.8%)
estimate of the disk radial dista...

Yes, fluxes around 2 mlcro.n are 3 (115%)
ideal.
No —2 (7.7%)
0 5 10 15 20 25

How does the grain size affect the images? (Check all that apply)

7 / 23 correct responses

The disk image at 0.8 micron is
not affected by grain sizes —3 (13%)
ranging from 0.1 to 100 micron.

v Smaller grains results in
17 (73.9%

The disk image at 870 micron is
not affected by grain sizes —10 (43.5%)
ranging from 0.1 to 100 micron.

¥ The disk image at 870 micron
is a little bit brighter for 100 12 (52.2%)
micron grains.

0 5 10 15 20

\ V.

Because grains are efficient emitters at wavelengths that are comparable to their own size, the
smaller the grains, the hotter the disk looks and the shorter the wavelengths at which it can
be detected. Hence, there’s an important degeneracy here. One cannot derive a disk’s radial
distance to its star without making strong assumptions on the grain size or vice versa

Getting images that are detailed enough, with a level of resolution good enough to determine
the disk’s radial distance will break the degeneracy. In addition, one can see that the smaller
the grains, the more forward scattering shows, hence, observing the disk in polarized light and
determine the scattering properties would also help determining the grain sizes.



In what ways do the dust grain size and disk radial distance affect the SED? (Check all that
apply)

18 / 22 correct responses

Y Higher emislon st 20 micron_‘]B (81.8%)

Higher emission at 200-300

. —4 (18.2%)
micron

Lower emission at 50 micron|—0 (0%)

0 5 10 15 20

If you wanted to learn something about grain sizes through images, what would be the best
observational strategy? (Check all that apply)

1/ 25 correct responses

¥ Observe in the optical/near-

17 (689
infrared. (68%)

v Observe in the sub-millimeter/
millimeter.

v Observe at high spatial

0y
resolution to resolve the disk’s... 13 (52%)

¥ Observe the disk in polarized

16 (649
light to determine the scattering... (64%)

Observe the disk at different

. 0
epochs. 5(20%)

0 5 10 15 20

5.3 INPUTS FOR RADMC3D

Listing 17: HR 4796 - Preamble.

from radmc3dPy import =

from radmc3dPy.image import =

from radmc3dPy.analyze import *

from radmc3dPy.natconst import =
import matplotlib.pyplot as plt
import numpy as np

import matplotlib.gridspec as gridspec
import os

Listing 18: HR 4796 - Disk setup.

analyze.writeDefaultParfile ('ppdisk’)

setup . problemSetupDust (' ppdisk’, tstar=’[10000.0]’, nx="[30,200]’,
ny="[100,50,50,100]", nz="150", xbound=’[0.05*au,1.0*au,200.0*au]’,
scattering mode_max="2", hrdisk="0.01", hrpivot= '100.0xau’,
nphot="10000000" ,nphot_scat="1000000" ,nphot_spec="10000",
binary=False, nw="[10, 30, 40, 30]’, wbound="[0.1, 1.0, 10., 25., 3e3]’,
mdisk="5e-7*ms’, plh="0.1", rin="75.xau’, rdisk="85.xau’,
dustkappa_ext = '[30.0] ")
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Listing 19: HR 4796 - Produce image.

# Run the radiative transfer part
os.system ( 'radmc3d mctherm setthreads 4’)
# Make image of full disk at 870 microns: thermal dust emission

makelmage (npix=500,incl=77.,posang=117.,wav=0.87e3, sizeau=500,setthreads=4)
os.system ('mv image.out HR4796_870um_Best_fit.out’)

Listing 20: HR 4796 - Produce SED.

REARRHAARHHARBHAAH
# Compute SED  #
HARHARARHARHARHHHH

os.system ("radmc3d sed incl 77 posang 117 setthreads 4")

os.system ( 'mv spectrum.out HR4796_SED_Star 3000K.out’)
os.system ('mv stars.inp stars_3000K.inp’)

COMMENTS AND NOTES: This is an example of the code that was used to generate the
input files, run RADMC3D, and produce the output files you worked with during the Hands-on
Session. You can build from this example to produce your own files.

Do not forget to make good use of the RADMC3D and RADMC3DPy documentation, whether
online (available here) or within the package. The opacity files for the different grain sizes are
available in the whole package, but this one also contains a routine that will allow you to pro-
duce the opacity files for the dust grain size you are interested in.

When plotting an SED, the spatial sampling can be reduced, as well as the number of photons
(this will increase the speed of the calculations).

In that case, the grain size is set by the parameter 'dustkappa_ext’ which calls for grain sizes of

30 microns. You will have to use the routine provided with the package to produce the corre-
sponding opacity file.
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