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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).

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 (fi Lyrae), and Fomalhaut (fi 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, fi 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 4). 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).
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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 (top 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
a warp, 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.

Figure 5: Gemini Planet Imager (GPI) image of the debris disk of HR 4796 in the J-band
(1.24 „m) (left; Arriaga et al., 2020). VLT/SPHERE image of the debris disks of HD 106906
in the H-band (1.6 „m) (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-
ure 6.
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Figure 6: Herschel/PACS 70 „m image of the debris disk of Vega (left; Su et al., 2013),
JCMT 850 „m 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.

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 �ared to settled, which includes the growth of larger bodies,
and �nally disk dispersion.

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)

Figure 9: Phases of star and planetary system formation (schematic by Tom Greene,
2001).

5



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 �aring 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:

• 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 �at structure, while the
smaller grains exhibit a less �attened and more �ared distribution. In addition, this sys-
tem displays a jet (stage (d) in Fig. 9, and stage (b) in Fig. 10).

• 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. 10.

• HR 4796: This is what we call a debris disk, analogous to the objects �rst discovered by
IRAS (and shown in Fig. 2 to 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. 9) and stage (d) in Figure 10.
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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 speci�c 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 suf�cient 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.

Property explored
Object

HL Tau HH 30 PDS 70 HR 4796

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.

H OW YOU ARE GOING TO STUDY D ISK 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 re�ecting 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 signi�cant 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
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use Jupyter notebooks to read in the model �les 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 �les. 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 �nd information to either install Python on your
computer or how to use the Google Colab notebooks. These are available here.

Figure 11: Examples of code and plots from the the Python notebooks: the best-�t SED
of HH 30 ( top) and the best-�t scattered light image (at 0.8 ¹ m) of HH 30 ( bottom ).
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