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Life Cycle of Cosmic Dust

Cosmic dust is omnipresent in the universe, which is closely related to the cycle of star
formation.

Dust is present in dense clouds, out of which stars form. High-mass stars, with masses
10 times higher than that of the Sun, burn only a few million years before their fuel is
exhausted, and end their lives with an explosion, called supernova. The core of the star
forms a neutron star or a black hole, but the majority of the stellar mass returns to the
interstellar clouds from which it was once formed, enriched with heavy elements and
dust grains created during the star's life and in the supernova explosion. Stars like our
own Sun have a similar route, with the exception that the entire process takes place at
a slower rate of a few billion years, with the dust grains gradually expelled in a stellar
wind that can last for tens of thousands of years, rather than in a single explosion.

In this poster we illustrate the dust life cycle in the middle, with examples of the
observation on the two sides.

a Orion

Red Giant

©Andrea Dupree (Harvard-Smithsonian CfA),
Ronald Gilliland (STScl), NASA and ESA

Birth of Dust

The life cycle of dust starts at the end
of the life of stars: when stars are
dying, the outer layers are blown off,
either in an explosive fashion (as in
the case of a supernova) if the star is
high-mass , or in a more gentle way
for smaller, less massive stars
producing a planetary nebula. The
ejected gas cools off to temperatures
below the dust condensation
temperature (about 1500 Kelvin),
allowing for the formation of dust
grains, thus beginning the journey of
the astrophysical dust grain.

from a red
giant to the
ISM

Dust disperses

Formation of dust
ingredients in stars
New dust material is
created through
nucleosynthesis in the
cores of stars.

(©NASA/STScl Digitized Sky Survey/Noel Carboni

Fomalhaut System

Planetary System

©ONASA, ESA, and P. Kalas (University of California, Berkeley
‘and SETI Institute)

A

Interstellar Medium(ISM)

Dust resides in the ISM
Upon ejection by the dying star,
the grain enters the Interstellar
Medium (ISM), where it can
reside for about 1 billion years,
being (partially) destroyed by
shocks and reformed in the

dense medium.

Dust grows during
star formation
Eventually, it will end up
in a dense molecular
cloud, where it becomes
part of a forming plan-
etary system.

Dust accumulates to

form planets

The densities are so high in
these systems, that dust grains
colide, sticking together, and
quickly growing to the size of

pebbles, rocks, or even planets.

This is how we believe our own
Solar System formed. /

(©NASA, ESA, M. Livio and the Hubble 20th
Anniversary Team (STScl)

Planetary Nebula

M57

Dust disperses
from a planetary
Nebula to the
ISM

Dust disperses
from a supernova
to the ISM

Dust is re-formed
in the dense
medium

Star Formation

Shock Wave

Supernova

Shock Wave

e

Dust is destroyed
by shock wave

(©NASA, ESA, and C. Robert O'Dell (Vanderbilt University)
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Introduction

The space between the stars is not empty. It contains a tenuous gas with a density of 1 atom per cubic
cm, which is much lower than the best vacuum achieved in laboratories on Earth. Interspersed with this
gas are tiny specks of solid material, usually referred to as dust grains, with a typical size of 0.1 micron
(about 1/1000 of the thickness of a human hair).
Together, this gas and dust reservoir between the
stars is called the Interstellar Medium. Only a
small fraction (about 1 wt.%) of the Interstellar
Medium is in the form of dust.

Despite its relative rarity, dust plays a major role
in several astrophysical processes. This is
possible because of the immense size of the
Milky Way and other galaxies: over these
distances enough dust may build up to intercept
the light of stars, absorb it, and reradiate it as heat
radiation at infrared wavelengths. For a typical

galaxy, about 30% of the starlight is reprocessed i ~ion of fullerenes in front of a Pl

2. Recently, these complex molecules (Cgp,

this way, and in actively star forming galaxies er species), with a similar shape as soccer b
. . Ol . en discovered in space, after their existence
this number may be as high as 90%! This means ed in the 1980s, and current research reveal

that an outside observer sees mostly the emission e in more and more environments. Researc
from dust grains, when observing these galaxies,
and understanding the physical properties of dust
IS important to interpret these observations.

Another motivation to study dust is the fact that
the surface of dust grains enables the formation
of molecules. Even the simplest and most
common molecule in the Universe (H,; molecular
hydrogen) is much more easily formed on the
surface of dust grains than in the gas phase. The
H, molecule stands at the beginning of the
astrochemical network, which ultimates leads to
the formation of all complex molecules known in

. . ) ] space takes the form of small (0.1 micron i
space, including the precursors of biological minerals, such as silicates, periclase and

molecules. Thus, dust particles in space are m, here envisioned in front of a quasar (art

eventually the breeding ground for all chemical
components that we see around us today,
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including life itself.

Dust itself is not immune to changes either: certain events, such as heating by radiation or shocks, or
collisions with other grains, or cosmic ray hits can alter the mineralogical composition of dust grains.
Studying the mineralogy of dust can reveal in what environments the dust has been processed.
Eventually, in the vicinity of newly formed stars, dust grains grow collide and stick together, growing
into rocks, and eventually planets like our own Earth.

Besides these three reasons, there are many more arguments to study astrophysical dust, and several
researchers at IAA are deeply involved in such studies. The IAA is also organizing a large international
conference on this topic, to take place from 18-22 November 2013 in Taipei. Around 250 scientists from
around the world are expected to participate, making this meeting the largest on this topic in 5 years
world-wide. In this newsletter dust research at IAA is highlighted by three researchers (Ming-Chang
Liu, Hiroyuki Hirashita and Ciska Kemper), describing different aspects on the study of astrophysical
dust.

( Author/ Franciska Kemper )
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Observations of Interstellar Dust

Dark patches in the sky have been known for a long time; one is even discernable in with the naked
eye in the Southern Hemisphere, and was known to ancient South-American and Australian cultures.
This is the Coalsack, a dark region in the Milky Way in the constellation of Crux. It was only in the
early 20th century though, that it was only in 1919 though, that it was realized that such dark patches
are not a void in the stellar distribution, but due to obscuration of background stars by foreground
clouds. The obscuring matter, it was quickly realized, was formed by microscopically small solid

particles that efficiently absorb visual light. These small particles are usually referred to as "dust".

Further studies showed that dust is present in all directions, and although the density of dust grains in
the Interstellar Medium (the gas and dust between stars) is low, the large distances between stars and
galaxies allow a significant amount of dust to be present in any sightline, causing dimming of the
starlight due to absorption by the dust grains. This can be compared to what is happening on foggy or
hazy days: when there are too many water droplets or aerosol particles present in the atmosphere,
nearby mountains may still be clearly visible, while more distance mountains become hard to discern
or virtually impossible to see. In the Milky Way, this means that beyond a certain distance, we cannot
see any stars anymore, in the optical, because too much dust has built up, and is blocking our view. If
you were to do starcounts, in each direction of the sky, you may find that due to this effect, you see
more or less the same number of stars in each direction, because more distance stars are obscured, and
you may conclude that the Earth is located in the center of the Milky Way (or indeed the known
Universe, as scientist used to think prior to the discovery of galaxies)! In fact we are located towards
the outskirts of the Milky Way, and star counts only probe the direct environment of the Sun, due to

dust obscuration of more distant objects.

Although it was initially seen as a nuisance to observational astronomers, this obscuration also offers
an opportunity to study dust. For instance, if we have a collection of stars at the same distance, because
they belong to the same cluster, we could measure the amount of dimming that each of the stars
experiences and use this information to create a map of the distribution of foreground dust that
obscures the starlight. Some lines-of-sight may experience more dimming than others, due to a larger

amount of dust in front of the stars. The Coalsack is an obvious example of this.

When a dust grain absorbs starlight, the energy added to the dust grain is converted to thermal energy,
causing the grain to rise in temperature. Any object with a temperature emits heat radiation, and for the
typical temperatures that dust grains achieve (between a few tens of Kelvin to around 1500 Kelvin),
this radiation occurs in the infrared. On Earth, the principle of thermal radiation is used for night vision
goggles, for instance, where warm human beings and animals radiate brighter than cold inanimate
objects such as buildings, and rocks. The temperatures that the dust grains reach depend on the

closeness and brightness of the source of starlight that they are exposed too. Grains cannot become



hotter than about 1500 Kelvin (depending on the
composition), because at this temperature the
grain evaporates, and the individual atoms return

to the gas phase.

The thermal emission coming from a grain can be
used to estimate the amount of dust present in a
range of environments. The advantage of using
this technique, is that a background source is not
needed: we can observe the thermal emission by
itself, but the emission is not visible in the
optical, but in the infrared. The atmosphere is not

transparent to all infrared radiation, only in
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radiation in these atmospheric windows,

fruitful approach is studying infrared radiation
from outside the atmosphere, by launching a

space telescope. A recent generation of infrared

space telescopes, including AKARI, Spitzer and
Herschel, has been hugely successfully in observing the dusty Universe in thermal emission, and IAA
is currently involved in the future Japanese-led SPICA mission that will observe the infrared Universe

at even higher sensitivities.

The thermal dust emission shows variations with wavelengths, in a pattern characteristic for the
minerals that make up the dust, thus allowing us to obtain the "fingerprints" of the dust, and identify its

composition. We can use this information to trace how the dust changes during its life cycle.

The life cycle of dust starts at the end of the life of stars: when stars are dying, the outer layers are
blown off, either in an explosive fashion in case of a supernova, or in a more gentle way for smaller,
less massive stars. The ejected gas cools off to temperatures below the dust condensation temperature
(about 1500 Kelvin), allowing for the formation of dust grains, thus beginning the journey of the
astrophysical dust grain. Upon ejection by the dying star, the grain enters the Interstellar Medium,
where it can reside for about 1 billion years, being (partially) destroyed by shocks and reformed at

least ten times.

Eventually, it will end up in a dense molecular cloud, where it becomes part of a planetary system in



formation. The densities are so high in these systems, that dust grains collide often, sticking together,
and quickly grow to the size of pebbles, rocks, or even planets. This is also how we believe our own

Solar System is formed.

At TAA, the dust research group studies various
aspects of the life cycle of dust in galaxies. The
formation of dust in the ejecta of Sun-like stars at
the end of their lives is an active area of research.
These stars are very common, and by far
outnumber the more massive stars that eventually
end their lives as supernovae. Sun-like stars are
thus thought to be responsible for the majority of
the dust production in a galactic system, like our
own Milky Way and the Magellanic Clouds.

Group members at IAA are currently working on

estimating the dust production by Sun-like stars

in these galaxies. The Magellanic Clouds are the nearest galaxies to which we have an unobstructed
view, and the international Mega-SAGE collaboration has mapped these two dwarf galaxies using the
Spitzer Space telescope. The infrared images of these two dwarf galaxies show 8.5 and 2.5 million
stars respectively, of which the ones with clear dust emission in the infrared are being used to measure
the dust production by dying stars. A similar project is underway for the Milky Way, which is much
harder because of the fact that we are located inside the Milky Way ourselves, and don't have the

clarity of the outside vantage point.

We are also looking at even later stage objects, Planetary Nebulae, where the ejected dust is about to
enter the Interstellar Medium. Because the star has now completely shed its outer layers, the hot core
becomes visible, and is illuminating the surrounding gas and dust. This leads to spectacular images,
and a different opportunity to study stardust. Recently, we have embarked on a project to search Cg in
such objects. Cgo (buckminsterfullerene) is a large molecule, that is actually closely related to dust
species like graphite, which is commonly seen in dying stars. It is also related to pre-biological

molecules.

In more distant galaxies the properties of interstellar dust may be markedly different. An initial study,
looking at the composition of dust inside quasars, as it forms in the quasar winds lifting off the
accretion disks, shows that it exhibits a mixture of components, not seen in this combination anywhere
else in the Universe. We have also looked at dust in so-called starburst galaxies, where star formation
occurs at a much higher rate than in the Milky Way, usually following a collision between two
galaxies, and we explain the high incidence of crystallized dust components in these galaxies. In our

own Milky Way, most of the dust has been amorphitized due to cosmic ray hits over the long residence



time in the Interstellar Medium, but this is not the case in such active galaxies.

The observational study of astrophysical dust is clearly an area of expertise at IAA, and we hope to
ultimately be able to address the more fundamental questions on how dust forms, particularly the first
generation of dust that was around when the Universe was still very young.

( Author/Franciska Kemper )
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Origin and Evolution of Dust in the Universe

The Milky Way is dusty. If we see the Milky Way in the optical light, we can see dark clouds in the
middle of the Milky Way. The darkness is due to the absorption and scattering of the light from stars
before it reaches us. Astronomers consider that the dust grains are tiny solid particles composed of
silicate and carbon and that their sizes are less than 1 pm (1/1000 mm). So the interstellar medium of
the Milky Way contains such small particles — dust grains.

Silicate and carbon are common materials on the Earth. Silicate is the main material for rocks or
sands. So you can imagine that there are a lot of very small sand particles in the Milky Way. The
Earth itself was formed after the build-up of dust grains, so it is natural that the materials on the Earth
have similar compositions to the dust in the Milky Way. An analogue of another dust component,
carbon dust, is soot, so you can imagine that the gas in the Milky Way is contaminated by soot-like
materials.

Because the Earth was formed from dust grains, if we would like to know the origin of the Earth, we
need to reveal the origin of dust grains in the Universe. This is a very difficult problem: astronomers
have not reached the final answer about how the dust has been produced and evolved in the Universe.
Nevertheless, there are some clues. In particular, infrared space telescopes, which can directly detect
various spectroscopic features of dust, and submillimeter ground-based telescopes, which can detect
the emission from dust in the distant Universe (= the early Universe where the cosmic age is young)
have recently been contributing to revealing the evolutionary properties of dust.

How can we know the dust properties,
especially the composition and size of dust
grains? What is the origin of the dust?

I. The composition and size of dust grains

From observations of stars, we can infer
how much light is absorbed and scattered
by dust in the line of sight. By doing this at
various wavelengths, we can derive the
wavelength dependence of extinction .
(extinction = absorption + scattering). The ' 0.4 ' ' 06 '
Mie theory tells us that, if the dust grain Wavelength [um]
size is much larger than the optical
wavelengths (~ 0.5 pm), the extinction has
no wavelength dependence.
Observationally, we see a clear wavelength
dependence in the extinction (Fig. 1; the
curve is called extinction curve).
Therefore, the dust grains should be




typically smaller than 0.5 pum. The extinction rises toward shorter wavelengths, indicating that there
should be a lot of dust grains whose sizes are even smaller than 0.1 pm. Moreover, if we assume
silicate and carbon, which are natural in the sense that they are also common on the Earth, as dust
species, we can reproduce the extinction curve very well. In particular, the clear bump around a
wavelength of 0.22 pm is due to small (<< 0.1 um) carbon grains. Therefore, astronomers believe
that dust grains are small particules composed of silicate and carbon.

II. The origin of dust

There are some formation mechanisms of dust grains. As mentioned above, the dust is mainly
composed of silicate and carbon, so the main elements are C, O, Si, Mg, Fe, .... These elements are
produced in stars and ejected at the final stage of stellar evolution (stellar wind or supernovae,
depending on the stellar mass). After the dust grains are injected from stars, they may grow if they
are included in the dense medium such as molecular clouds. The dust is also destroyed in the
interstellar medium by supernova shocks. Therefore, we should consider these formation and
destruction mechanisms of dust grains to clarify the evolution of dust in the Universe.

Recent development of observational facilities has enabled us to see the dust in distant Universe,
where we can observe the Universe in the past. In very distant quasars at the epoch when the age of
the Universe is only 1/10 of the
current age, a large amount of dust
has been detected by observing radio
(submillimeter) emission from dust.
Such a large amount of dust has been
a mystery since even the sum of all
the dust supply from stars failed to
explain the large dust amount. In
other words, the Universe is too with only large grain
young for stars to supply and F
accumulate dust in these quasars.
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quasars and that the existence of small grains is crucial to activate dust growth earlier.

So dust grains are not static solid particles. Even at the early epoch of the Universe, dust grains are
dynamically growing and at the same time, small grains are continuously being supplied. Recent
studies also revealed that such small grains are supplied as a result of grain disruption after two dust
grains collide with each other. It is interesting that in dark clouds, which appear to be a quiet
environment at a glance, dust has evolved through such dynamical growth or disruption. Remember,
too, that the Earth was formed from those dust grains. We expect that further studies of dust by
astronomers will lead to a complete understanding of the formation of the Earth.

(Author/Hiroyuki Hirashita)
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