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Abstract

Interstellar clouds are not featureless, but show quite complex internal structures
of filaments and clumps when observed with high enough resolution. These
structures have been generated by

1) turbulent motions driven mainly by supernovae,

2) magnetic fields working on the ions and, through neutral-ion collisions, on
neutral gas as well, and

3) self-gravity pulling a dense clump together to form a new star.

The study of the cloud structure gives us information on the relative importance
of each of these mechanisms, and helps us to gain a better understanding of the
details of the star formation process.

This thesis is concerned with the interstellar dust. Interstellar dust is often
used as a tracer for the interstellar gas which forms the bulk of the interstellar
matter. Some of the methods that are used to derive the column density are
summarized in this thesis. In particular, a new method, which uses the scattered
light to map the column density in large fields with high spatial resolution, is
introduced. In addition to the density structure, this thesis also takes a look
at the grain alignment with respect to the magnetic fields. The aligned grains
give rise to the polarization of starlight and dust emission, thus revealing the
magnetic field. The alignment mechanisms have been debated for the last half
century. The strongest candidate at present is the radiative torques mechanism,
which is the other main topic of this thesis.

In the first four papers included in this thesis, the scattered light method
of column density estimation is formulated, tested in simulations, and finally
used to obtain a column density map from observations. They demonstrate that
the scattered light method is a very useful and reliable tool in column density
estimation, and is able to provide higher resolution than the near-infrared color
excess method. These two methods are complementary. The derived column
density maps are also used to gain information on the dust emissivity within the
observed cloud.

The two final papers present simulations of polarized thermal dust emission
assuming that the alignment happens by the radiative torques mechanism. We
show that the radiative torques can explain the observed decline of the polariza-
tion degree towards dense cores. Furthermore, the results indicate that the dense
cores themselves might not contribute significantly to the polarized signal, and
hence one needs to be careful when interpreting the observations and deriving

the magnetic field.
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Chapter 1

Interstellar medium

The space between the stars is filled by extremely low density medium, the so-
called interstellar medium (ISM), which consists of ordinary matter (gas and
dust) and relativistic charged particles known as cosmic rays. While the ISM
corresponds to only a small fraction of the visible mass of the Galaxy, around
10% - 15%, it is a vital part of the physical and chemical processes that take
place in the Galaxy.

1.1 History

In the late eighteenth century, the famous astronomer William Herschel noticed
that some patches on the night sky, especially towards the Milky Way, were
empty of stars. The first long exposure photographs of the Milky Way by e.g.
Edward Barnard showed many more dark zones (Barnard, 1927). Soon it was
realized that these apparent holes were due to dark clouds of interstellar matter
blocking the light of stars behind them. Trumpler (1930) showed that even the
apparently transparent interstellar space was actually occupied by dust, which
dimmed and caused the stars to appear redder the farther away they were.

The more diffuse clouds had been suspected to exist ever since the discovery
of stationary absorption lines of Call in the spectrum of a binary star ¢ Orionis
by Hartmann (1904). The spectral lines of the two stars underwent periodic
changes due to the Doppler shifts caused by their orbital motion, but the Call-
line stayed stationary. Hence, it must have arisen in interstellar space along the
line of sight, not in the binary stars. Later, more stationary lines were detected
in the spectra of other stars, revealing the presence of several clouds of differing
velocity on the line of sight (e.g. Beals, 1936; Adams, 1949).

The existence of interstellar magnetic field was postulated by Davis & Green-
stein (1951), when they proposed that the linear polarization of starlight detected
a couple of years earlier (Hall, 1949; Hiltner, 1949) could be explained if param-



Interstellar medium 2

agnetic, non-spherical, rapidly spinning grains would align themselves according
to the magnetic field. Davis & Greenstein used this theory to map the local in-
terstellar magnetic field and found that it is tangentially oriented to the Galactic
disk.

Cosmic rays were first proven to be of extraterrestrial origins by a balloon
experiment by Hess (1919). It took another decade until they were discovered to
be highly energetic charged particles rather than photons (Bothe & Kohlhorster,
1929), but the name stuck. Ginzburg & Syrovatskii (1965) identified the ob-
served Galactic radio emission with synchrotron radiation by cosmic-ray elec-
trons gyrating around magnetic field lines, which meant that the cosmic rays
were widespread in the Galaxy. The composition of the cosmic rays is predomi-
nately protons, with ~ 10% helium nuclei, ~ 1% heavier nuclei, ~ 2% electrons,
and smaller amounts of positrons and antiprotons (Blandford & Eichler, 1987;
Bloemen, 1987). While the majority of the low-energy cosmic rays originate from

the Sun, the more energetic ones originate outside the solar system.

1.2 ISM-star cycle

The ISM-star cycle is important, because almost all of the elements heavier than
hydrogen and helium, are formed inside the stars. Our Sun is a second generation
star, formed from enriched ISM. Terrestrial planets, the oxygen and nitrogen in
the Earth’s atmosphere, the carbon that is the basic building block for life on
Earth, all come from the interiors of long-dead stars.

The matter of the ISM is not uniformly distributed across interstellar space,
but shows dramatic differences in both density and temperature. Only the cold-
est, densest molecular regions are suitable for star formation. In these sites, small
clouds of interstellar gas tend to become gravitationally unstable and collapse to
form new stars, if the magnetic pressure, the gas pressure and the turbulent mo-
tions are unable to counteract this. The contraction of a prestellar core, once it
starts to collapse, is swift, taking less than a million years.

Once the star has formed, the accreted matter is mostly trapped inside it
by gravity. Within the interiors of the stars, thermonuclear fusion takes place
that enriches the matter in heavy elements. Both the lifespan of a star and the
elements that it eventually produces depend on the mass of the star. The more
massive the star is, the faster it burns out and the heavier are the elements that it
produces. The massive stars, over 8 solar masses, shine as brightly as thousands
of Suns, but live only some tens of millions of years. Sun is considered to be an
average star, and its lifespan is about ten billion years. The smallest stars, with

masses less than one tenth of solar mass, are expected to last hundreds of billions
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of years.

Some of the matter eventually returns to the ISM through continuous stellar
winds, through mass-ejections in the red giant phase of medium-mass stars, or
through an instantaneous and violent supernova explosion, either a core-collapse
supernova in a massive star or a thermonuclear one in a binary system. All these
methods inject energy into the ISM along with the enriched matter, which does
not only power turbulent motions, but also contributes to the heating of the
ISM and stirs it, maintaining the heterogeneous structure of the ISM. Under the
right circumstances, these motions caused by one star can disturb the balance
of another region of cold molecular matter, causing new stars to form from the

collapsing clouds, restarting the ISM-star cycle.

1.3 Composition

The matter of the ISM is roughly 90% hydrogen and 10% helium by number, with
trace amounts of heavier elements. A significant amount of the heavier elements
(‘metals’, in common parlance of astronomers) is missing from the gaseous phase,
having formed dust grains, although the exact amount varies. Measured by its
mass, the interstellar dust makes up 0.5 - 1 % of the interstellar matter in the
present day Galaxy, but since it is coupled with the gaseous phase, it is an
important tracer for the gas and thus the mass of the interstellar matter. In the
following, the different forms of the interstellar gas are described, while dust is

discussed in the next chapter.

1.3.1 Hot ionized gas

Spitzer (1956) postulated the presence of a Galactic corona, made of rarefied, hot
interstellar gas, which would provide the necessary pressure to confine the high
latitude interstellar clouds. Two decades later, the Copernicus satellite detected
broad UV absorption lines of high-stage ions, which only form at elevated tem-
peratures, in the spectrum of several bright stars (Jenkins & Meloy, 1974; York,
1974). From O VI (five-times-ionized oxygen) and N V (four-times-ionized ni-
trogen) lines it was possible to deduce that the necessary temperature was a few
times 10° K (York, 1974, 1977). Around the same time, Williamson et al. (1974)
suggested that the soft X-ray background radiation was probably due to thermal
emission from hot interstellar plasma, about 10° K in temperature (McCammon
and Sanders, 1990). Later observations revealed even hotter superbubbles of hot
gas, reaching temperatures up to a few 10° K (Aschenbach, 1988; McCammon
and Sanders, 1990). Using the all sky survey of the ROSAT satellite, Snowden
et al. (1998) derived a hydrogen density ~ 0.0065cm 2 for the hot gas in the
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Figure 1.1: Haslam 408 MHz map showing the synchrotron radiation of the
hot ionized gas. (Haslam et al., 1982; LAMBDA archive, NASA Office of Space

Science)

Local Bubble.

Hot interstellar gas is generated mainly by supernova explosions, and, to a
lesser extent, by powerful stellar winds from O and B stars (e.g. McCray &
Snow, 1979; Spitzer, 1990). Supernova shock waves traveling through the ISM
heat the gas and hollow out cavities of rarefied, hot gas, surrounded by a cold
dense shell of interstellar matter. Cox & Smith (1974) noted that the hot gas
inside the cavities will last for millions of years due to their long radiative cooling
times, and thus might join up with another supernova bubble into a network.
The presence of the interstellar magnetic pressure substantially reduces the filling
factor of the hot gas (Slavin & Cox, 1993; see also McKee, 1990). Since core-
collapse supernovae occur mainly in young clusters of stars, the result is often
superbubbles rather than individual supernova remnants (McCray & Snow, 1979;
Heiles, 1987).

1.3.2 Warm ionized gas

The hottest and most massive stars in the Galaxy emit intensely in the UV
wavelength. When the wavelength is below 912 A, UV radiation is able to ionize
hydrogen atoms. Therefore, O and B stars are surrounded by an ionized H
IT region, which ends abruptly to a neutral H I boundary. The radius of this
boundary around the star is called the Stromgren radius. Inside the shell, the
hydrogen ions recombine with free electrons before being ionized by the UV
radiation of the star once more. Beyond Stromgren radius, the recombination
rate is larger than the photoionization rate. A fraction of the photoionizing

radiation goes to heating the interstellar gas. Balancing the radiative cooling of
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the gas and the photoelectric heating, the equilibrium temperature is ~ 8000 K
(Mallik, 1975; Osterbrock, 1989). This is well in accordance with the observations
(Osterbrock, 1989; Reynolds, 1985). H II regions radiate in radio continuum due
to "free-free” emission generated by the free electrons accelerated in the electric
field of the positive ions. They also radiate in emission lines by the de-excitation
of atoms, which have been excited by recombination (hydrogen, helium) or by
collisions (metals). Of particular interest is the Ho emission line that arises from
the transition of an electron from level n=3 to n=2, producing a photon at 6563
A

Struve & Elvey (1938) detected Ha emission from extended zones in Cygnus
and Cepheus, outside the well-defined H II regions. Later studies of Ha photo-
graphic surveys (e.g. Sivan, 1974) and Ha spectroscopic scans (e.g. Roesler et
al., 1978) showed that diffuse Ha-emitting gas exists in all directions in the sky.
The Wisconsin Ha Mapper (WHAM) survey (Haffner et al., 2003) mapped the
distribution and kinematics of the Ha-emitting gas over the northern sky above
—30deg in declination, confirming that the warm ionized gas was ubiquitous in
the Milky Way.

There is still some debate as to how these extended Ha-emitting regions form.
O stars are capable of ionizing their surroundings, but they are born in dense
molecular clouds, where it is difficult for the ionizing photons to escape to ionize
the observed high-latitude warm ionized gas (Reynolds, 1984). This might be
explained by some of the nearby O stars being powerful enough to cause their
H II regions to grow up to observed high latitudes (Miller & Cox, 1993). Dove
& Shull (1994) suggested that superbubbles formed by OB associations would
provide natural cavities for the ionizing radiation to escape to high latitudes
(see also Dove et al., 2000). The observed line-emission spectrum of the warm
ionized regions differs from the characteristic spectrum of a H II region around
an O star (Reynolds, 1985), and varies spatially on the sky. The former might be
explained by the addition of weak-shock excitation (Sivan et al., 1986) or a very
dilute ionizing radiation field from a plausible mixture of O stars (Mathis, 1986;
Domgorgen & Mathis, 1994). The spatial variations of the emission line ratios
seem to require additional ionization/heating sources to explain them (Reynolds
et al., 1999).

1.3.3 Neutral atomic gas

Neutral atomic hydrogen, H I, can be observed in the interstellar 21-cm line
emission, first proposed by van de Hulst (1945) and pioneered by Ewen & Pur-
cell (1951). 21-cm line emission is generated by the flipping of the magnetic

spin of the electron from parallel to the spin of the nucleus to antiparallel. The
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Full-sky dust corrected Halpha map
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Figure 1.2: Extinction-corrected Ha emission map by Dickinson et al. (2003).
Areas of extinction larger than 1 magnitude have been masked in grey, since the

true Ha extinction is uncertain.

21-cm radiation penetrates the interstellar matter easily and thus gives the total
H I column density in the observed direction. The observed 21-cm spectra show
superimposed line emissions at different Doppler shifts. This allows for the sep-
aration of the distinct line profiles into H I clouds orbiting the Galactic center at
different distances and hence at different velocities. H I maps projected onto the
plane of the Galaxy show a spiral structure (Oort et al., 1958; Mihalas & Binney,
1981), revealing the spiral arms of the Milky Way. According to Kulkarni et al.
(1982), the surface density of H I in spiral arms is four times that of the interarm
regions. While H I does not emit in the optical, the Lyman « (La) transition of
an electron from ground state n=1 to excited state n=2 causes an absorption line
at 1216 A in the UV. This line has been used since late 1960s and early 1970s to
study the local ISM (Morton, 1967; Savage & Jenkins, 1972; Jenkins & Savage,
1974), but due to the absorption of UV photons by the interstellar matter, it is
unable to penetrate deeply to the ISM.

The broad emission lines of 21-cm reveal the presence of warm neutral gas of
temperature ~ 6000 — 10000 K (Dickley et al., 1978; Kulkarni & Heiles, 1987).
Field et al. (1969) predicted theoretically that there should be two H I phases
of comparable thermal pressures but different densities and temperatures (see
also Goldsmith et al. 1969). The cold, dense phase is cooled by radiation of the
collisionally excited fine-structure lines of metals, while the rarefied, warm phase

is cooled by the onset of La cooling at 8000 K. The cold H I shows up in narrow
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absorption lines in the 21-cm spectrum, with the estimated temperature of 50 -
100 K. The cool H I gas is about hundred times as dense as the warm, diffuse
intercloud H I, n = 20 — 50cm™ compared to n = 0.2 — 0.5cm ™3 (Kulkarni &
Heiles, 1987).

1.3.4 Molecular gas

Interstellar molecular absorption lines were observed in the optical spectra of
stars in the 1930s (e.g. Merrill, 1934; Russell, 1935; Swings & Rosenfeld, 1937).
However, only in the 1970s was it possible to do UV astronomy above the Earth’s
atmosphere to detect the most common interstellar molecule, molecular hydrogen
H,, in the far-UV spectrum of a hot star (Carruthers, 1970). The second-most
abundant molecule, CO, was found by Smith & Stecher (1971), also in a UV
stellar spectrum. However, UV radiation of stars is able to penetrate only the
more tenuous outer layers of the molecular clouds, due to the strong interstellar
extinction. To probe the interiors of the molecular clouds and the clouds located
farther away, radioastronomy is the key:.

H, unfortunately is not observable in radio wavelengths, and thus astronomers
use CO as a tracer of Hy (e.g. Scoville & Saunders, 1987). The CO molecule
has a rotational transition at 2.6 mm, and the corresponding emission line was
actually found a couple of months before the detection of CO in UV (Wilson
et al. 1970). The Galactic rotation curve can be used to place the superposed
CO spectral features on the correct Galactocentric distances, as in the case of
neutral atomic gas. Dame et al. (2001) provide composite of CO surveys of H I
lines covering the entire Galactic disk. There is a distinct molecular ring at ~ 4.5
kpc from the Galactic center, and the molecular clouds seem to follow the spiral
arm distribution (Clemens et al., 1988). Interarm regions are not empty, but the
amount of molecular gas is lower by a factor of ~ 3.6 within the solar distance
from the center (Clemens et al., 1988), and much lower in the outer Galactic
disk, by a factor of 13 (Grabelsky et al., 1987; Heyer, 1999). Molecular gas is
strongly concentrated to the Galactic plane, with scale height less than 100 pc
(Clemens et al., 1988).

High-resolution observations (e.g. Heyer et al., 1998) indicate that the molec-
ular gas is in discrete clouds, ranging in size from giant molecular clouds (GMC)
(with sizes of tens of parsecs, masses of up to millions solar masses, and mean
hydrogen number densities of 100 - 1000 cm ™) to small dense cores (with sizes of
a few tenths of a parsec, subsolar masses, and mean hydrogen number densities
of ~ 10* — 10% cm™3) (Larson, 1981; Goldsmith, 1987). Measurements of CO
emission lines reveal that the molecular clouds are generally extremely cold, T
= 10 - 20 K (Goldsmith, 1987). The majority of the molecular clouds appear to
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be bound by self-gravity (Larson, 1981; Myers, 1987; Maloney, 1990).

1.4 Magnetic fields

The interaction between magnetic fields and interstellar matter is happening
through Lorenz force. While the magnetic fields can only act on charged particles,
even the neutral gas phases contain a small fraction of ions that are able to
transmit the effect of the magnetic field to neutral particles through neutral-ion
collisions (Spitzer, 1958; Kulkarni & Heiles, 1987). In the densest parts of the
molecular clouds, the ionization degree may be too low for this transmission (Shu
et al., 1987).

Magnetic fields are important in supporting the ordinary matter against the
Galactic gravitational potential at large scales. At small scales, they influence
the turbulent motions of the gas, especially the formation of supernova shells,
and help supporting the cold cores against collapse under self-gravity through
magnetic pressure. In prestellar cores, the magnetic pressure is not enough to
constrain the neutral gas via neutral-ion collisions, generally believed to be due
to the low ionization degree, and thus the neutral gas flows inwards to eventually
form a star (Nakano, 1979; Mestel, 1985).

While magnetic field direction can be derived from the linear polarization
measurements of starlight or dust emission (see Section 2.1.5), the polarization
vectors do not instantly tell us of the magnetic field strength. Chandrasekhar &
Fermi (1953) proposed a method (Chandrasekhar-Fermi method or CF method)
of deriving the absolute value of the magnetic field strength from the observed
dispersion of the polarization angles and the gas velocity. This was done by
assuming that the turbulent motions causing the magnetic field perturbations are
Alfvénic and the rms velocity field is isotropic. Ostriker et al. (2001) suggested
that the CF method might only be applicable when the dispersion is small (<
25deg) (see also Padoan et al., 2001). Heitsch et al. (2001) showed that the
coarser resolution of the observations would reduce the observed dispersion and
hence cause an overestimation of the magnetic field strength. Falceta-Goncalves
et al. (2008) presented a new, more general formulation of the CF method, which
performed well in their tests.

The Zeeman splitting measurements have been performed successfully since
Vershuur (1969). Zeeman splitting of radio lines (e.g. H I 21-cm line) occurs due
to the interaction of the external magnetic field with the magnetic moment of
the valence electrons, causing a subdivision of certain energy levels. The ampli-
tude of the splitting, Av, is directly proportional to the magnetic field strength.

Unfortunately, this splitting is usually small compared to the linewidth, making
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it very hard to detect. Hence, the usual method is to observe the difference
of the two circularly polarized components of the line radiation, which gives
the strength of the line-of-sight magnetic field component. Due to the need for
strong, narrow emission peaks, Galactic measurements are biased toward regions
with high cold H I column density. In molecular clouds, lines of OH molecules
in centimeter-range are often used.

Zeeman splitting measurements suggest that the strength of the ISM magnetic
field is typically a few uG in regions with gas density n = 1 — 100 cm ™3 (see
compilation by Troland & Heiles, 1986), increasing only slightly with n. In dense
cores, n = 10? — 10* cm ™3, the effect is more pronounced, and the field strength
may be as high as a few tens of uG (see also Myers et al., 1995; Crutcher, 1999;
Troland & Crutcher, 2008). Falgarone et al. (2008) measured Zeeman effect on
CN line in 14 regions of star formation, and reported a median value of ~ 560uG
while the average density of the medium sampled was n(Hy) = 4.5 x 10° cm 3.

Another method of deriving magnetic field strength is through Faraday ro-
tation of linearly polarized radio signals. This method is biased toward ionized
regions, where the free electrons cause the rotation of the E vector of the elec-
tromagnetic wave. Pulsars are often used as sources of the linearly polarized
radiowaves. Based on Faraday rotation of polarized signal from pulsars, Rand &
Kulkarni (1989) estimated that the local interstellar magnetic field has a uniform
component of ~ 1.6 4G and a random component of ~ 5 uG.

The synchrotron emissivity depends on the magnetic field strength and the
spectrum of cosmic ray electrons, neither of which has been reliably determined so
far. However, the cosmic ray electron spectrum can be measured locally at Earth
(Webber, 1983), and the local interstellar magnetic field strength is calculated
to be = 5.0 uG (see Ferriere, 2001).

1.5 Models

McKee & Ostriker (1977) presented a self-consistent, three-component model
for the local ISM. Their model, however, had only individual supernovae, which
therefore did not form the observed superbubbles. Later models that included
the clustering of the supernovae (e.g. Heiles, 1990) found that the hot ionized
gas had a filling factor of only ~ 20% in the solar neighborhood. Further MHD
studies (e.g. Ferriere, 1998; Korpi et al., 1999) showed that not only is the filling
factor sensitive to the supernova clustering, but it also varies strongly with the
galactocentric radius (i.e., probability of supernovae explosions that create the
hot ionized gas) and with the height from the galactic disk (the smaller gas

pressure, the faster the expansion of supernova bubbles).
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Table 1.1: Parameters for the different components of the ISM according to
Scheffler & Elsisser (1988). n is the number density, 7" is the temperature and

f is the filling factor.

Phase n [em™3] T [K] f
Cold molecular medium 104 20 5x 1074
Cold neutral medium 20 80 0.020
Warm neutral medium 0.30 6000 0.200
Warm ionized medium 0.03 8000 0.100
Hot ionized medium 3.0x 1072 | 6.5 x 10° 0.70

Table 1.2: Average volume filling factors, f, in the disk (—250 pc < z < 250 pc)
for the different ISM phases according to de Avillez & Breitschwerdt (2004).
The results are based on three-dimensional supernova-driven ISM model, where
the rate of the supernovae is the same as in our Galaxy. The disk-halo cycle is
included, and the supernovae are clustered to the plane of the simulation, leading

to much lower filling factor for the hot component in the disk.

Phase T [K] /

Cold medium < 10? 0.19
Cool medium 103 —10* | 0.39
Warm medium | 10* — 10%5 | 0.25
Hot medium >10>° | 0.17




Chapter 2

Interstellar Dust

Interstellar dust makes up only a fraction of the interstellar matter, but it is
the most visible sign of the ISM. Even with the naked eye, dark clouds can be
seen against the bright starfield of the Milky Way, causing the obscuration of
the background stars. Dust is formed in outer layers of evolved stars, in super-
novae and possibly even in the ISM. Dust is everywhere where interstellar gas
is, although dust grains can be broken up by energetic radiation and supernova
shocks. Thus, the largest dust grains are to be found in dense clouds where they
are shielded from radiation and can coagulate to form ever larger grains. The
depletion of the heavier elements from the gas phase is most severe in cold, dense
regions (Jenkins, 1987; Van Steenberg & Shull, 1988).

2.1 Extinction, scattering and emission

Trumpler (1930) measured the distances to numerous open clusters in the Galaxy
using the apparent brightness of their most luminous stars and their absolute
magnitude based on the spectral type, assuming a transparent interstellar medium.
He then multiplied the angular size of the open cluster by the estimated distance
and found that the clusters were systematically larger the farther away they
were. Since this would put the Sun into a special position within the Galaxy,
Trumpler argued that the light from the more distant clusters was dimmed by
the intervening interstellar dust, even if there was not enough dust to block the
light completely as had been the case with the dark clouds. Furthermore, he
was able to show that with two stars of the same spectral class, the one farther
away was redder than the closer one. This is because most of the grains are
small, and thus scatter and absorb light more efficiently at shorter wavelengths,
bluer wavelengths, than at longer, red wavelengths. Hence, the farther the light
has to travel through the interstellar medium, the larger fraction of the short

wavelength radiation is removed and the redder the star appears.

11
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Figure 2.1: IRAS 100 pm dust map (IRIS reprocessed map, Miville-Deschenes
& Lagache, 2005)

Interstellar dust is not evenly distributed over the sky. From measurements
of the reddening and extinction toward different stars over the sky, it is possible
to measure the column density of dust towards those stars. It was found that the
column density of dust, while increasing with distance, is closely correlated with
the hydrogen column density (Jenkins & Savage, 1974; Bohlin, 1975; Bohlin et al.,
1978). Thus, the interstellar dust follows the inhomogeneous, patchy distribution

of the interstellar gas.

2.1.1 Extinction curve

By doing measurements of the interstellar extinction toward an individual star at
different wavelengths, it is possible to reconstruct the wavelength dependence of
the extinction. This is called an extinction curve. Extinction curves are very im-
portant in deriving information about the dust size distribution and composition,
as well as the spatial variance of those qualities.

In optical region, the slope of the extinction curve is usually expressed with
a dimensionless quantity, Ry = Ay /(Ap — Av). The average extinction law for
diffuse regions of the Milky Way is characterized by Ry = 3.1 (Savage & Mathis,
1979; Cardelli et al., 1989), but Ry varies from as low as 2.1 (Welty & Fowler,
1992) to as high as 5.6-5.8 (Cardelli et al., 1989; Fitzpatrick, 1999). Sightlines
with dense clouds have a tendency for higher values of Ry, which can be due to
grain growth by accretion and coagulation.

The most distinctive feature of the extinction curve is the broad bump at
a UV wavelength ~ 2175 A, discovered by Stecher (1965). Immediately after
that, Stecher & Donn (1965) suggested that absorption by small graphite grains
would explain such a bump. The consensus is that this feature is probably due
to some kind of graphite grain (e.g. Gilra, 1972; Mathis et al., 1977), although
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Figure 2.2: Extinction curve for different values of Ry, using Fitzpatrick (1999)
extinction curve fit and Eq. 5 in Draine (2003a) to derive the A;./Ny for each
Ry. (Draine 2003a, erratum)

other suggestions are put forward as well (see Mathis, 1987, for a review). The
grain models of Weingartner & Draine (2001) and Li & Draine (2001) have large
polycyclic aromatic hydrocarbon (PAH) molecules that do produce the observed
bump. The variation of the width of the bump between different sightlines could
then be interpreted as differences in the PAH mix. Five emission features in mid-
infrared (3.3, 6.2, 7.7, 8.6 and 11.3 um) have been suggested to be due to PAHs
as well (Duley & Williams, 1981; Leger & Puget, 1984), although the agreement
with the laboratory spectra is not perfect.

In infrared extinction, there is a strong absorption feature at 9.7um, which
has been interpreted to arise from silicate minerals (Knacke & Thomson, 1973;
Draine & Lee, 1984). Another feature at 18um is likewise presumed to be of
silicate origins (McCarthy et al., 1980; Smith et al., 2000). Due to the fact that
the 9.7um feature is broad and relatively featureless, laboratory experiments are
in favor of interstellar amorphous silicate as the main contributor, with only a
minor fraction of crystalline silicate (see Draine, 2003a). The 3.1 ym absorption
feature, due to an O-H stretching mode in solid H,O, appears in dense molecular
clouds, implying that the dust is coated with ice within the cores (e.g. Whittet
et al. 1988).
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2.1.2 Scattering

Extinction consists of two processes: absorption, where the photon energy is
turned into heat, and scattering, where the direction of the light propagation
changes due to diffraction of light by small, solid bodies. For homogeneous
spheres the problem of scattering was solved analytically by Gustav Mie in 1908.
Programs such as DDSCAT (Draine & Flatau, 1994) can solve scattering nu-
merically for irregular grains as well. Scattering is at its most efficient when the
size of the grain is the same as the wavelength of the radiation. Scattering is
often characterized with two parameters: albedo, which is the fraction of the
extinction that is due to scattering, and scattering anisotropy factor, g, which is
the mean value of the cosine of the angle of scattering.

Scattering by interstellar dust can be observed in three general situations: 1)
"diffuse Galactic light” (DGL), which is scattering of the interstellar radiation
field (ISRF) by the diffuse dust, strongly concentrated to the Galactic plane, 2)
reflection nebulae, illuminated by a nearby, usually very bright star, 3) scattering
of the ISRF by a dark cloud, usually at high enough Galactic latitude that its
faint glow contrasts with a relatively dark sky background.

Optical DGL is quite faint and asymmetric in its angular distribution. Op-
tical DGL was first detected by Elvey & Roach (1937). Henyey & Greenstein
(1941) carried out verifying observations and found that the interstellar dust
grains have relatively high albedos and are strongly forward scattering. They
presented an analytic function to model anisotropic scattering with one parame-
ter, g, and the so called Henyey-Greenstein phase function has been used widely
ever since. Observations of DGL require careful correction for the contribution of
faint stars, airglow and especially zodiacal light. The advantage of DGL is that
the distribution of stars and the dust are well known, in contrast to reflection
nebulae. For example, Witt (1968) used a model of the Galactic starlight to
derive the grain properties from the observations of the DGL.

Reflection nebulae are much brighter than DGL, and the spectral properties
of the radiation illuminating them are better known than the ISRF. However,
the geometry of the reflection nebulae and their illuminating stars are not well
known, causing problems with the interpretation of the scattering angle. The
star might be in front of the cloud, in which case the scattering angle would be
large, or the star could be embedded into the cloud or located behind the cloud,
in which case the scattered light would be dominated by forward scattering by
the grains on the line of sight. The reflection nebulae can be patchy, causing
further problems.

The scattering by dark clouds was detected in optical wavelengths by Struve
& Elvey (1936) and Struve (1937). The geometry is believed to be better known,
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since the illumination source is the ISRF and not a single star. Mattila (1970a,b)
determined the albedo and the scattering asymmetry parameter by comparing
two dark clouds at different latitudes and assuming their dust to be similar.
The UV scattering by a discrete diffuse cloud was first imaged by Haikala et al.
(1995).

Of particular importance for this thesis is the scattered near-infrared (NIR)
light in dark clouds illuminated by the ISRF. First detection was made by Lehti-
nen & Mattila (1996). They also found that the scattered light intensity in the
J, H and K bands was linearly dependent on the column density up to optical
depth ~ 1 in the wavelength band in question. The idea of using NIR surface
brightness as an extinction estimator in dark clouds was presented by Lehtinen
et al. in the ESO Press release 26a/2003. Nakajima et al. (2003) presented
JH K surface brightness maps of Lupus 3 dark cloud. Based on their analysis of
JH K surface brightness vs. Ay, they concluded that the surface brightness was
due to scattered ISRF light by dust. Foster & Goodman (2006) observed in two
dark clouds, L1448 and L1451, diffuse surface brightness which they attributed
to NIR light scattered from dust particles. However, the observations were not
made with extended emission in mind and, in the data reduction of the dithered

observations, much of the diffuse emission was lost.

2.1.3 Absorption and emission

Interstellar dust grains are heated primarily by absorption of starlight. Collisional
heating can dominate in dense regions in dark clouds where the starlight has been
strongly attenuated, or in dense, hot, shocked gas. When a dust grain absorbs
a starlight photon, the grain is rapidly heated up, and then it begins to cool
again. Larger grains (> 0.02 pum) get heated less and they are hit by photons
more often, keeping the temperature oscillating only slightly. Thus, it is possible
to approximate them as having a steady temperature. However, small grains
(< 0.02 um) are heated very strongly by a single absorbed photon, and then
can cool down again before another photon is absorbed. Most of the power
emitted by small grains in the infrared is radiated when they are heated up,
close to the peak of their temperature, complicating the calculations (see Draine
& Li, 2001). In general ISM, the absorbed stellar photons heat the large grains
to temperatures about 15 - 20 K, and the dust grains then re-emit the energy
mostly in the far-infrared.

Infrared astronomy was started in the 1970s, but the major steps forward
came during the 1980s with two satellite missions: the Infrared Astronomy
Satellite (IRAS, 1983) and the Cosmic Background Explorer (COBE, 1989-90).

Both satellites provided all-sky maps of the diffuse IR emission measured out-
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side the atmosphere; IRAS with better spatial resolution (a few arc minutes at
12 — 100 pm), while COBE had a broader spectral coverage and better absolute
calibration. Boulanger & Perault (1988) showed that away from local heating
sources, like bright stars, there is a good correlation between 100 pm IR emission
outside molecular clouds and the H I column density, and between 100 ym IR
emission from nearby molecular clouds and their Hy column density. Schlegel
et al. (1998) produced a composite all-sky map of 100 um IR emission that
combines the spatial resolution of IRAS with the COBE quality calibration.

The spectral coverage of IRAS was 12, 25, 60 and 100 ym. The COBE
satellite had two instruments that are of interest to dust emission: Far Infrared
Absolute Spectrophotometer (FIRAS), which covered the wavelengths from 0.1 to
10 mm, and Diffuse Infrared Background Experiment (DIRBE), which covered
the wavelength range from 1.25 to 240 pum. While the resolution of COBE
was poor in comparison to IRAS (0.7 degrees for DIRBE and 7 degrees for
FIRAS), the large spectral coverage allowed the estimation of the large-scale
dust emission spectrum beyond 100 pm. Boulanger et al. (1996) achieved a
good fit by a Planck function with temperature ~ 17.5 K times an emissivity
o A72, although some features could not be fitted using a single temperature.
Dwek et al. (1997) allowed for a realistic spread in grain temperature and were
able to get a good fit for the range of 3.5 — 500 pum, using a dust model with
spherical graphite and silicate grains, and planar PAH molecules, illuminated by
the local interstellar radiation field. In their model, the large graphite and silicate
grains are responsible for emission beyond 140 pum, while the smaller particles,
which are stochastically heated to momentary higher temperatures, provide the
excess emission below 100 pm.

While the equilibrium temperature for the large grains seems to be fairly
uniform = 17.5 K, large-scale far-IR maps reveal the presence of cold (= 15 K)
dust statistically connected with molecular clouds (Lagache et al, 1998). In dense,
nearby cloud cores the dust temperature has been observed to drop as low as
12 K (Ristorcelli et al., 1998; Bernard et al., 1999; Juvela et al., 2002; Lehtinen
et al., 2003; Ridderstad et al., 2006). Even lower temperature values have been
suggested (some cores in Lehtinen et al., 2003; Pagani et al., 2003). The dust and
gas temperatures seem to be decoupled, at least outside dense cores. Lagache
et al. (2000) concluded that the dust temperature and abundances in the warm
ionized medium do not differ significantly from those in H I regions. However,
Odegard et al. (2007) added a note of caution, as their analysis resulted in a
value of 100 ym dust emissivity of warm ionized medium that was only 40% of
the 100 pm dust emissivity of the neutral atomic medium.

Planck satellite, launched in May 2009, will provide all-sky maps for wave-

length coverage comparable to FIRAS, but with much better resolution and
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Figure 2.3:  Dust emission spectrum from Desert et al. (1990), showing the
components of their dust model. Observations (crosses) are for diffuse interstellar
medium (see Table 1 in Desert et al., 1990), with the horizontal bar representing
the filter width used in the observations.
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sensitivity. Of particular interest for astronomers interested in interstellar dust
are the three shortest wavelengths - 350, 550 and 850 pum - where the Galactic
dust is expected to dominate the observed signal. Thanks to Planck’s resolution
of 5 arc minutes at these wavelengths, it should be possible to distinguish small,
dense cold cores from their warmer surroundings using the spectral information.
ARCHFEOPS, the balloon-borne precursor to Planck, found ~ 300 cold, submil-
limeter clumps from their survey, which covered ~ 30% of the sky (Desert et al.,
2008).

2.1.4 Polarization

The linear polarization of starlight was discovered in mid-twentieth century (Hall,
1949; Hiltner, 1949). Soon there after, Davis & Greenstein (1951) proposed their
paramagnetic relaxation model, where a rapidly spinning dust grain would align
its spin axis parallel to the local magnetic field. If the grains are not spheres, the
long axis of the projection of the spinning grain on the sky becomes perpendicular
to the magnetic field. The light passing through is preferentially blocked along
the long axis of the grain, and thus the observed light would show polarization
coinciding with the direction of the magnetic field. While the paramagnetic
model has come under severe criticism ever since and would not seem to be the
dominant alignment mechanism, it is an observed fact that something does align
the grains. Numerous theories have been offered over the years, and there is an
excellent review by Lazarian (2007) on this topic.

The first large-scale polarization database was compiled by Mathewson &
Ford (1970), consisting of almost 7000 stars distributed over both celestial hemi-
spheres. Mathewson & Ford’s catalog continued to be the best reference for over
a quarter of a century, until finally superseded by the more complete catalog by
Heiles (2000).

Serkowski (1973) presented an empirical fitting function ("Serkowski’s law”)

to approximate the degree of polarization, p, as a function of wavelength, \:

P(A) = Prnax exp[— K (10g(A/ Amax))°], (2.1)

where A ~ 5500 A and K ~ 1 for most sightlines through diffuse clouds. The
wavelength Apax has been shown to correlate with Ry (Clayton & Mathis, 1988),
while K depends on the value of A\y. (Wilking et al., 1982). Serkowski’s law
fits the observational data well for 0.8um=! < A\7! < 3um~!. UV observations
(Anderson et al., 1996; Clayton et al., 1996; Wolff et al., 1997) reveal that the
degree of polarization continues to drop with shorter wavelengths, implying that
the small grains responsible for the extinction in UV are either nearly spherical
or minimally aligned (Kim & Martin, 1995).
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Near-infrared stellar polarimetry is able to probe lines of sight intercepting
dense cores. In such regions the polarization per unit extinction declines system-
atically with optical depth (Goodman et al., 1992, 1995; Gerakines et al., 1995).
The implication is that grains within the clouds are less well aligned than in
the diffuse ISM. Whittet et al. (2008) studied the near-IR polarization of stars
seen through dense clouds, and concluded that the grain alignment by radiative
torques offered the best explanation for the data.

The thermal emission of aligned dust grains at far-infrared and longer wave-
lengths is polarized, since the grains are more efficient radiators along their long
axis. Hence, while the starlight is polarized along the magnetic field lines, the
thermal dust emission is polarized perpendicular to the magnetic field. In the
literature, however, it is customary to plot the direction of the magnetic field
rather than the direction of the polarized emission. Numerous observations of
dense clouds have been done at various wavelengths, finding linear polarization
degrees as large as 10% (e.g. Lai et al., 2001). Interestingly, Hildebrand et
al. (1999) found that the wavelength dependence of the measured polarization
implies that the grain alignment efficiency is higher in warmer regions. Sim-
ilarly, Ward-Thompson et al. (2000) and Henning et al. (2001) found that
the observed polarization degree drops towards the densest part of a cloud (see
Fig.[2.4). Chapter 4 will pick up this topic.

2.2 Dust models

The composition of dust has already been mentioned in relation to the extinction
curve. Mathis et al. (1977) suggested a simple power-law distribution of graphite
and silicate, to reproduce the observed extinction curve from 0.11 to 1.1 pm for
lines of sight passing through diffuse clouds. In their model (called MRN), the
graphite and silicate grains were from 0.005 to 0.25 pum in size and the size

distribution was given by
dn = n(a)da = Cnga™>da, amin < @ < Gpax, (2.2)

where n(a) is the number density of grains with size in the interval [a, a + dal,
and ny is the number density of H nuclei (in both atoms and molecules). Draine
& Lee (1984) provided the following normalizations of the size distribution: C' =
107%13(1072%11) em?® for graphite (silicate).

A more sophisticated model was presented in two papers by Weingartner &
Draine (2001) and Li & Draine (2001). In this model, there were still two basic
components: graphite and silicate. However, the graphite component had two

additional grain populations: one peaking at ~ 6 A to account for PAH emission
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features and the other peaking at ~ 50 A to account for the 60 pm flux. The very
small graphite grains were assumed to have PAH-like properties, while those > 50
A were assumed to have graphitic properties. The model was able to reproduce
the observed extinction curves for different Ry:s by varying the parameters of
the size distributions (Weingartner & Draine, 2001). The model also has a set
of dust properties for the grains, and using the observed interstellar extinction,
the model was able to reproduce the observed near-IR to submillimeter emission
of the diffuse interstellar medium (Li & Draine, 2001). In addition, Li & Draine
(2001) found that the total infrared emission of their model was in excellent
agreement with COBE/DIRBE observations at high latitude, and the albedo
was consistent with the observations of the diffuse interstellar medium. Draine
(2003b) compared the phase function calculated from the dust model to Henyey-
Greenstein phase function (Henyey & Greenstein, 1941). He found that while
there was a good agreement in the wavelength range 0.4 yum < A < 1 pm, the
functions differed at shorter and longer wavelengths, which prompted him to
propose a new analytical function.

Another grain model was offered by Ossenkopf & Henning (1994), based on
MRN size distribution. They studied how the grain coagulation and the forma-
tion of ice mantles onto the grains, both of which happen in dense cloud cores,
influence the opacity of the grains. Because the depletion of molecules onto the
grains to form ice mantles happens quickly compared to the coagulation, they
had three ice mantle models: 1) thick ice mantles, corresponding to a case where
all volatile molecules in the gas phase have depleted into ice mantles, 2) thin
ice mantles, corresponding to a more realistic case and based on observational
evidence, and 3) grains without ice mantles, as a limiting case or corresponding
to a case where grains have been warmed up but not destroyed themselves. The
grains are then allowed to coagulate in different density environments for 10°
years, which may be longer than the free-fall time of a collapsing cloud core. As
the result of the grain growth by grain coagulation, Ossenkopf & Henning (1994)
found that the opacity in the sub-millimeter could grow by a factor of 4-5. The
Ossenkopf & Henning dust model is often used when modelling dense dust cores

where coagulation has taken place.



Chapter 3

Column density estimates of

interstellar dust clouds

Interstellar clouds are complex structures, created by the interaction of super-
sonic turbulent flows with magnetic and gravitational forces. The observations
of cloud structure provide evidence on the relative importance of turbulence,
magnetic fields, and self-gravity, and thus give constraints to the models of star
formation.

There are many methods to derive the column density of a cloud, for example:
1) the integrated intensity of molecular or atomic line emission (e.g. Padoan et
al., 1999), particularly CO and H I, 2) star counts of optical (e.g. Wolf, 1923;
Barnard, 1927) or near-infrared (NIR) wavelengths, 3) the thermal emission of
dust grains at far-infrared and sub-millimeter wavelengths (e.g. Schlegel et al.,
1998), 4) the optical or near-infrared reddening of the background starlight (e.g.
Lada et al., 1994; Lombardi & Alves, 2001), and 5) the optical or near-infrared
scattered light (Papers I-IV). All these methods have their uses, but they also
have their limitations. The first two are briefly discussed below while the latter
three are covered in more detail in the following sections.

A molecular line is sensitive to a certain density interval: dense enough to be
self-shielded from destruction by radiation field, but not so dense as to saturate
the line due to the large optical depth. The molecular abundances depend on a
complicated network of time-dependent chemical reactions that are affected by
turbulent transport and depletion on dust grains. As the result, different molec-
ular tracers may peak at different parts of the cloud, influencing the column
density map. Single dish resolutions are typically limited to some tens of arc sec-
onds, with arc second resolutions achieved only by interferometric observations.

Optical star counts are limited by the fact that the number of observed stars in
a resolution element drops rapidly after Ay ~ 1™, reaching the limit of usefulness

around Ay ~ 5™. As a statistical method, a large number of stars is needed for
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each resolution element. This gives a poor resolution even when using near-

infrared star counts, which can extend to Ay ~ 20™.

3.1 The method using thermal dust emission

Thermal dust emission seems like a more straightforward approach to derive the
column density map, but it requires that the dust temperatures can be esti-
mated and that the dust to gas ratio stays constant. Both of these may have
significant spatial variations (e.g. Cambresy et al., 2001; Dupac et al., 2003;
Ridderstad et al., 2006) due to grain growth by coagulation and ice mantle de-
position (Ossenkopf & Henning, 1994) or physical changes in the grain material
(e.g. Mennella et al., 1998; Boudet et al., 2005). The low intensity of clouds with-
out internal heat sources limits the observations to high column density regions,
typically Ay ~ 10™ or above. Spatial resolution is of the order of 10”.

Dust temperature can be derived if observations have been made with two
far-infrared (FIR) wavelengths. At wavelengths in excess of 100 um, the large
grains are thought to be the dominant source of emission (see Fig.[2.3), and it is
feasible to attribute a single equilibrium temperature to the dust. In general, the
opacity, k,, follows a power law in FIR, k, o« v, where a depends on the dust
properties. Observations show that « varies with temperature and wavelength.
While observing cold clouds (7" < 20 K) in sub-millimeter, Dupac et al. (2003)
found o = 2.0 4+ 0.4. Since the ISM is optically thin in FIR, the intensity of the

thermal dust emission [, is given by
I, = Nak, B,(T), (3.1)

where Ny is the column density of dust in g cm™2, and B,(T) is the Planck
function (black-body intensity) at temperature 7" and frequency v.
If we take o = 2, we can write
L, _ Nyt By, (T) _ B, (T)v,?
]VQ NdK’VQBVQ(T) Bl/2(T)V227

where [,, and I,, are the observed intensities at frequencies v; and v,. This

(3.2)

is the idealized case, as the filters have a passband of finite size. However, the
passband is usually well known, and a correction term can be included. Once
the temperature is solved from Eq. and k, is either fixed from other column
density measurements, or by assuming a certain dust model, we can calculate
Ny from Eq. 3.1 By assuming a specific dust model, Ny can be transformed to
visual extinction, Ay, and using an empirical law by Bohlin et al. (1978), the
column density of neutral hydrogen can be derived from Ay. Alternatively, a
dust-to-gas ratio can be assumed in which case the column density of neutral

hydrogen is derived by simple multiplication from Njy.
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3.2 NICER method

Lada et al. (1994) pioneered the Near-Infrared Color Excess (NICE) method,
which used the NIR color excesses for individual stars through the cloud. The
intrinsic NIR colors of the stars have relatively low scatter, and the mean intrinsic
NIR color can be measured from a large sample of stars in a nearby field where the
extinction is negligible. The two main limitations of NICE method are the scatter
of the color due to photometric errors and intrinsic scatter, and the inclusion of
foreground stars which are bluer than the background stars, biasing the result.

Lombardi & Alves (2001) presented the Near-Infrared Color Excess Revised
(NICER) method, which expanded the NICE method to an optimized multi-band
method using three wavelengths (in their case J, H and K) or, in principle, more
than three wavelengths. In the following, the formalism of Lombardi & Alves
(2001) is used.

With three wavelengths, two independent color indices can be formed: ¢; =

J — H and ¢ = H — K. For each color, the relationship between the observed
obs

color, ¢, and the intrinsic, true color, ¢!, is

& = + ki Ay + e, (3.3)

where k; = E;/Ay is the ratio between the color excess on the band i and the
extinction in the V' band (for example, Lombardi & Alves (2001) quoted values
k1 = 1/9.35 and ko = 1/15.87), and ¢; is the error of the color index resulting
from photometric errors.

The extinction estimate, Ay, for a single star is given by
Ay = a + b8 + bye™. (3.4)

The coefficients a, by, and by are derived from two conditions:

1) the estimator is unbiased, i.e. its expected value is the true extinction Ay,
and

2) the estimator has minimum variance.

The variance of Ay is

VaI'(A\/) = Z bibjCOVZ'j (Ctr) + Z bibjCOVij(E), (35)
o] i,J

where the first covariance matrix, Cov;;(c™), is the scatter of intrinsic star col-
ors that can be determined from the control field, and Cov;;(e) is related to

photometric errors. The optimal estimator is
Ay = b = ()] + ba[e3™ — ()], (3.6)

where b; and by are given by variance minimization (for details, see Lombardi &
Alves, 2001), and (c{") are the mean colors of the control field.

)
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The final extinction map is obtained by spatially smoothing the individual
extinction estimates. One method is to use a weighted mean of the estimators
with a Gaussian beam. The extinction towards direction © on the sky is given
by

N ~
S wmAY
Av(©) = = —— (3.7)
Z w®
n=1
wm — M’ (3.8)
Var(AD)

where O™, W) and flg” ) are the direction, weight and extinction estimate of
the nth star, respectively, NV is the number of all observed stars in the field, and
W(© —©™) is the Gaussian weight function. The width of W sets the effective
resolution of the derived extinction map and the signal-to-noise ratio: a large
width gives a smooth map with a poor resolution, while a small width gives a
noisy map with a high resolution. The choice of an appropriate width depends
on the depth of the observations and the stellar density of the background. With
deep, dedicated observations it is possible to reach even 10”. With 2MASS data,
observations towards the Galactic bulge can have a resolution of an arc minute
(e.g. Lombardi et al., 2006), while for high latitude clouds the resolution is of
the order of a few arc minutes (e.g. Cambresy et al., 2002; Kainulainen et al.,
2006; Lombardi et al., 2008).

The problem of the foreground stars can be alleviated by a method called

sigma-clipping. The local estimate of the error is

S (W ™)2var(AY)
05, (0) = "= , (3.9)
> (wy?

Sigma-clipping is done by calculating Ay(©™) and o 4, for each star, and if the
star’s As}l ) differs from the average by more than a factor of a few o, , it is
removed and a new extinction value is calculated for the remaining stars until
the two extinction estimates converge.

The NICER method is quite a robust extinction estimator, but it is not
without its own limitations. The influence of foreground stars is expected to
be insignificant in close-by (d < 200 pc) clouds (Lombardi et al., 2008), and
easily detected and removed in high density regions (Lombardi & Alves, 2001).

A harder problem is the substructure of the cloud below the resolution level.
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If there are steep extinction gradients within the Gaussian beam, the stars are
preferentially seen through the lower extinction part, and this biases the resulting
extinction estimate downwards. Lombardi (2005) described this bias in detail,
estimating it to be ~ 1™ at Ay = 15™, and a subsequent paper (Lombardi 2009)
proposed an improved method (NICEST) to correct for the substructure.

3.3 Method using the near-infrared scattered
light

A new method of mapping interstellar clouds was proposed in Paper I, based on
the NIR scattering of the ISRF. While optical and UV scattering could be used to
probe regions of low Ay, NIR scattered light could provide unparalleled spatial
resolution down to arc second scales, and trace the column densities within a
range of Ay = 1 — 20 mag. In this method, it is assumed that the observed
cloud is illuminated by an isotropic external radiation field, and the observed
intensity can be attributed to scattering. It is furthermore assumed that the
dust properties and, naturally, also the dust to gas ratio remains constant.

If the sightline through the cloud is optically thin at the wavelength in ques-
tion, the scattered intensity directly depends on the column density. The scat-
tered light starts to saturate approximately at 5, 10 and 20 mag of Ay for J, H
and K band, respectively. The radiative transfer process can be divided to two
phases. In the first phase, the external radiation penetrates the cloud and upon
reaching the selected sightline, it is scattered toward the observer. In the second
phase, the radiation travels along the selected sightline towards the observer and
the intensity is reduced by both absorption and scattering.

The method concentrates on the second phase of the radiative transfer pro-
cess. While the radiation is attenuated already in the first phase, it is likely that
in a patchy cloud, the sightline can be illuminated through some lower density
regions. In addition, most of the scattering is to forward direction, which also
helps the radiation to reach the depths of the cloud.

If the relation between the observed intensity, I, and the column density, N,
depends mainly on the second phase, radiative transfer equation along one line

of sight in a homogeneous medium gives
I = a[l —exp(—bN)], (3.10)

where the coefficients a and b are positive constants for each band and are related
to the strength of the illuminating radiation field and to the dust properties. At

small column densities, the formula reduces to

I = abN, (3.11)
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Figure 3.1: Schematic representation of the two phases of scattering referred to
in the text. (Paper II)
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Figure 3.2: The intensity of the scattered light vs. the true column density
obtained from Monte Carlo radiative transfer calculations. The scatter is due to
the variations of the impinging radiation field caused by the shadowing of dense
regions within the 3D cloud model. (Paper I)
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which gives a linear dependence of the intensity on the column density. Even
though the intensity saturates at larger column densities, the different curvature
of the intensities in each band still allow us to reconstruct the column density.
Equation can be written for each band separately, defining a parametric
curve in (I, Iy, Ix)-space. Each sightline observed in JHK bands can be as-
signed to a point on this curve by minimizing the least square distance from the
curve. If constants a and b are known, the column density can be solved for each

band separately:
1
N = —Eln(l—l/a). (3.12)

Because J band usually has a better signal-to-noise ratio at low Ay but saturates
first at high Ay, the relative weight given to the different bands should take this
into account (if all the bands have the same signal to noise ratio, it was found
in Paper II that the optimal result was obtained by choosing the weights 1:3:12
for J: H: K).

In the absence of independent column density estimates, the surface bright-
ness observations can still be used to derive information on the dust properties.

For example, the H band intensity can be expressed in terms of the K band one

Ik br /bx

The constants ay, ag, and ax and the ratios by /bx and by /bx can be derived by

as

fitting this curve to the observations. The b constants are expected to depend
mainly on the properties of the dust grains, which vary only relatively little in
NIR. Thus, it might be possible to use values derived from observations of one
object to the analysis of other similar objects. The a constants depend mainly on
the radiation field illuminating the cloud. While the uncertainly of the intensity
is often large, ~ 50%, this affects mainly the absolute scaling of the column
density map. The spectral shape of the incoming radiation might be different as
well, if there are additional radiation sources nearby. However, if the b constants
are known, it is relatively trivial to estimate the spectrum from the linear part of
the curve in low extinction sightlines. The expected values of a and b constants
can also be derived from radiative transfer modelling, and the observations can
be used to correct the values. Such a correction would be interesting on its own,
since it implies that either the radiation field or the NIR dust properties differed
from the assumed values.

As a by-product of the surface brightness observations, the observed fields
contain data on a large amount of background stars. It is possible to use the

NICER method on these stars and, even if the resolution would probably be
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lower, it is enough to check the parameters and even to determine the values of
individual b constants. Furthermore, the error sources of the two methods should
be different, and thus a comparison between the two methods will provide a test
for the derived column density map. Nakajima et al. (2008) used the color
excesses of individual stars to form an empirical function between the surface
brightness and color excess, and derived a column density map from the surface
brightness that way.

In Paper II, the accuracy of the method is carefully tested. Numerical simu-
lations showed that the pixel-to-pixel errors were below 10% when the maximum
extinction was below Ay ~ 15™, although this requires similarly accurate param-
eters for Eq.[3.10. This can usually be accomplished with comparison with the
stellar color excess data. Spatial variations of the dust properties were found to
cause errors, but still below the 10% level. Large variations in the dust properties
and in the external radiation field can cause large systematic errors, if left un-
corrected, but the morphology of the map is usually reliable. Iterative radiative
transfer modelling can be used to examine the effect that these variations would
have on the observed cloud, and thus to refine the column density estimate.

NIR scattering could make it possible to reach sub-arc second scales with
dedicated observations using large telescopes. At the distance of the closest
interstellar clouds, ~ 150 pc, such spatial resolution would be on the scale of the
size of circumstellar disks, i.e. ~ 100 AU. This makes NIR scattering a very
useful tool in mapping interstellar clouds and examining the formation of cores,

providing new perspectives into the small-scale processes of star formation.



Chapter 4

Polarized thermal dust emission
and grain alignment by radiative

torques

The polarization of thermal dust emission gives information on the morphology
and the strength of the magnetic field within the cloud, and possibly also of
the grain size distribution inside the cloud. The mechanisms of the far-infrared
thermal emission are quite well understood (see Sections 2.1.3 and 3.1), and the
polarization is due to the alignment of the grains with the magnetic field (see
Section 2.1.4). However, what mechanisms align the grains? That question has
been in the forefront of the debate for the last half century.

The theories of grain alignment mechanisms usually start by looking at a
single dust grain. However, we do not observe a single dust grain, but the
accumulated thermal emission of the grains along the line of sight. Thus, if a
theory indicates that a grain could be aligned by a certain mechanism, we have
to calculate the predicted polarized thermal emission, and compare our result
with the observed polarization.

Amongst the many theories of grain alignment (see review by Lazarian, 2007),
the strongest candidate is the radiative torque alignment. Dolginov (1972) noted
that the interstellar grains might have different absorption and scattering cross
sections for left- and right-handed circularly polarized light, thus resulting in
a change in the grain angular momentum if illuminated by unpolarized, but
anisotropic, radiation. Dolginov & Mytrophanov (1976) proposed further that
this process could lead to rapid rotation and possible alignment of the grain.
However, since they were unable to calculate the torques on grains with realistic
compositions and sizes, the idea did not gain wide acceptance.

After the radiative torque alignment mechanism had been neglected for two
decades, Draine & Weingartner (1996) (hereafter DW96) used numerical calcu-

30
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lations to show that the efficiency of the radiative torques was sufficient to spin
up the grains, although they made a mistake in assuming that the alignment
itself might be via paramagnetic relaxation. In their subsequent paper, Draine
& Weingartner (1997) demonstrated the ability of the radiative torques to align

grains without paramagnetic relaxation.

4.1 Radiative torques in the Draine & Wein-

gartner (1996) formalism

A grain, rotating with angular velocity w around axis a; in neutral gas of hy-
drogen with density ng = n(H) 4 2n(H,) and temperature T, experiences a gas

drag torque,
r = ——25 1.2 s 2 gt w4
drag,gas 3 ( . TLH) (8 mHk:T) A.gWay, (41)

where a.g is the radius of a sphere of equal volume to the grain, my is the
mass of an H atom. ¢ depends on the manner of collisions by the impinging

atoms, and on the shape of the grain (see DW96 for details). In general, § ~ ay,

where oy = 81/)‘5;151 , I; the moment of inertia associated with axis a; and p the
f

solid density of the grain. The factor of 1.2 takes into account helium with

nge = 0.1ng. The rotational damping time due to gas drag is:

T PAeff
3ony (2rmukT)"?

3000 cm =3 K
= (874 x10*yr) x Lpga sy () (42)
) nHT

Tdrag,gas

where p3 = p/3 g em™3, a_5 = ae/107° cm, and T, = T//10> K. The rotational
damping time due to thermal emission of photons by a grain heated by starlight
to a temperature Ty, and the absorption efficiency factor Qaps oc A= with 5 = 2,

1S:

; S04 (8 +3) C(8+4)_paly (VT
drag,em 5 ¢ (ﬁ + 3) ﬁQCurad<Qabs>

3 2
arpsa’s [ Tq UISRF
= (1.60 x 10° yr ( ) ( ) , 4.3
( Y ) <Qabs> 18K Urad ( )
where ((x) is the Riemann (-function, uisgr and u,,q are the energy density

of interstellar radiation field outside the cloud (Mathis et al., 1983) and the

radiation field illuminating the grain, respectively, and

<Qabs> = ! /UAQabs()\) d)\, (44)

rad




Polarized thermal dust emission and grain alignment by radiative
torques 32

where u), is the energy density of the radition field illuminating the
grain at wavelength \. The damping due to absorption of starlight photons
is negligible (Purcell 1979). The rotational damping time 74,55 can be calculated

from:

1 -1

— -1
Tdrag drag,gas + Tdrag,em‘

(4.5)

If the grain is illuminated by a unidirectional radiation field with energy
density yu,aq, and by isotropic radiation field, (1 — v)u;qq, the radiative torque

along the rotation axis a; is given by:

A ; A 1A

Fraa = 71'agffurad% [(1 —7)(Qr°) +7(Qr (O, @))-al] ay, (4.6)
where
o f’lL)\d)\ ’ '
[ Qr(©, ®)\u)d\

0,¢) = 4.8
<QI‘( ) )> f )\UACZA ) ( )
where Q° and Qr(®,®) are the radiative torque efficiencies (dimensionless)

due to the isotropic and unidirectional radiation fields, respectively, © is the
angle between the rotation axis of the grain and the propagation direction of the
unidirectional radiation, and ® is the azimuth angle of the rotation axis with
respect to the propagation direction of the unidirectional radiation. Thus, ©
and ® identify the orientation of the rotation axis of the grain in a scattering
coordinate system. Q¥° and Qr(®,®) depend on the shape, properties and
the size of the grain as well as the spectrum of the impinging radiation (see
Table 4 in Draine & Weingartner, 1996). For example, for a silicate grain of
a = 0.05 nm illuminated by the interstellar radiation field, Q° = 2.75 x 107
and &; - (Qr(® = 0deg)) = 3.59 x 107

If there are no other sources of rotational excitation, the angular velocity wy.q

gained by the grain due to the radiative torque is reached when I'\pq = I'drag gas-

Thus,
5A ( kT )1/2< urad)
Wrad = Sr9 | oo
80azy \ 8mmy nukT

< [(1 =) {QF) +1(Qr(©, ) - &] (—) 49

Tdrag,gas

The randomization of the rotation of the grain is caused by collisions with
gas molecules. When the grain rotates much faster than the thermal rotation

rate,

15kT

— 4.10
8marpal;;’ (4.10)

2 _
wT_
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this randomization is greatly reduced. Thus, a suprathermally rotating grain is
expected to be aligned with the magnetic field. The factor between the rotational
rate due to the radiative torques, w;.q, and the thermal rotational rate, wr, is an

indicator of the efficiency of the grain alignment.

Wrad ? _ 5051 Urad ? paeffj\2
oy 19262 \ npkT My

< [(1=7) Q) +(Qr) - &)’ (7)

Tdrag,gas

N 2
— 472 % 10°Y ppa_y [ 2 (A
‘ 52T \ gk T Jm

< [(1=7)¢ ?°>+7<Qr>-a&}2(ﬂ) S (411)

Tdrag,gas

It is worth noting here that the alignment efficiency increases rapidly with the

increasing grain size.

4.2 Simulated polarization using radiative torques

The work presented by Draine & Weingartner (1996,1997) led to efforts to see if
the predictions made by radiative torque alignment would lead to polarizations
similar to those observed in dark clouds, in particular the polarization degree
decreasing towards dense cloud cores (see Fig. 2.4). Cho & Lazarian (2005)
made a first attempt by considering the ability of the radiative torques to align
grains inside a spherically symmetric cloud. They used the radiation field inside a
spherically symmetric Giant Molecular Cloud calculated by Mathis et al. (1983),
and then calculated wy,q /w7 using the formalism of DW96 within the cloud. They
considered only the anisotropic radiation and made the simplifying assumption
that the anisotropy was along the magnetic field, and v = 0.7. The results of
Draine & Weingartner (1997) had indicated that a fast spinning grain will get
aligned. Cho & Lazarian (2005) selected the criteria to be wy.q/wr = 5, and they

derived a fitting formula for the minimum aligned grain size:
aag = (log ny)® (Ay + 5) /2800 pum, (4.12)

where Ay is the visual extinction from the closest surface of the cloud. This
minimum aligned grain size allowed them to calculate the Rayleigh polarization
reduction factor (Greenberg, 1968; Lee & Draine 1985), which is a measure of
imperfect alignment of the grain axes with respect to the magnetic field:

[ Cran(a)n(a) da

R — “tals 4.13
fa"‘ax Cran(a)n(a) da’ ( )

Amin




Polarized thermal dust emission and grain alignment by radiative
torques 34

where Cpan(a) is the cross section of a randomly aligned grain, n(a) the grain
number density with sizes in the interval [a,a + dal, a the grain size, ay;, the
minimum size of the grains, and a,,,, the maximum size.

Because dust is optically thin in far-infrared and sub-millimeter, the linearly-

polarized components of the thermal dust emission are given by
q = / Raygey cos 2u cos® vy ds | (4.14)
u = / Raygey sin 29 cos® 7y ds (4.15)

where «q is a coefficient of the particle properties setting the maximum polar-
ization degree when R = 1, v the angle between the projection of the magnetic
field vector on the plane of the sky and the north, and v the angle between
the local magnetic field vector and the plane of the sky. €, is the dust emis-
sivity, which is often taken to be proportional to the dust density, when not
calculated with radiative transfer programs. Since we study the dust emission
at FIR and sub-mm wavelengths, most of the emission comes from large grains,
for which one-temperature approximation is generally used. This means that
while the temperature varies from one computational cell to the next, it is a
constant within the cell for all dust grains under consideration. We have only
one shape for the grains, and thus Cjo1/Chran ratio, where Cp is the polarization
cross section of the grain, is a constant, rather than depending on the size of the
grain.

Cho & Lazarian (2005) presented the simulated polarization emission from a
spherically symmetric cloud that they had calculated using the described method,
and found that the radiative torques did produce the observed dip in the polar-
ization degree as the dust emission intensity increased. Furthermore, the polar-
ization degree proved to be quite sensitive to apyay. Eq. 4.12 also showed that
large grains might be aligned as deep in the cloud as Ay ~ 10™.

Bethell et al. (2007) used a three-dimensional magnetohydrodynamic (MHD)
model for a clumpy cloud. Recognizing the limitations of Cho & Lazarian (2005),
they used radiative transfer modelling to derive the mean intensity and the de-
gree of anisotropy of the radiation field in each computational cell. With this
information, they calculated from Eq.4.11 at what grain size wy,q/wr = 3, and
selected that as the critical size for the aligned grains. However, they still made
the simplifying assumption of unidirectional anisotropy along the magnetic field.
They concluded that the patchy nature of the cloud made the mean anisotropy
to be closer to 0.34 than 0.7 of the spherical cloud, but the qualitative nature of
the results of Cho & Lazarian (2005) were not significantly changed.

Our studies on the efficiency of grain alignment, Papers V and VI, are sum-

marized in Chapter 6. They are mainly based on the treatment of radiative
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torques by DW96. However, Lazarian and colleagues have continued to study

the theory of radiative torques.

4.3 Further developments of radiative torque

theory

One of the problems of the radiative torque alignment is the sheer number of
parameters. There are grains of different sizes, shapes and compositions, floating
at different angles relative to the impinging radiation and the magnetic field.
The parameter space to be explored is vast, and the calculations take a lot of
time. Lazarian & Hoang (2007) introduced a simple toy model consisting of an
oblate spheroid with a mirror connected to it by a thin, long and weightless rod.
In their study, they demonstrated that the analytical model is able to reproduce
well the results obtained for irregular grains using numerical models. In the
papers that followed (e.g. Hoang & Lazarian, 2008), they have continued to use
their analytical model to study the dynamics of the grain alignment by radiative
torques. In their recent paper (Hoang & Lazarian, 2009), they expanded their
study to more complex radiation fields, noting that in addition to unidirectional
radiation fields, multipole fields should also be included to a full treatment of
radiative torques. They also demonstrated the great importance of the angle
between the illuminating radiation and the magnetic field, which causes an order
of magnitude difference to the the radiative torque efficiency.

While the radiative torques are proving to be much more complicated than
the simple treatment by DW96 allowed, the wy.q/wr ratio continues to be a valid
estimate of the radiative torque efficiency. Hence, the previous studies are not
invalidated, although it needs to be recognized that the radiative torques were
likely overestimated. In Paper VI, we included a case where we took into account
the diminishing of the radiative torque efficiency when the magnetic field and the
illuminating unidirectional radiation field were not parallel, which predictably
led to weaker alignment and reduced polarization degree of the thermal dust

emission.



Chapter 5

Summary of the publications

5.1 Paper I-"High-resolution mapping of inter-

stellar clouds by near-infrared scattering”

Authors: Padoan P., Juvela M., & Pelkonen V.-M.

In Paper I, we propose a new method of mapping interstellar clouds by using
near-IR scattered light. The intensity of the near-IR scattered light is at small
optical depths linearly proportional to the column density and then saturates as
the optical depth reaches ~ 1 in the wavelength band in question. We consider
a simulated model cloud illuminated by the ISRF and compute synthetic maps
of scattered light for J, H and K. The true column density and the calculated
intensity of scattered light are used to derive the coefficients for the analytical
curve that is used to approximate the intensity as a function of the column
density. We test the method by using the derived coefficients to convert the
scattered light seen from a perpendicular viewing direction into a column density
map. Noise has been added to the intensity to simulate an observational signal-
to-noise ratio 10 at the average intensity. In the visual extinction range from 1 to
20 magnitudes, we are able to make an accurate column density map using the
scattered light. Current near-IR facilities are able to reach sub-arc second spatial
resolution at similar signal-to-noise ratio within reasonable exposure times. This
allows the study of interstellar dust and gas structure on very small scales, almost
two orders of magnitude better than what other current methods can achieve with

single-dish radio or optical/NIR background star observations.
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5.2 Paper 1I - "High-resolution mapping of in-
terstellar clouds by near-infrared scattered
light”

Authors: Juvela M., Pelkonen V.-M., Padoan P., & Mattila, K.

In Paper II, we continue to develop the near-IR scattered light method as a
tool to map large areas of interstellar clouds at high spatial resolution. We test
our method on a set of model clouds provided by three-dimensional magnetohy-
drodynamic turbulence simulations. Radiative transfer calculations are used to
derive maps of near-IR scattered light. We convert the maps of scattered light to
column density with our proposed method, and compare the results with the true
column densities. Background field-stars are simulated behind the same model
clouds, and color excess method is used as an independent column density esti-
mator. Real multiwavelength observations with array cameras would contain the
stellar color excess information in addition to the surface brightness information,
allowing us to test the two methods against one another. We study different
error sources and quantify the effects that they would have on the accuracy of
our estimated column density. We find that the intensity of near-IR scattered
light can be used to derive a reliable estimate of the column density in regions
with visual extinction less than 20 magnitudes. We find that the lower resolution
information given by the color excess data is very useful in reducing the errors
due to anomalous radiation field or dust properties. Even if those errors were left
uncorrected, they would lead mainly to systematic ”scaling” errors only, leaving
the morphology of the column density map still intact. The errors can be further

reduced by means of more detailed radiative transfer modelling.

5.3 Paper III - A Corona Australis cloud fila-
ment seen in NIR scattered light. I. Com-

parison with extinction of background stars”

Authors: Juvela M., Pelkonen V.-M., Padoan P., & Mattila K.

In Paper III, we present our NIR observations (NTT/Sofl) of a filament in
the Corona Australis molecular cloud, resulting in diffuse surface brightness maps
in the J, H and Ks bands. We first test the possibility that a fraction of the
surface brightness is actually thermal dust emission and not scattered light, and

find no indication of significant emission even in the Ks band. We show that
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the scattered light can be used to accurately estimate the dust column density
in the visual extinction range Ay =~ 1 - 15 magnitudes. We compare our results
with the column density map derived from color excess method, utilizing the
stars available in the observed fields. We find that the two methods agree well in
regions where visual extinction is below 15 magnitudes. The existing differences
are examined. Some of the differences can be explained in terms of normal
observational errors. We simulate sets of synthetic star observations based on
the column density map derived with color excess method. The results indicate
that in the color excess method there is a bias in the interval Ay = 15—20™, due
to the steep column density gradients that cause the small number of background
stars to be sampled preferentially at low column density part within the resolution
of NICER method. We conclude that the scattered light provides reliable maps
of the cloud structure below Ay ~ 15™, and that the resolution is significantly

better than with the color excess method.

5.4 Paper IV - ”A Corona Australis cloud fila-
ment seen in NIR scattered light. II. Com-

parison of infrared and sub-millimeter data”

Authors: Juvela M., Pelkonen V.-M., & Porceddu S.

In Paper IV, we expand our study of the Corona Australis molecular cloud
filament to sub-millimeter range to derive the dust temperature and emissiv-
ity in the filament. The sub-mm data is provided by Spitzer 160 pm and
APEX/Laboca 870 pym maps. We also extend our near-IR surface brightness
observations across the filament to the south. We compare the results given
by three different extinction estimators: near-IR surface brightness, color excess
of background stars, and sub-mm thermal dust emission. A three-dimensional
toy model, a cylinder of diameter Ay = 10™, representing the filament, and an
embedded sphere of diameter Ay = 70™, representing the high column density
core, provides insight on the effect of the anisotropic illumination on the near-IR
surface brightness and on the reliability of the dust temperature determination.
We estimate the emissivity at 870 ym to be (1.340.4) x 107° mag™!, relative to
the visual extinction. This is similar to the values found in diffuse medium, and a
significant increase in sub-mm emissivity seems to be excluded. Near-IR surface
brightness was able to pinpoint accurately the exact location of the column den-
sity maximum, even while saturated. The color excess method performed more

poorly in locating the column density maximum. The near- and far-IR data agree
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in indicating that the radiation field is asymmetric, the intensity being higher
on the southern side of the filament. Two stars are considered to be potential

additional illumination sources, and their contributions are estimated.

5.5 Paper V - ”Simulations of polarized dust

emission”’

Authors: Pelkonen V.-M., Juvela M., & Padoan P.

In Paper V, we test the grain alignment by radiative torques model in the case
of an inhomogeneous cloud. We use the formula introduced by Cho & Lazarian
(2005) (see Eq. 4.12), and apply it to a patchy cloud, whose density structure
results from three-dimensional magnetohydrodynamic (MHD) simulations (see
Padoan et al., 2001). While much of the model cloud volume is optically thin
medium, the study concentrates on denser cores within the larger cloud, and thus
the anisotropy approach by Cho & Lazarian (2005) is felt to be justified. The
dust emission as well as the effective Ay of each computation cell is derived using
radiative transfer calculations. The effective Ay is then converted to equivalent
radial Ay 1p used in the formula by Cho & Lazarian (2005). Our P/I-curves show
quantitatively similar drop in the polarization degree towards the dense cores as
the observations. The dense cores are colder than their surroundings and they
emit at longer wavelengths. Thus, shorter wavelength observations see even less
of the cold core. Since the polarization degree as well as the sub-millimeter
emissivity is reduced in the cores, we conclude that sub-mm polarimetry carries
only little information about the magnetic field within dense cores. We also make
predictions concerning the polarimetric observations with the Planck satellite,
adding noise corresponding to the sensitivity of Planck. We find that Planck is
able to map polarization reliably when Ay exceeds ~ 2™ at spatial resolution of
~ 15

5.6 Paper VI - ”Predictions of polarized dust
emission from interstellar clouds: spatial
variations in the efficiency of radiative torque

alignment”

Authors: Pelkonen V.-M., Juvela M., & Padoan P.
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In Paper VI, we take three cores out of a larger high-resolution MHD sim-
ulation. For each core, we solve the continuum radiative transfer problem us-
ing Monte Carlo methods, which gives us the dust emission, the radiation field
strength and, importantly, the direction of the incoming radiation binned in
12 discrete directions. We do a vector-sum over the directions to derive the
anisotropy factor, 7, and calculate the minimum aligned grain size from Eq.[4.11
in each computational cell. We are still making the simplifying assumption of
an unidirectional radiation field coming in parallel to the magnetic field. We
compare our results with Paper V, and find that the slope of the P/I-relation is
steeper, due to lower anisotropy. We show that for sightlines with Ay larger than
a few magnitudes, the observed polarization direction is no longer a trustworthy
tracer of the mass-averaged magnetic field direction. Furthermore, we show the
polarized thermal dust emission from each cell along some line of sights through
the densest cores. In these cases, it is obvious that the grains are not aligned
in the densest cores, and the observed polarized emission comes from the more
diffuse regions in the front and behind the core. If there is grain growth in the
cores, then it might be possible to reliably recover the mass-averaged magnetic
field direction up to Ay ~ 10™. However, many prestellar cores may be too
young for grain coagulation to play a major role. Finally, we consider a case
where we take into account that the radiative torque efficiency decreases as the
angle between the impinging unidirectional radiation and the magnetic field in-
creases (see Section 4.3). This weakens the radiative torques, and even with
doubled grain sizes, we are able to reliably trace the magnetic field only up to a

few magnitudes of Ay.

5.7 Author’s contribution to individual papers

In Paper I, the author participated in the finding of the analytical formula for
the relationship between the scattered light intensities and true column densities
derived from the model. He also calculated the values of the coefficients and

participated in the writing of Chapter 4: Results.

In Paper II, the author was involved in the study of the analytical formula
and the coefficients. He participated in the writing of Chapter 2: Conversion
of near-infrared surface brightness to column density, and contributed in the in-

terpretation of the results of the simulations.

In Paper III, the author made the observations and reduced the near-IR data

used in the Paper. He wrote Chapter 2: Observations, and participated in the
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writing of Chapter 4: Column densities based on scattered light. He also assisted

in the interpretations of the results.

In Paper 1V, the author made the additional near-IR observations used in the
paper. He supervised and participated in the reduction of the near-IR data. He
wrote Section 2.1: Near-infrared observations, and participated in the writing of
Chapter 5: Discussion. He was involved in the interpretation of the results, and

offered some suggestions as to the writing of the paper.

In Paper V, the author was responsible for the writing of the paper. P.Padoan
provided the model clouds and wrote Section 3.1. M.Juvela provided the ra-
diative transfer calculations, wrote Section 3.2 and participated in the writing
of Chapter 5. The author wrote the program used to calculate the polarized
thermal dust emission emerging from the clouds. The co-authors provided sug-

gestions and corrections for the manuscript.

In Paper VI, the author was responsible for the writing of the paper. P.Padoan
provided the three-dimensional model clouds. M.Juvela provided the radiative
transfer code, wrote Chapter 4 and provided the spherical cloud model and the
radiative transfer calculations concerning that. Both co-authors contributed to
Chapter 5. The author was responsible for doing the radiative transfer calcula-
tions for the three-dimensional model clouds, and wrote the programs used to
calculate the anisotropy, the efficiency of the radiative torques and the emer-
gent polarized thermal dust emission. The co-authors provided suggestions and

corrections during the writing of the paper.



Chapter 6

Conclusions and future prospects

The near-IR scattered light has proven to be a reliable column density estimator.
The method is currently unique in combining large fields with unprecedentedly
high spatial resolution. The high resolution opens up new windows in the study
of interstellar dust and gas structure, down to the physical scale of the order of
circumstellar disks in nearby interstellar clouds. Furthermore, the same frames
that were taken for surface brightness measurements also provide stellar color
excess information, allowing the two methods to be combined or checked against
one another. The near-IR scattered light method carries information on the
illuminating radiation field and the three-dimensional structure of the cloud.
These qualities make it an very versatile tool in studying the interstellar clouds.

We have continued our work by observing other clouds in addition to the
Corona Australis filament. A larger sample allows us to test our method in dif-
ferent environments and cloud structures. An open question still remains if dust
emission could cause a small excess to the Ks-band surface brightness. While
no such indication was seen in the Corona Australis filament, we are currently
reducing data on other clouds obtained by UKIRT/WFCAM and NTT/Sofl. In
addition, we have AKARI observations on CG31 in Gum Nebula, straddling the
wavelength range beyond the K s-band where the dust emission should become
the dominant contributor to the surface brightness. Detection would give us a
point which we could extrapolate down to K s-band, while a non-detection of the
dust emission would give us a valuable upper limit.

The other topic of this thesis is the polarized thermal dust emission and
particularly the grain alignment by radiative torques. Thanks to the quantitative
treatment of radiative torques starting from Lazarian & Hoang (2007), the theory
is reaching a mature stage where predictions about the alignment of the grains
and the arising polarization are possible. The results of Paper VI imply that
the Chandrasekhar-Fermi method may not be reliable when trying to derive the

magnetic field inside dense cores. We intend to study this question in our future
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papers.

New observational data is coming; Planck Satellite was launched in May 2009,
and it will perform all-sky polarization measurements from 353 GHz to 30 GHz.
Studies such as Papers V and VI will be necessary in interpreting the observations
made by Planck and in removing the foreground dust component from the cosmic
microwave background. SCUBA-2, installed at James Clark Maxwell Telescope
in Hawaii, will offer polarized dust emission observations at 450 and 850 pym. The
spatial resolution of SCUBA-2 is much better than that of Planck, 14 arc seconds
vs. 5 arc minutes at 850 yum. Once SCUBA-2 becomes operational, estimated to
happen during 2009, it will be capable of producing high resolution maps of the

polarized thermal dust emission from interstellar clouds.
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