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1. Introduction and short summaries.

1.1 Raison d’être

Dust constitutes only a small part (1–2% by mass) of the interstellar matter (ISM). Still
it is important from different points of view:

• it obscures distant objects, in particular in the UV and optical spectral regions.

• it converts star light into infrared radiation and as it is well mixed with the gas it
can be used as a tracer for the distribution of the ISM, in particular for the densest
regions where star formation occurs.

• its properties are closely connected to the physical and chemical conditions in the
interstellar space.

It is therefore clear that a better definition of the optical and chemical properties of the
interstellar dust component is essential for a progress in these areas and the purpose of
my thesis is to contribute by concentrating on the dust properties in a dark cloud. The
tools are observations of background stars over a wide spectral range to determine the
wavelength dependence of the extinction and to interpret the observations in terms of
size distribution and chemical composition by fitting the observations to models.

1.2 ISM in the Milky Way

The Milky Way baryonic thin and thick disc may be divided into a stellar component
and that of the ISM. The ISM consists of gases (mainly H I, H2 and He) and dust in the
form of solid grains. The atomic and molecular ISM mass are of approximately equal
size, while the solid part of the ISM centres around ≈ 1 % of the ISM mass, though it
varies over the galactic disc. As shown in Table 1.1 the ISM forms about 10 % of the
total Milky Way mass also with variations over the disc. In the solar vicinity the mass
surface density 〈σgas〉 of the ISM contributes about 20 % to the disk total mass surface
density.

The dust is in general terms responsible for the extinction of light, while in a wide
wavelength range the gases are transparent (at least for photon energies < 13.6 eV ).
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Table 1.1: The Milky Way and the ISM in short.

baryonic mass of galaxy reference
[M�]

stellar mass = 6.4 ·1010 McMillan (2011)
ISM mass = 5 ·109 Draine (2009)

mass scale height
[pc]

stellar thin disc = 250 Jurić et al. (2008)
H I-gas disc ≈ 140 Kalberla & Kerp (2009)

H2 and dust disc ≈ 50 Kalberla & Kerp (2009)

galactic disk surface density at solar distance
[M� pc−2]

〈σstars〉 = 35 Kuijken & Gilmore (1989)
〈σISM〉 = 7.4 Kuijken & Gilmore (1989)

Table 1.2: Hydrogen physical phases (Thronson et al. 2009, data from chapter 11, author
A.G.G.M Tielens).

description phase Tgas density volume surface density total mass
filling in solar neighb

[K] [m−3] [%] [M� · pc−2] [M� ·109]
cold molecular H2 ∼10 > 2 ·108 ∼0.05 ∼1 1.3
cool atomic HI ∼80 ∼ 5 ·107 ∼1 ∼2.3 2.2
warm neutral HI ∼8000 ∼ 3 ·105 ∼20-50 ∼1.5 2.8
warm ionized HII ∼8000 ∼ 3 ·105 ∼20-50 ∼1.1 1
hot ionized HII ∼ 106 ∼ 3 ·103 ∼50-80 ∼0.3 < 0.05

1.2.1 interstellar environment

Among the interstellar gases hydrogen and helium dominate and can exist in several
physical states. Hydrogen may exist in the form of molecules (H2), atoms (HI) and ions
(HII) depending on its interaction with electro-magnetic radiation and cosmic rays and
influenced by shocks and magnetic fields. The general physical properties of the gas are
determined by the general gas law and its physical state.

p = n · kB ·T (1.1)
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Figure 1.1: The kinetic temperature T vs
number density of H-atoms or H2-molecules
nH for different temperature regions of the
ISM.

Figure 1.2: The figure shows the volume
and mass distribution of the different physical
states.

with p pressure, n number density, kB Boltzmann’s constant, T temperature. The pres-
sure p is, however, also heavily influenced by turbulence, rotation and magnetic fields.

Gas temperatures are the result of heating by photon and cosmic ray absorptions and of
cooling by spectral line emission. The dust is also heated by interstellar radiation field
(ISRF) photon absorptions and cooled by thermal emission in the far infrared (far-IR).
In dense clouds, where the shorter wavelengths of the ISRF are attenuated, the cosmic
rays play an important role for heating both the dust and the gas.

The ISM gas phases of the galactic disc may be described in terms of four components
(very crudely outlined in Tab 1.2):

• cold-molecular with H2-molecules,

• cool-atomic with neutral HI-atoms,

• warm neutral and ionized HI and HII-atoms and

• a fourth component of hot ionized HII.

While the galactic ISM-volume is mostly composed of warm HI + HII regions heated
by the ISRF, a large fraction is found in cool atomic and molecular clouds (Fig 1.2).
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The physical properties of the interstellar gas are described by its atomic/molecular num-
ber density n and its temperature T. In order to allow for pressure equilibrium over re-
gions with different temperatures the product n ·T in the general gas-law p = n · kB ·T
should be a constant. The product found is ∼ 3 · 109 m−3K. Such a trend can be found
over several orders o magnitude in temperature as shown as shown in Fig 1.1. However,
turbulence in the ISM gas and magnetic fields in ionized gases both introduces non-
equilibrium conditions as well as forces not included in the general gas law.

1.2.2 clouds in the ISM

In spite of the inhomogeneous nature of the ISM the dominant component is hot HII gas,
with a low density (n ∼ 103 − 104 m−3. Immersed in this hot gas there are structures,
clouds, where the density peaks. Depending on their internal structure they are defined
as diffuse or dense.

The diffuse clouds contain atomic hydrogen at different temperatures in equilibrium. The
cloud dimension is typically some parsecs in size. The model of the diffuse cloud is a
cool core with mainly HI gas at a temperature of∼ 100 K and density∼ 107 − 108 m−3.
The shell of warm gas (at a temperature of ∼ 104 and density of ∼ 105 − 106), ionized
by the ISRF UV-radiation, surrounds the cool core. The core holds measurable quanti-
ties of simpler molecules like CO, OH in the gas-phase.

The dense clouds contain a denser core (with a temperature around ∼ 10 to 20 K and
density > 108 m−3) with molecular hydrogen H2. These dense clouds range in size
from one to several tens pc and masses up to several 106 M�. The low temperature pro-
motes the formation both of ices and more complex molecules. The outer layers of the
dense molecular clouds shield the core from the UV radiation, keeping the life of these
molecules longer and preserving the ices.

The Bok globules (Bok 1977; Keene et al. 1983) are isolated dense clouds not connected
with large cloud complexes. Their masses are around a few to a few tens M�. Several
hundred Bok globules can be found in the 500 pc solar neighbourhood. In many of them
there are signs of star formation with a distinct molecular outflow region.

One of the most studied of these is Barnard 335 (B 335, Barnard 1919) , which we
have chosen for our investigation is placed near the galactic plane at [19h36m38s,7d34m,
equatorial J2000] see Fig 1.3. The established distance to B 335 (previous to ours) is
∼ 250 pc and its mass ∼ 10 M� (Harvey et al. 2003; Tomita et al. 1979, respectively).
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Figure 1.3: The Bok globule Barnard 335 as seen in U-filter.

Molecular line observations point to a temperature of around 10 K and a density of
∼ 1010 m−3. The temperature distribution of a low central temperature together with the
birth of a new star indicates, that the collapse started fairly recently. The density profile
of r−2 also indicates, that the outer parts of the cloud is still unaffected by the internal
star formation processes.

1.2.3 ISM and gas flows

Parts of the ISM constitute a tough environment to the dust particles. The massive stars
have the dominating influence on the ISM internal movements through stellar winds, in-
tense radiation and supernova explosions. The turbulent pressures help support the ISM
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Figure 1.4: The mass cycles driving the
formation and evolution of galaxies (credit
T Rector & B Wólpa (NOAO/AURA/NSF)
permission from ESO; synopsis by Tielens
(2009))

Figure 1.5: Baryon budget for the Milky
Way (from Draine 2009).

and the clouds against self-gravity. Their high photon-fluxes influence the ionization,
dissociation of the ISM gas and its chemistry. Cooling by molecules is an important fac-
tor for gravitational collapse in the onset of star formation. There is a complex interplay
between the stars, the ISM and star formation in detail and involving the whole of the
galaxy illustrated by Fig 1.4 (A.G.G.M. Tielens in chapter 11 Thronson et al. 2009).
Stellar winds and supernovae from stars formed from gas in the inner star forming disk
of the galaxy stir up the interstellar medium. The summed effect of the massive stars in
the central part of the galaxy creates hot bubbles that vent into the galaxy halo. After
cooling, the gas is again sucked into the galaxy disk. There is furthermore a gravitational
infall of gas material from intergalactic space.

Stellar winds and supernovae are the main contributors to the ISM. Stellar winds push
≈ 1 M� yr−1 into the ISM with gaseous HI, He, H2 and molecules as well as dust see
scheme in Fig 1.5. This contribution of the gas to the ISM is dominated by the red su-
pergiant and giant stars. The low mass stars (on the late asymptotic giant branch) also
feed the ISM especially during the asymptotic giant branch phase as shown in Table
1.3. Together they directly constitute more than half of the stellar contribution, while
supernovae contribute a quarter to the gas mass. - Infall from intergalactic space adds a
further ≈ 1 M� yr−1.
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Table 1.3: Injection of gas and stardust from stellar sources (from Draine 2009)

gas dust stellar source frequency mass/event
[M�/yr] [M�/yr] [1/yr] [M�/event]

0.4 2 ·10−3 planetary nebulae 0.3
0.5 2.5 ·10−3 red giants, Cstar winds
0.06 < 1 ·10−4 OB, WR and hot stellar winds
0.25 2 ·10−4 supernovae 1 ·10−2 1 ·10−2

0.01 1 ·10−5 novae 1 ·102 1 ·10−7

∼ 1.2 ∼ 5 ·10−3 from all stellar sources

These additions of gas to the ISM is counterbalanced by a star formation of≈ 3 M� yr−1

(Avila-Reese et al. 2002), of which ≈ 0.2 M� yr−1 are withdrawn from the circulation
into white dwarfs, neutron stars and black holes.

1.2.4 time constants

Starting from the flow diagram Fig 1.5 the time constant for star formation (SFR), τSF ≈
MISM/SFR ≈ 2 ·109 yr, can be understood. The supernovae shocks are supposed to be
the main cause for grain destruction. A supernova can be calculated to influence more
than 1000 M� (Mshock) of ISM dust about once per century. The time constant for de-
struction would then be τd ≈ MISM/Mshock ≈ 4 ·108 yr. If these constitute the dominant
processes the time cycle for grains would add to τcycle ≈ 1./(τ−1

SF + τ
−1
d ) ≈ 3 ·108 yrs.

As shown by Draine (2009) few grains survive the erosion during the diffuse ISM phase.
In contrast most grains in the warm and cold ISM show evidence of growth as the result
of depletion and condensation.
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Figure 1.6: Abundance of the most common metals in the solar neighbourhood.

1.3 Dust processes

1.3.1 dust particle life cycle

The transition from the gas-phase to solid particles and their evolution involves a com-
plex interplay of many processes. The formation of solid grains in the stellar ejecta is
among other parameters dependent on the elements abundance (Table 1.4 and Fig 1.6),
their condensation temperature (Fig 1.7) and their ability to stick together either in the
form of atoms or of molecules. Their destruction and transformation in the ISM is the
result of erosion from collisions in turbulent flows and shocks. The grains are also de-
stroyed by sputtering from UV irradiation and cosmic rays. Of special interest is the
formation of silicates and graphite.

The result is an ISM-mass cycle with several phases. The first one consists of the phase,
when the gas mass from a star is ejected into the ISM. The end phase is the one, when
it returns from the ISM into forming a new star. The particles condensed in connection
with the ejection from the stellar atmosphere are later exposed to erosion caused by tur-
bulent flows and shocks. They are thus at least partly returned to the gas-phase. New
particles are also formed but under conditions other than the condensation phases namely
by absorbtion and chemical reactions on the particle surfaces and at lower temperatures.
The atoms and molecules of the original particles generated under high temperatures
near the condensation temperature tend to be arranged in crystal-like patterns. On the
other hand, as the later formed particles are created under low temperatures, their order-
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Table 1.4: Solar abundances. (Asplund et al. 2009, data from table 1)

element mole weight abundance A
[g mol−1] [10log(A) + 12.]

1 H 1.01 12.00
2 He 4.00 10.93 ± 0.01
6 C 12.01 8.43 ± 0.05
7 N 14.01 7.83 ± 0.05
8 O 16.00 8.69 ± 0.05

10 Ne 20.18 7.93 ± 0.10
11 Na 22.99 6.24 ± 0.04
12 Mg 24.31 7.60 ± 0.04
13 Al 26.98 6.45 ± 0.03
14 Si 28.09 7.51 ± 0.03
15 P 30.97 5.41 ± 0.03
16 S 32.06 7.12 ± 0.03
26 Fe 55.84 7.50 ± 0.0
28 Ni 58.69 6.22 ± 0.04

ing in the solid is not that regular, creating amorphous substances.

1.3.2 depletion

The present day interstellar medium consists of hydrogen, helium and other heavier ele-
ments (metals) in the mass relation 0.73:0.25:0.02. The heavier elements are the results
of stellar nuclear reactions, that arise when the star is formed by gravitational compres-
sion. The mass of a star determines how far this nucleosynthesis to heavier elements is
pushed. As stars evolve and die this processed material is re-injected into the ISM by
stellar winds, jets and supernovae. The main part of the heavy elements is kept inside
the stars, as the production of new metals inside the stars is much larger than the ejec-
tion of metals. The outer stellar layers are to a large extent not infected by the higher
concentrations in the central parts. Thus the analysis of the stellar atmosphere is a good
representation of the ISM at the time of formation of the star. There is a gradient in
abundances from the higher values in the galactic centre to lower in the outskirts. A fur-
ther complication of the estimation of the ISM abundances in the local region of the sun
is that the sun has higher metal abundances than most of the stars in the neighbourhood.
There exist several hypotheses to explain this deviation e. g. that the abundances are
typical for planet forming stars, or that the sun has been formed closer to the galactic
centre then its place today, or that the sun was formed in a nebula disturbed by a super-
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Figure 1.7: Gas-phase abundance, [X/H] = log(X/H) - log(X/H)�, vs condensation temper-
ature for the cool diffuse interstellar cloud toward ζ Oph (from Savage & Sembach 1996).

nova, or ejected from an old open cluster as suggested by Önehag et al. (2011).

As mentioned, elements heavier than hydrogen and helium are more or less depleted
from the gas phase and can be found in solid phase as grains or absorbed onto grains.
Some of the reactions that form the substances in the ISM can only take place on the
surface of grains, like the formation of hydrogen molecules.

The depletions of the various elements of the ISM are dependent on both temperature
and density. There is a correlation between depletion and the condensation temperature
TC for an element. There at least two groups of those that condense for TC < 1000 K
like C, N, O and S with low depletion and a group with higher TC with almost complete
depletion from the gas phase like Mg, Al, Si, Ca, Fe (Jenkins 2009; Savage & Sembach
1996).

In the same way the depletion correlation with the density measured as 〈nH〉 implies
that higher H-gas densities also means less presence of the element in the gas phase.
Other conditions may also influence the depletion as cloud velocity and height over the
galactic plane (Fitzpatrick & Spitzer 1997).
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1.3.3 grain formation

The models for the formation and destiny of dust grains must consider the dependence
on condensation temperature and density. The grains originate in the stellar ejecta (giant
winds and supernovae) and are exposed to the various cycles of the ISM, receiving and
emitting atoms to the gas. The models describe (e. g. Dwek 1998; Stognienko et al.
1995; Tielens 1998) the formation of a solid and stable grain core and a more volatile
mantle that migrates between grain surface and gas as consequence of variation of the
physical environment.

The big five - C, O, Mg, Si and Fe - constitutes the bulk of the dust material. It seems
that Si resides in silicates and absorb the Mg- and Fe-atoms with no tendency to combine
to SiC leaving carbon free. The C-atoms will to a large degree be found in graphite or
graphite-similar compounds as indicated by the extinction at short wavelengths.

1.4 Dust composition

1.4.1 origin of dust

The particles generated by nuclear reactions in the stellar interior and ejected into the
interstellar medium from the stars by stellar winds, jets or in connection with super-
novae (see Table 1.3) represent a great diversity of chemical substances (Table 1.5),
that reflects the many different stellar sources and environments. Some of these com-
pounds are formed not only as a condensation out of the ejecta but reformed as a result
of later processes, as destruction through sputtering, ion- or photon-irradiation or as de-
pletion through condensation of gaseous atoms and molecules onto both grain-cores in
the diffuse medium and in the denser clouds. The grain-surface may further act as a
mediator or a catalyst (as e g the formation of different ices like H2O, CO and CO2 and
for that matter the formation of H2) building core mantles or more complicated gaseous
molecules. The two most important components are the carbonaceous and the silicate
group of ingredients. Each group covers a range of chemical substances with a multitude
of compositions and structural properties.

Stellar objects generate different kinds of dust and can be characterized as O-rich and
C-rich. C-rich AGB-stars give rise to carbonaceous dust (graphites, PAHs, aliphatic
carbon, aromatic carbon), while around the O-rich AGB-stars water ice and silicates of
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Table 1.5: Interstellar dust compounds. (Thronson et al. (2009), data from chapter 11 author
A.G.G.M Tielens)

class compounds
amorphous crystalline

silicate olivine forsterite
pyroxene enstatite

carbonaceous HAC a, PAH b graphite, diamond
carbide SiC, TiC

ice H2O, CO, CO2, CH3OH, CH4

oxide Al2O3
c MgAl2O4

d other

ahydrogenated amorphous carbon
bpolycyclic aromatic carbon
ccorundum
dspinel

different kind can be found (see Table 1.5).

1.4.2 carbonaceous components

Carbon is the fourth most abundant element in the universe. It is a versatile element,
that can form a multitude of compounds. Around C-rich evolved stars the oxygen will
be locked as CO-gas, leaving the carbon free through its intricate chemistry to form a
multitude of C-compounds.

Ground state carbon with its ground state configuration (1s2, 2s2, 2p2) can share elec-
trons with neighbour atoms in hybrid bonding of three kinds (sp1, sp2, sp3) to form
molecules.

One carbon atom’s four valence electrons (2s and 2p) give rise to four atomic orbital
sp3 combinations into four σ bonds. In a tetrahedral structure (e. g. of CH4 and dia-
mond C-C single bond)

• (in the case of CH4) four equivalent C-H σ bonds can be made by the interactions
of four C sp3 each with one H 1s
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• (in the case of diamond) four equivalent C-C σ bonds can arise by the interaction
of four C sp3 each with one C sp3.

The sp2 hybrid is a mixture of the C-atom’s one 2s with two 2p atomic orbitals, gener-
ating three sp2 hybrids and leaving one 2p unhybridized orbital free. Each of the three
sp2 contains an unpaired electron, that can interact with H 1s generating σ bonds. At the
same time the 2p orbital can interact with another C-atoms 2p orbital shaping a π bond.
So a double bond C=C can be seen as the combination of a σ + π bond.

The benzene ring C6H6 is built by six carbon atoms in a ring of sp2 hybrid bonds. The
ring can be seen as six carbon atoms alternately connected with σ and π bonds. To the
ring are attached H-atoms with six σ bonds. The benzene rings form a group of com-
pounds referred to as aromatic. These rings can fuse to other rings forming polycyclic
aromatics.

In a similar manner two sp hybrids are made of a mix of the C-atom’s one 2s with
one 2p orbital for two σ , leaving two unhybridized p-orbitals free for building two π

bonds. The -C≡C- trippel bond can be seen as the combination of a σ and 2 ·π bond.

The carbon can also combine with other atoms in the ISM gas, most important are the
oxygen-atoms, but also other like nitrogen, silicate. In the CO molecule the C- and O-
atoms are bound together with a covalent bond of an electron octet. The CO molecule
is the most common gas molecule after H2. It is the most stable diatomic molecule
and yet it is essentially dissociated in the diffuse ISM. In high temperature regions of
the ISM carbon atoms or its carbon polymers exist in the gas phase. In gas state such
carbon-monomers as C, C2, C3, C2H2 and CH4 are also stable in certain regions of
temperature-pressure conditions.

1.4.2.1 crystalline and amorphous carbon

These aromatic rings of carbon connect to form complicated one dimensional patterns.
In the hydrogen rich environment the H-atom attach to the edges forming PAH (poly
aromatic hydrocarbons). The PAHs are sensitive to photon irradiation and easily lose
their hydrogen. Multi-atomic molecule arises with complicated carbon-only (diamond-
sp3-3dimensional , graphite-sp2-2dimensional, and fullerenes-1dimensional) structures.

The temperature environment under which these carbonaceous materials solidify de-
termine the end result. At high temperature the atoms have time to form crystals like
graphite and even diamond. At lower temperatures as in the clouds the formation of
amorphous substances are more likely.
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1.4.2.2 PAH

Figure 1.8: Mid-IR spectra of the PDR Orion Bar and PNa NGC7027 (from Tielens 2008).

The interstellar IR emission spectrum is rich and shows a wealth of detail. It is dom-
inated by emission features at 3.3, 3.4, 6.2, 7.7, 8.6, 11.2, 12.7, and 16.4 µm, see Fig
1.8. Many of the well-known features shift in peak wavelength position, vary in width,
and/or show finer structures, as a result of the local physical conditions. These IR emis-
sion features are to be found in the mid-IR spectra of almost all regions with associated
dust and gas and as a result of UV photon illumination and are attributed to polycyclic
aromatic hydrocarbons (PAHs).

1.4.2.3 origin and development

Carbonaceous dust is formed in the ejecta of evolved stars but forms also directly in
the ISM (Draine 2009; Jones 2009). The composition of the carbonaceous particles is
believed to be related to size. In the small end of the size spectrum, where the particles
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consist of only a few tens of C-atoms, the particles are assigned to PAH-like structures,
because of spectral similarities in the mid-IR emission bands. The nature of the larger
carbonaceous grains is not as evident, especially as they do not possess specific spectro-
scopic signatures.

Graphite has since long been a candidate, because its anisotropy could explain the po-
larization caused by dust. A heavy argument for graphite has been the strong absorb-
tion band (due to transitions of sp2 hybridized carbon electrons) found at 217 nm (the
"bump") in the interstellar extinction. This feature is, however, not a graphite-only fea-
ture. Many other carbonaceous compounds with aromatic rings show a similar feature.
Grains composed of graphite only cannot explain the observed bandwidth as shown by
modeling of the 217 nm band profile (by Draine & Malhotra 1993; Fitzpatrick & Massa
2007), that the observed bandwidth variability cannot be explained by graphite grains
only. The reason for these differences is still to be established. According to Draine
& Malhotra (1993) they may still have their origin in graphite but be an indication of
hydrogen attached to the surface or defects within graphite.

The carbonaceous dust particles are reprocessed several times after their first formation
phase. Observational evidence suggests, that dust composed of hydrogenated amorphous
carbon materials form around evolved stars, and is further processed in the interstellar
medium (e.g. Jones 2009). Several other ways to form hydrogenated amorphous carbon
material have been suggested, direct accretion of carbon and hydrogen or directly into
the ISM from the UV processing of ice mantles (after leaving the dense medium). In
evolved regions of the diffuse ISM ≈40 % of the available carbon is found in the gas-
phase (e.g. Cardelli et al. 1996). On the other hand, in regions, where the ISM has been
shocked to high velocities (in the order of 100 – 150 km s−1) in stellar jets and in the
local interstellar clouds, (see Podio et al. 2006; Slavin 2009; Welty et al. 2002, respec-
tively) most of the carbon atoms are found in the gas phase. This suggest that a large
fraction of the carbon dust has been destroyed. Serra Díaz-Cano & Jones (2008) reeval-
uated the processing of carbon grains in shocks, using the physical parameters typical of
hydrogenated amorphous carbon, rather than of graphite. They find, that hydrogenated
amorphous carbons are significantly more susceptible to sputtering than graphite. They
show, that more than 30 % of these type of carbonaceous grains are destroyed (≡ 60 –
100 % carbon in the gas) in 100 – 200 km s−1 supernova-generated shock waves in the
warm inter-cloud medium. Similar results are obtained for the evolution of the poly-
aromatic-hydrocarbons in shocks and in a hot gas (Micelotta et al. 2010a,b) and are in
good agreement with the observations of shocked regions of the ISM (e.g., > 80 % of
the carbon in the gas; Podio et al. 2006).

Thus, the carbonaceous dust formed around evolved stars is subsequently modified, by
ion irradiation (e.g. Mennella 2006) in shocks and by cosmic rays in the ISM, to an
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amorphous form implanted with other atoms, principally H atoms. However, the studies
of the processing of hydrogenated amorphous carbon dust and PAHs (Micelotta et al.
2010a,b; Serra Díaz-Cano & Jones 2008) indicate, that the ion and electron irradiation
of carbon grains in shocks is very destructive. The conclusion is, that it is probable, that
carbon dust in the ISM is completely reprocessed, instead of just being modified by the
irradiation in shocks.

Photon, ion or electron irradiation change the physical and chemical properties of hydro-
genated amorphous carbon solids. They undergo a process of transforming carbon sp3

chains into sp2 rings with H-atoms attached, when heated or exposed to UV or ion irra-
diation (e.g. Goto et al. 2003; Jones 2009). The interstellar absorption bands at 3.4, 6.85
and 7.25 µm can be explained by the presence of hydrogenated amorphous carbon solids
(with a high hydrogen-content) (e.g. Dartois et al. 2004). The hydrogenated amorphous
carbon model for hydrocarbon grains in the ISM would therefore predict, that the larger
grains, with temperatures in equilibrium with the local radiation field, should be rather
hydrogen-rich, because they do not undergo significant heating (e.g. Jones 2009). The
smaller and stochastically heated grains, on the other hand, will be transformed into hy-
drogen poor, low-density, small bandgap, aromatic-rich materials (rich in sp2-bonds and
aromatic rings). The photo fragmentation of these aromatic-rich grains could then be the
source of molecular aromatic species such as PAHs and other molecular fragments (e.g.
Jones 2009). It is also probable that the interstellar carbonaceous grains in general ap-
pear in the form of hydrogenated amorphous carbons, rather than graphite (e.g. Dartois
& Muñoz-Caro 2007; Dartois et al. 2004; Jones 2009)

1.4.3 silicate component

1.4.3.1 chemistry

The abundant elements Si, O, Mg and Fe form the cosmic silicates. The building unit-
block for the silicates in general is the SiO4−

4 tetrahedron, brought together in various
stages of polymerization. Constrained by the cosmic abundance of metals to provide
the cat-ions (positive charged ions) to establish electric neutrality the tetrahedra react
with Mg and Fe to form individual molecules or tetrahedra arrays. Silicates form a class
of materials with a large diversity in chemical composition and structural properties.
Silicates combine the Si-atoms with a tetrahedron of four oxygen atoms (SiO 4−

4 ) in a
rhombic crystal system (olivine) or with three oxygen atoms (SiO 2−

3 ) in a rhombic or in
a monoclinic structure (pyroxene). The cat-ions Fe and Mg can replace each other in the
crystal structures.

There are thus in principal three kinds of silicates:
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• olivines as M2xFe2−2xSO4

• pyroxenes as MxFe1−xSO3s

• hydrous silicates as silicate tetrahedra combined with OH1− layers.

Silicon dioxide (SiO2), is a special case with no need for positive cat-ions. All oxygen
atoms of a given tetrahedron are shared with the neighboring tetrahedron. An important
example of this group of materials is the mineral quartz.

The regular composition of tetrahedra form crystals. In the amorphous form the tetra-
hedra polymers are irregular, islands of tetrahedra crystals connected by cation bridges
instead of the oxygen ones. The phase change from crystalized to amorphous leads to
changes in physical properties.

1.4.3.2 cosmic silicates

In the diffuse ISM cosmic silicates are mainly found in the amorphous state, that is the
disordered form, characterized by broad and structureless IR bands at 9.7 and 18 µm,
explained by Si-O stretch and O-Si-O bend modes, respectively. In circumstellar envi-
ronments, around AGB-stars and in disks around e g Herbig Be stars and brown dwarfs
there are clear evidence of crystalline silicates as shown by their sharp absorbtion fea-
tures. The resonances in crystals are due to the well ordered long range structure of
atoms.

Amorphous silicates with the two broad IR bands at about 9.7 and 18 µm (correspond-
ing to Si-O stretch and O-Si-O bend vibrations), thus show strong features in emission
and absorption (depending on the optical depth). The large width of the bands is the re-
sult of a distribution of bond characteristics typical of amorphous silicates. The intrinsic
ratio of the peak strengths of the 18- to 9.7-µm band varies typically between 0.3 and 0.7.

The position of the Si-O stretching vibration is intimately related to the level of SiO−4
4

polymerization. The band is shifted from 9 µm for pure SiO2 to 9.7 µm for MgSiO3 to
about 10.25 µm for Mg2.4SiO4.4 (Jäger et al. 2003). As described by Ossenkopf et al.
(1992) the Mg/Fe ratio is critical in determining the absorption at near-IR and optical
wavelengths. Grain heating and transfer of radiation pressure in environments, where
the radiation field is strong in this wavelength range, are highly dependent on this ratio.
In the case of a glass with pyroxene composition, Dorschner & Henning (1995) demon-
strated experimentally that the absorbtion increases strongly with Fe-content. Crystalline
pyroxenes and olivines produce, in contrast to the amorphous silicates, a forest of narrow
bands from the mid- to the far-IR range due to oxygen atom vibrations.
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Table 1.6: Oxygen reservoir (from Whittet et al. 2007).

environment species abundance reference
% of solar

diffuse ISM atomic O 70 Meyer et al. (1998)
refractory dust 30

dense ISM refractory dust 30 Whittet et al. (2007)
ices 26

H2O 15
CO2 6
CO 5

CO gas 9 Frerking et al. (1982)
other sinks 35

During the life cycle of silicates, the structure of the silicate dust component will be
modified by several different processes

• annealing (conversion of amorphous into crystalline state) at high-temperatures
and the converse process.

• sputtering by energetic ions may contribute to the amorphization

• irradiation may result in chemical and structural processing

• collisional fragmentation

• recondensation onto silicate-cores

The asymptotic giant branch stars (AGB) together with supernovae are the most impor-
tant provider of dust to the ISM. Freshly formed dust grains may be annealed already in
the envelopes around AGB stars. Grain destruction by collisions certainly influences the
supernova dust yield. In the diffuse ISM several processes operate, including sputtering
and thermal erosion, collisional fragmentation, and chemical and structural transforma-
tion by irradiation. Both the end result as well as the speed of the these conversions are
temperature dependent.

1.4.4 ices

After H2 and CO, H2O is the most abundant molecule in the ISM. The formation of H2O,
CO and CO2 ices are intimately connected with the cloud oxygen-chemistry. Oxygen is
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Figure 1.9: Oxygen chemistry for the standard steady-state model in a plot, including
freeze-out, grain surface reactions, thermal desorption, photodesorption, and cosmic-ray
desorption (from Hollenbach et al. 2009). Abscissa is AV the extinction in the V-filter (cen-
tered at 0.55 µm). Reproduced by permission of the author and the AAS.

to a large extent bound in the dust but is also found in H2O and CO2 ices as shown in
Table 1.6.

H2O− ice : O(on grain) + 2 ·H(atomic) → H2O

CO2− ice : CO(gas− phase) + O(atomic−ongrain) → CO2

Water-ice requires a grain temperature Tgrain < 100 K, while CO-ice forms at Tgrain <
20 K (at the cloud densities). CO2-ice is formed on the grain surface. The ratio of
gas-phase CO to atomic H determines which of the equations above that will dominate.
Other ices with H-, C- and O-atom combinations (like HCOOH, CH3OH) have been de-
tected but are only minor constituents. The cloud physical state (radiation field, density
and temperature) determines the development of ice mantles. Oxygen is depleted onto
grain surfaces and forms water ice mantles on grains (Bergin et al. 2000). All the oxygen
in the molecular gas, which is not tied up in CO adsorbs quickly to grain surfaces, forms
water ice, and remains stuck on the grain as an ice mantle as illustrated in Fig 1.9.

The ice threshold is closely related to the phase change between predominantly atomic
and mainly molecular gas. Ice mantles are predicted to form primarily by surface re-
actions between accreted H- and O-atoms, and thus grow most efficiently on grains
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immersed in the densest gas that still has a significant atomic H content. Mantle growth,
in which atoms and molecules accrete from the gas, thus forms icy coatings. The rate of
growth is expected to be independent of the size of the particle in the absence of desorb-
ing radiation, and the appearance of mantles should thus introduce a systematic shift of
the entire size distribution toward larger sizes.

1.4.5 dust particle size distribution

The ISM dust chemical, physical and optical properties interact. The basic classical
particle size distribution d(ngrain)/da was suggested by Mathis et al. (1977)

d(ngrain)/da ∝ a−3.5 (MRN−distribution) (1.2)

where a is the radius of the spherical grains, extending from very small ( 5 Å) polycyclic
aromatic hydrocarbons to large (∼ 0.25 µm) dust grains. The MNR model is com-
posed of two such particle size distributions, one for carbonaceous and one for silicate
grains. It is assumed that the density of the grains is independent of grain size. Then
with these distributions, the largest grains provide the bulk of the grain mass, and the
intermediate-sized grains (∼ 0.01 µm) provide the bulk of the far UV extinction. The
smallest particles and PAHs provide the bulk of the surface area, and dominate the for-
mation of H2 on grain surfaces and the grain photoelectric heating process. The latter
influences the IR-emission longward of 20 µm. Smaller grains with radius a < ∼ 20
experience single-photon heating events, which clear them of ice mantles (Leger et al.
1985). The single-photon greatly influences the distribution of ice-mantles. In an MRN
distribution, the cross-sectional area of grains with radii a > ∼ 20 represent only one-
fourth of the total.

More sophisticated grain size distributions for the ISM have been suggested by Wein-
gartner & Draine (2001) (in order to incorporate the effect of the small grain sizes on the
emission at IR wavelengths). Their models result in a three peaked carbonaceous and a
one peaked silicate mass-distribution, see Fig 1.10.

1.4.6 dust particle life cycle

As discussed above, the transition from the gas-phase to solid particles and their evolu-
tion involves complex interplay of many processes. The formation of solid grains in the
stellar ejecta is among other parameters dependent on the elements abundance (Table
1.4), their condensation temperature (Fig 1.7) and their ability to stick together either in
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Figure 1.10: The mass distribution models from Mathis et al. (1977) and Weingartner &
Draine (2001). Reproduced by permission of the author and the AAS

the form of atoms or in the form of molecules are important parameters. Their destruc-
tion and transformation in the ISM is the result of erosion from collisions in turbulent
flows and shocks. The grains are also destroyed by sputtering from UV irradiation and
cosmic rays. Of special interest is the formation of silicates and graphite.
The result is the ISM-mass cycle, that was described earlier in section 3.1.

1.5 Extinction - physics

1.5.1 spherical particles

The intensity of light traversing a particulate medium is reduced by two procedures -
absorbtion and scattering. The photons of the light also influence the particle. They
heat the particles and their momentum change the particles velocity. The spectral prop-
erties of the transmitted light are also modified, expressed in extinction and polarization
curves. These are dependent on particle size and shape as well as particle structure and
composition. The extinction and polarization curves therefore carries information on the
properties of the dust.

To a first approximation the particles may be considered to be spheres. Polarization
measurements show that this is not strictly true for all particles. Calculations show,
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however, that spheres are good approximations to randomly oriented spheroids.

The extinction cross-section Cext is the sum of scattering Csca and absorption Cabs. The
cross-sections depend on particle size (radius a) measured in number of wavelengths
x = 2π ·a/λ

Cext(x) = Cext(a,λ ) = Csca(a,λ ) + Cabs(a,λ ) (1.3)

is usually expressed as extinction, scattering and absorption efficiencies Qext , Qsca and
Qabs respectively defined by

Qext(a,λ ) =Cext(a,λ ) / (πa2) = Qsca(a,λ ) + Qabs(a,λ ) (1.4)

at the wavelength λ . Introducing an accumulated grain size distribution N(a) for the
number of particles with radii < a we have the number of particles with radius a to a +
da is dN(a)

da ·da. These particles reduce the light intensity I(λ ) by dI

dI/I(λ ) = τ(a,λ ) · dN(a)
da

·da (1.5)

where τ(a,λ ) is the optical depth of extinction for particles with radius a at wavelength
λ .

τ(a,λ ) =
dN(a)

da
·Cext =

dN(a)
da

·Qext(x) · (π ·a2) (1.6)

So with all particle sizes from amin to amax

τ(λ ) =
∫ amax

amin

τ(a,λ ) ·da

τ(λ ) =
∫ amax

amin

Qext(x) · (π ·a2) · dN(a)
da

·da

The intensity I0 has thus after the path length L at the wavelength λ been reduced to

I(λ ) = I0(λ ) · e−τ(λ ). (1.7)

The efficiencies Q are functions of the particle composition expressed as the refractive
indices

m = n + i · k (1.8)

For spherical and a few other geometries the cross section efficiencies Qext and Qsca

can be calculated from Maxwell’s equations with appropriate boundary conditions at
the grain surfaces. A solution was first formulated by Lorenz (1898) (in 1890 and in
Oeuvres Scientifiques de L. Lorenz, 1898) and later independently by Mie (1908) and
described in detail e g in van de Hulst (1957), Bohren & Huffman (1983), Mishchenko
et al. (2002). For these computations the refractive indices must be known.
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Dielectric materials (like silicates and ices) that have the imaginary part k of the re-
fractive index small or zero give rise to scattering only. The real part then varies little
with wavelength and in many instances can be approximated by setting m ∼ n. The
Cauchy’s formula predicts a wavelength dependence of

n ' c0 + c1 ·λ−2 + c2 ·λ−4 (1.9)

where c1 and c2 often are quite small.
Strongly absorbing materials like metals, however, have n and k of the same order and
may vary profoundly with wavelength.

A Mie-calculation for spherical particles of a low absorbing material m = 1.5 + i ·0.1
with small λ -dependent refractive indices is shown in figure 1.11. It shows the charac-
teristic behaviour of the extinction efficiency Qext

• x4-rise of Qsca from very small x-values

• Qsca linear increase between ∼ 1. < x < ∼ 3.

• the maximum at around x ≈ 3. and

• the ripple structure of Qsca around a Qsca ' constant.

At the same time the Qabs-behaviour is slowly varying up to a constant value.

1.5.2 small particles

For particles small in comparison to the wavelength of the light used for examination,
x � 1, some approximations are allowed Bohren & Huffman (1983).

Qext = 4x · Im{(m2−1
m2 +2

)[1 +
x2

15
· (m2−1

m2 +1
) · m

4 +27m2 +38
2m2 +3

]

+
8
3
· x4 ·Re(

m2−1
m2 +2

)2}

Qsca =
8
3
· x4 · |m

2−1
m2 +2

|2

Qsca (for small x) is the Rayleigh-scattering. With some further simplifications and ap-
proximations Qabs = Qext − Qsca can be found to be

Qabs = 4x · Im{m2−1
m2 +2

}, (1.10)
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Figure 1.11: Scattering, absorbtion and to-
tal extinction from Lorenz-Mie calculations
versus the dimensionless 2π ·a/λ .

Figure 1.12: Ratio of extinctions for a grain
mixture composed of carbonaceous and sili-
cate grains of one size with and without an
ice mantle showing that the ice mantle ac-
tually lowers extinction in wide wavelength
ranges.

implying that the absorbtion cross section Cabs = πa2 ·Qabs is proportional to particle
volume.

For the substances and grain sizes prevailing in the ISM the albedo for wavelengths
red-ward of 1 [µm] is low. Absorbtion is the dominant effect. As a consequence the
extinction is volume dependent.

1.5.3 ice coated particles

A frequently used model for grains in the ISM is that of spherical particles separated
in carbonaceous and silicate ones (Mathis et al. 1977). In the dense clouds one model
for the ice formation is that of ice coating the grains in the form of an ice mantle. The
Mie-calculations for coated grains can give the extinction and scattering. The ice mantle
raises the extinction in the resonance wavelengths, but also affects the extinction spec-
trum outside these regions, as Fig 1.12 shows. Here the water-ice coating in wavelength
regions outside the water resonances can be seen to lower the extinction. The reason is,
that the ice in part shields the grain from the light by scattering.

There are however other models, that describe the ice mixture with the grains more
as dirty snow. These models then leads to more complicated calculations (see below).
Amazingly enough, the simpler Mie-models often suffice to explain measurements.
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1.5.4 nonspherical particles

Mie-calculations of spheres can be extended to spheroids and cylinders. More compli-
cated geometries as certainly are to be found in the ISM must be treated in other ways e
g discrete dipole approximation (DDA) (Purcell & Pennypacker 1973), T-matrix method
(Waterman 1965), and effective medium theory (EMT) (see e g Ossenkopf 1991).

1.6 Dust and gas

The relation between the observed magnitude (mV ) and the intrinsic (MV ) in the V-filter
(centered around 0.541 µm)

mV = MV + 5 · log10(d) − 5 + AV , (1.11)

Then if the intrinsic magnitude MV and the distance d are known the extinction AV

can be calculated from the measured magnitude mV . However, for nearby stars with
well determined distances the extinction tend to be smaller than the uncertainty in the
intrinsic magnitude of the star. At larger distances, where the extinction is large enough,
the precision of the distance estimations puts the limits. A much easier quantity to
determine than AV is the reddening or colour excess e.g. EB−V .

EB−V = (B − V ) − (B − V )0 (1.12)

This is called the ’selective extinction’ in the Johnson photometric system, where (B -
V) and (B - V)0 are observed and intrinsic colours. (B- and V-filters have a centre wave-
length of 0.44 and 0.55 µ respectively.) The reddening EB−V can often be determined
with good accuracy, as the intrinsic (B − V )0 is well known for many types of star. RV

defined as
RV = AV/EB−V

for the diffuse ISM has been found to be a variable with small variances. RV , is theoreti-
cally expected to depend on both dust properties, composition and grain size distribution.
RV is thus the way to convert reddening measurement to extinction.

Investigations of the dust distribution in the Milky Way have shown, that the particles
responsible for the reddening are found in a thin disc near the galactic equator with a
scale-height of ∼ 50 pc, to be compared with the stellar scale-height estimated to be
about 300 pc.
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The N(H) has been estimated in the solar neighbourhood from H2 and HI measurements
in FUV (Bohlin et al. (1978)) (vibrational-rotational H2(1,0) Lyman-Werner band and
HI Lyα -line, respectively). At the same time the optical extinction (tracing the dust with
the extinction in the V-filter AV ) shows that the gas and dust particles are well mixed.
Bohlin et al. (1978) showed the good correlation between NH and AV . As a consequence
the dust can be used as a fairly good tracer for the gas.

The ISM is thus nicely placed along the galactic equator. However, the distribution
is uneven on almost any scales from the size of our solar system to that of a MW spiral
arms (10−4 to 103 pc).

For the diffuse ISM the relations between EB−V , AV and NH = N(2· H2) + N(HI) are
found to be constants leading to

NH/AV = 1.9 ·1025[m−2 mag−1] (1.13)

Given the mean(AV /L) this converts into 〈nH〉 = 〈NH/L〉 ≈ 4 · 1022 m−2 pc−1. With a
scale height h ∼ 50 pc the ISM hydrogen disc surface density σH

〈σH〉 = 2 ·h ·mH · 〈nH〉 (1.14)

An approximate estimation of the disk surface ISM gas mass density σISM can be ob-
tained from σH with a correction for the abundance of H and He in the ISM-gas (NH +
NHe)/NH = 1.1 leads to the surface density approximation 〈σH〉 ≈ 5 M�pc−2.

1.7 The general extinction curve

1.7.1 UV, optical to near-IR

The extinction curve takes the same general form in many sightlines. Without any am-
bition to explain the physics Cardelli et al. (1989) (henceforth CCM) describe the wave-
length dependence of the extinction by polynomials Fig 1.13. They found that the ex-
tinction can be described with one parameter, namely RV = AV/E(B − V ). With the
help of this parameter the extinction can be described for the ISM in many directions
over the wide wavelength range 0.1 < λ < 3 µm and for different RV -values, see Fig
1.14.

The extinction shows some distinctive features in the wavelength range 0.2 < λ <
2 [µm]. The most evident is the bump at λ ∼ 0.2175µm, but there are other recogniz-
able characteristics indicated in Fig 1.13. In the optical the knee at 0.45 µm is followed
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Figure 1.13: The extinction normalized to that in
the V-filter (centered at 0.55 µm) in the ISM as de-
scribed by CCM.

Figure 1.14: The extinction in the
ISM as described by CCM for differ-
ent RV values.

by the linear portion between 0.45 < λ < 1. µm before the extinction fades in the toe
(in the left corner of Fig 1.13) with an exponential ∝ λ−1.61.

The bump peak extinction wavelength, the width and the strength have been extensively
studied. The wavelength of the peak has been found to be fairly constant. The width
and strength on the other hand correlates with the sightline sampling of diffuse hot, or
cold regions or of molecular clouds. The bump feature has been compared to laboratory
measurements and calculations of grain size distribution. One of the most rigorous re-
strictions is the small variation of the peak wavelength when width and strength varies.
Small graphite grains seem to be the most probable cause, even if other derivations of
graphite such as polycyclic aromatic hydrocarbons (PAH) may contribute. However, it
seems that graphite in small grains is the most likely genitor. The shape of the grains
may explain the width and strength of the bump, especially as the graphite and amor-
phous graphite are anisotropic.

As described earlier the extinction is the result of absorbtion and scattering. For long
wavelengths longer than the largest grain sizes scattering is a small part and absorbtion
dominates, see Fig 1.15. Extinction is then mainly particle-volume dependent and the
condition are those where x = 2πa/λ in Fig 1.11 reach small values. While at short
wavelengths x reaches higher values and scattering dominates, as can be seen from Figs
1.11 and 1.15. The small particles is not only involved in the scattering at short wave-
lengths, but they are also the source of the IR-emission as a result of absorbtion in the
UV-radiation field.
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Figure 1.15: The ISM extinction
(solid line) and the correspond-
ing absorbtion (dashed) for a par-
ticle size distribution according to
Draine (2003).

Figure 1.16: Infrared Space Observatory (ISO) Short
Wavelength Spectrometer (SWS) spectrum of the deeply
embedded massive YSO NGC 7538 IRS9, covering the en-
tire 2 to 20 µm region. A variety of ice mantle and refrac-
tory grain core features are evident (from van Dishoeck &
Blake 1998; Whittet et al. 1996).

1.7.2 mid-IR

The midIR wavelength range is the realm of molecular rotations and vibrations. The
ISM-features can be seen in both absorbtion and emission. As discussed above the most
prominent features are the silicate bands at 10 and 18 µm. In dense clouds the ices from
H2O, CO and CO2 as well as other small carbon-oxygen-hydrogen-molecules (like CH4,
HCOOH, CH30H) see Fig 1.16 and Table 1.7. High-resolution spectra also show the re-
combination lines of HI and ro-vibrational lines of H2.

1.8 Observational techniques

1.8.1 pair method

Most methods to measure the extinction are associated with the analysis of light from
individual stars or groups of stars. A comparison is made with stars obscured by the
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extinction to be measured and others that are not or to a less degree. Several more or less
different methods can be discerned. The most widely used method is pairing stars of the
same luminosity and spectral class but unequal reddening and comparing their colours.
The apparent magnitude (mλ ) for each star relates to the absolute magnitude (Mλ ), the
distance (d) and the extinction (Aλ )

mλ = Mλ +5 · log(d) − 5 + Aλ (1.15)

As the intrinsic magnitudes Mλ are similar, the apparent magnitude difference ∆mλ be-
tween the two stars can be set to

∆mλ ' 5 · log(d1/d2) + ∆Aλ (1.16)

where d1 and d2 are the distances to the stars 1 and 2. If now the extinction Aλ of one
of the stars can be neglected, so that ∆Aλ ' Aλ for the obscured star, then one gets
∆m(λ ) ' 5 · log(d1/d2) + Aλ . The excess E(λ ) defined as E(λ )1 = ∆mλ − ∆mλ1

then gives the extinction difference for two wavelengths λ and λ1 and does not contain
the distance ratio, so

E(λ − λ1) = Aλ −Aλ1

The excesses given are often normalized as En(λ ) = E(λ − λ1)/E(λ1 − λ2).
A variant of the method is naturally to use a synthetic stellar atmospherical model as
the unobscured reference. The problem with the method is not only the lack of finding
matching pairs, but also the difficulty in the classification of the stars, especially the ob-
scured ones.

Table 1.7: Molecular vibrational modes creating absorbtion by molecular ices.

molecule mode λ band strength A*1020

[µm] [m/molecule]
H2O O – H stretch 3.05 200

H – O – H stretch 6.0 8
libration 12 31

CO C = O stretch 4.67 11
CO2 C = O stretch 4.27 80

O = C = O bend 15.3 15
CH4 C – H stretch 3.32 8

deformation 7.69 7
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Figure 1.17: Figure to demonstrate
the reddening vector as the dis-
placement of the unobscured stars
(green) towards the obscured (red) in
a colour-colour diagram.

Figure 1.18: The median of the logarithmically pro-
jected separation of the nearest stars vs U-magnitude
limits. The dashed curves show one standard devia-
tion.

1.8.2 statistical reddening

A robust and simple method for estimating the relative extinction is to find the so called
statistical reddening. The set of colour indices for the background stars can be regarded
as projections of a reddening vector, see Fig 1.17 for an illustration. Generally the back-
ground stars show a wide spread of intrinsic colours, so it cannot be used to infer the
extinction to an individual star or to stars in a small region. The direction of the redden-
ing vector, however, can be found for the whole assembly of stars and it can be used to
extract the normalized excess Enormalized(λ ), if the corresponding intrinsic colour vectors
can be estimated.

The normalized excess can be found with reasonable accuracy. The spatial resolution,
however, is poor and so is the estimation of the total extinction.
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1.8.3 star counting

Star counting is a straightforward way of estimating the interstellar extinction. The star
count methods goes back to Wolf (1923), and is based on the observation that fewer stars
are observed in an obscured directions of the sky. The projected surface density of stars
in an obscured region is compared to that of a region without foreground extinction. The
stars are counted in magnitude intervals in each cell of a grid of cells. The size of the
cell is a compromise between spatial and statistical resolution.

Cambrésy (1999) presented an improved method, where the star density is estimated
as the projected distance to the stars in the local surrounding. The size of this local sur-
rounding and therefore the magnitude of the statistical resolution can be determined by
including a pre-determined number of stars.

In the reference (not obscured) field a relation of the mid (mean or median) distance
dre f of the neighbouring stars up to a magnitude limit mlimit gives a linear relationship
between dre f and mlimit

log(dre f ) =Clinear ·mlimit ; (Clinear is a constant.)

Having found the constant Clinear, the relationship

mlimit = m0 − 1./Clinear · log(d)

valid for both the object and reference fields, but having different values for the con-
stant m0, namely the difference in the extinction between the two fields, see Fig 1.18.

The star count method is simple and straightforward. If the reference field is representa-
tive for the star field behind the cloud to be measured it directly produces a measurement
of the extinction of the foreground cloud. In contrast to the other methods it gives to-
tal and absolute extinction without the need for an extrapolation to infinite wavelength.
However, in practice the assumption of a smooth distribution of background stars in all
three dimensions is not valid. This limits the extinction measurement accuracy of the
method. The spatial resolution compared to methods based on reddening of the separate
background stars is naturally poor.

1.8.4 variable extinction method

Measurements of color indices result in the reddening curve. In order to find the extinc-
tion curve in a wavelength region at least one absolute measurement of extinction must
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be achieved. The obvious is a magnitude measurement at a enough long wavelength, that
extinction can be regarded as zero. Another solution is the variable extinction method
(described in the review by Krelowski & Papaj 1993).

The adopted parameter is the total-to-selective extinction ratio

Rλ1 =
Aλ1

E(λ1 − λ2)
(1.17)

With observed extinction originating within a stellar aggregate then the apparent and
absolute magnitude of any star are linked by the familiar relation

mλ1 − Mλ1 = Rλ1 · ((mλ1−mλ2) − (Mλ1−Mλ2)) + 5 · log(r)−5 (1.18)

If, in addition, all stars are nearly of the same kind, so that the intrinsic (Mλ1 − Mλ2)
is nearly constant, and if the stellar aggregate is distant enough, so that all stars can be
regarded as equi-distant then the distance modulus mλ1 − Mλ1 versus the color excess
(mλ1 −mλ2) gives a straight line. From the slope Rλ1 of this line the absolute extinction
Aλ1 can be determined.

1.8.5 multicolour methods

1.8.5.1 star classification

The key issue when using a background star as light source for the extinction analysis is
to get a handle on the stellar spectrum. There are several atlases parameterized in grids
of several dimensions. The most important of these are the effective temperature, surface
gravity, and also stellar atmospheric metal content and turbulence. A well known atlas is
the Morgan et al. (1943) stellar classification. Later several atlases of typical parameter-
ized stellar spectra have been created e g Gunn & Stryker (1983), Bagnulo et al. (2003),
Jehin et al. (2005). Lately synthetic spectra based on several thousand substances and
their spectral lines have been constructed and easy to use (e. g. Hauschildt et al. 1999;
Kurucz 1996).

With the knowledge of the classification of a background star that can be established
say from the analysis of data from a restricted wavelength range (from photometry or
spectrometry), the extinction can be obtained from measured flux data in a wide wave-
length range.

Several multicolour systems (e. g. the Strömgren four-colour system, see Strömgren
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Figure 1.19: Drawing illustrating extinction to a 3-
star group. The common extinction is Aλ with ad-
ditional extinctions δAλ for lines of sight to two of
the stars.

Figure 1.20: Colour-colour U −
Ks vs I − Ks diagram showing the
common extinction within the cloud
(red) and the extinction outside the
cloud (blue) for each line of sight.
The solid line is the intrinsic colours
for main-sequence stars, the dashed
for giants.

(1966), or the Vilnius seven-colour photometric system Straižys (1993)) have been ex-
tensively used to classify stars and quantify stellar properties. They are based on mea-
surements in well defined narrow-band filter sets and the correction for the interstellar
extinction is carried out by adopting an extinction law.

We propose a more general way to determine the intrinsic properties of stars as well
as the extinction curve, based on multicolour measurements.

1.8.5.2 SED method

For a given star, the observed SED (Spectral Energy Distribution) represents the com-
bination of the intrinsic SED of the star, the distance and the extinction along its light
path. Without any separate knowledge of the star and without any assumption of the
wavelength dependence of the extinction, there is no way to determine the intrinsic SED
of one star and the extinction. However, if we consider two (or more) adjacent stars and
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assume that their cloud extinction is similar, then it is possible to find both the spectral
class of the stars and the extinction of the intervening part of the cloud. Combining sev-
eral stars in a group with neighbouring sightlines there is a part of the extinction common
to all in the group (see Fig 1.20, red arrows), namely the part through the cloud (see Fig
1.19). We assume, that the extinction from those parts of the sightline passing regions
outside the cloud (see Fig 1.20, blue) follow that of Cardelli, Clayton, & Mathis (1989).
This allows us to create an equation system containing the colour indices CI(λi − λ0)
from multi-filter measurements λi and λ0 of each star in the group, where λi are the
wavelengths of the filter set.

For a group of three we have for filter [λi] and star#1, 2 and 3

CI([λi] − [λ0])1 = CI([λi] − [λ0])0,1 +Aλi − Aλ0

CI([λi] − [λ0])2 = CI([λi] − [λ0])0,2 +Aλi − Aλ0 +∆E2

CI([λi] − [λ0])3 = CI([λi] − [λ0])0,3 +Aλi − Aλ0 +∆E3

where CI([λi]− [λ0])∗ are the measured inputs, while the CI([λi]− [λ0])0,∗ are the param-
eterized stellar models for the intrinsic colours with parameters like effective tempera-
ture Te f f , surface gravity and metallicity. Finally Aλi − Aλ0 is the common excesses,
namely that of star#1. The other stars may have the additional excesses ∆E∗, caused
by the diffuse ISM-extinction, from the background stars to the cloud. As this also can
be parameterized to follow e g a CCM-function we have a non-linear over-determined
equation system, that can be solved by an optimizing technique for Aλi − Aλ0 and the
stellar model parameters of the stars.

1.8.6 atomic and molecular spectral lines

Lutz et al. (1996) used emission lines caused by the ionizing radiation from the stars
in the galactic centre and generated in molecular clouds to deduce the extinction for
λ > 2 µm. With the help of the ISO satellite SWS spectrometer they traced the pop-
ulation of pure rotational and rotation-vibrational H2 lines as well as lines from atomic
metallic fine structure lines e.g. [NeII], [NeIII], [SIII], [SIV], [ARII], [ArII], [OIII],
[OIV]. [FeII], [FeIII]. The emission is produced inside the cloud. It is also subject to the
extinction of the cloud. The reddening by the cloud can be deduced from the flux ratios
of the emission lines.

The atomic and molecular spectral line analysis have great advantages. If the environ-
ment is well defined, the method is more precise, since the intrinsic uncertainty of the
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relative strengths is smaller than spectral uncertainty of stellar emission. The extinctions
derived at several wavelengths are compared with broad band filters well defined, so the
effective wavelength is well defined. Additionally there are many lines available (more
than broadband filters). Caveat lector - for a general method the small intensity achieved
in the emitting cloud prevents its application except in a few cases.

Rosenthal et al. (2000) have used the outflow region shocks from inside the OMC-1
cloud as H2 emission source in a similar way.

Both groups find the extinction by normalization Aλ with a power law Aλ ∝ λ−1.7

for 2.4 < λ < 6 µm. They also fixed the relation of the band strength of water-ice
and the silicate features at 3, 9.7 and 18 µm as well as the ratios A9.7/AK and A18/AK

reach an expression for the extinction. Fritz et al. (2011) improved the study of Lutz
et al. (1996) by adding a long wavelength (2 cm) measurement, so that the reddening
with good accuracy can be converted to extinction.

1.9 Extinction measurements

1.9.1 galactic centre and Red Clump

1.9.1.1 galactic centre morphology

The distance to the galactic centre is found to be 8.03 ±0.15 (equal to a distance modu-
lus of 14.52 ±0.04) from parallax measurements (Reid et al. 2009) and from photometry
of variable and red clump stars (Schödel et al. 2010).

Within the central parsecs of our Galaxy, observations at radio-, IR-, and Xray wave-
lengths have established the existence of a super massive black hole, at the dynamical
centre of the Galaxy. The black hole seems co-located with the nonthermal radio source
Sgr A∗. From the Keplerian motion of nearby stars its mass is estimated to be more than
4 ·106 M� (Ghez et al. 2008).

The inner few parsecs outside of the black hole is surrounded by 106 to 107 stars, and
a hierarchy of dense molecular clouds. The inner few parsecs are however relatively
empty of gas and dust, but streams of neutral and ionized gas seem to penetrate the cav-
ity and point towards the centre.
Between radii of approximately 2 and 7 pc from Sgr A∗, a rotating ring or torus of dense
molecular gas and dust is observed, the Circum Nuclear Disk, CND. The ring is tilted
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about 70 degrees from the Galactic plane, and the motion of the CND is basically Keple-
rian. The CND is, however, composed of clumps with motions and turbulence deviating
from the bulk rotation velocity of about 110 km s−1. Inside of the CND is a system of
ionized spiral-like streams of gas, the mini-spiral, Sgr A West, with a central bar cross-
ing the centre (Zhao et al. 2009). The source of ionization is the great number of stars
inside the CND.

In general terms it is hypothesized, that the CND is fed by dense molecular clouds out-
side of the torus. The streamers inside of it consists of material, that loses momentum
by collisions and radiative cooling and travels towards the centre, and ultimately feeding
the black hole.

On the larger scale from the centre is the galactic bulge, a concentration of stars sur-
rounding the centre in the form of an ellipsoid with great eccentricity, traversed by a bar
along the major axis, and stretching out approximately to the co-rotation radius. The
mass of these stars is estimated to be ∼ 1010 M�. An important component among these
stars is the group called red clump stars.

1.9.1.2 red clump stars

The red clump stars (RC) have gained considerable attention for their potential as a
standard candles. They are horizontal-branch, metal-rich stars with relatively low mass
(∼ 2 M�) burning helium in their cores and are classified as K1-3 giants. They are bright
and have a reasonable narrow luminosity distribution with weak dependence on metal-
licity, something that makes them suitable as standard candles.

They are abundant around the galactic centre as well as in the neighbourhood of the
sun (and in neighbouring star clusters and galaxies). Their intrinsic properties (in V, I
and Ks) have been carefully measured for stars, for which also parallax values are avail-
able (Alves 2000; Grocholski & Sarajedini 2002).

1.9.1.3 colour photometry

Rieke & Lebofsky (1985) observed the galactic centre in near-IR and mid-IR filters.
They measure the reddening and could by assuming a value of E(V − K)/E(B − V ) =
2.744 obtain the extinction for the galactic centre stars. The whole extinction curve
from wavelengths 0.35 < λ < 13 µm was created by splicing the extinction short-
ward of 1 µm (Nandy et al. 1976; Schultz & Wiemer 1975; Sneden et al. 1978) from
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directions other than the galactic centre with that longward of 1 µm and assuming
RV = AV/E(B − V ) = 3.09.

1.9.1.4 RC-method

The knowledge of the intrinsic properties of the red clump stars in Ks-filter and the
intrinsic colours H-Ks and Ks-L’ (Alves 2000; Groenewegen 2008) together with the
distance modulus to the galactic centre makes it possible to calculate extinction as the
ratios Aλ/E(λ − Ks) (Schödel et al. 2010).

The distances to the red clump stars in the galactic bulge are approximately the same.
They thus occupy a distinct region in the color-magnitude diagram and can be used as
standard candles at an equal distance. The shifts in color and magnitude can be assigned
to variations in the extinction. They will therefore be located in a straight line with a
slope of Rλ = Aλ/E(λ1 − λ ) according to the variable extinction method described in
Krelowski & Papaj (1993). This way the extinction can be determined without resorting
to long enough wavelength, where extinction can be regarded to be zero.

The variable extinction method is further developed by Wozniak & Stanek (1996) and
applied to the galactic centre red clump stars to determine RV = AV/E(V − I). Further
developments of the method and results applied to the extinction towards the galactic
centre have been reported in a series of papers by Nishiyama et al. (2006, 2008, 2009)
with extinction determination in near-IR and mid-IR. The central region of the galactic
centre (|l| <. 3◦, |b| <. 1◦) has been observed in wavelengths from that of the J-filter
to that of the Spitzer/IRAC-filters. The RC-method involves the subdivision of the sur-
vey area into smaller fields. In each of these the Ks versus Ks−λ magnitude-vs-color
diagram is created and the slope of Ks versus E(Ks−λ ) is determined from the distri-
bution of slopes for all fields. Their results transformed into Aλ/E(λ −Ks) is found in
Paper III Tab 5.

1.9.1.5 recombination lines

Fritz et al. (2011); Lutz (1999); Lutz et al. (1996)
The galactic centre minispiral with its intense radiation field provides an extended source
of emission from recombination lines of HI (as well as metals like Ar, Ne, Fe, and S), that
can be used to measure extinction (or at least reddening). Fritz et al. (2011); Lutz (1999);
Lutz et al. (1996) obtained spectra of the minispiral at the galactic centre. With the elec-
tron temperature and density determined (by Shukla et al. 2004, for H41α line and 3.26
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Figure 1.21: Resulting Aλ/AKs from studies in sightlines towards the galactic centre (Fritz
et al. 2011; Nishiyama et al. 2009). The solid black line (Olofsson & Olofsson 2011) from
a sightline towards the rim of B 335, follows the CCM-extinction for 2 < λ < 8 µm.

mm continuum) hydrogen recombination emission line fluxes for 2.5 < λ < 19 µm
and the reddening can be calculated. They used the flux in the radio wavelength of
λ = 2 cm, for which the extinction Aλ=2cm ∼ 0, see Fig 1.21 to determine the intrinsic
brightness of the recombination lines observed in the mid-IR.

1.9.2 dense clouds

The intrinsic luminosities and color distributions of red clump K giants, determined by
the evolution of stars from the main sequence (and the initial mass function) to the hor-
izontal giant branch, are narrow (± . 0.5 mag) and do not vary in the galactic plane.
Indebetouw et al. (2005) observed the massive star forming region RCW49 (more than
2 kpc distant), as well as two off-field regions very close to the galactic plane, and sup-
plemented the Spitzer IRAC (3.6, 4.5, 5.8 and 8 µm) data with 2MASS observations
from the same fields. In their analysis they combine the wavelength-independent effect
of distance on the apparent magnitude (the 1/d2 change in flux) with the wavelength-
dependent effect of extinction, to solve the average extinction per unit distance and thus
the absolute ratio of extinctions, AJ/AK .

Reddened red clump giant stars (along the galactic plane at l = 284o) were selected
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Figure 1.22: Colour-magnitude diagram for field sources near l = 284o. The red giant
branch are marked with red dots, while the area around ([J − K, J] ≈ [0.7,15.]) are
main sequence dwarfs (black dots). (Figure from Indebetouw et al. 2005). Reproduced by
permission of the author and the AAS

from their position in the J versus J − Ks color-magnitude diagram and they sorted out
almost 4000 giant stars for their analysis. They perform a four-variable minimization to
fit the curved red giant branch star locus and determine the amount of extinction per unit
distance, cJ and cK for the J and K-band respectively (see Fig. 1.22). The curve can be
written parametrically as a function of distance d:

J = J0 + 5 · log(d/10) + cJ · (d/10) (1.19)

J − K = J0 − K0 + (cJ − cK) · (d/10) (1.20)

This method applied to the red clump stars in the galactic plane in direction l = 284o

generates a ratios AJ/AK = 2.50 and AH/AK = 1.55. These ratios allow other ratios
Aλ

AK
for longer wavelengths λ to be calculated from measurements of excesses E(λ − K)

E(J − K)
according to the relation

Aλ

AK
= (

AJ

AK
− 1) · E(λ − K)

E(J − K)
+ 1 (1.21)

.

Background stars behind dense clouds are invisible in optical wavelengths, so mea-
surements have to rely on near-, mid-IR and longer wavelengths. Several studies on
dense clouds have been performed in these wavelength ranges. Among these are the
investigations by Flaherty et al. (2007) observing five star-forming regions (inter alia
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Figure 1.23: Resulting Aλ/AKs from studies in sightlines towards dense clouds (Chapman
& Mundy 2009; Flaherty et al. 2007; Indebetouw et al. 2005; Román-Zúñiga et al. 2007).
The solid black line (Olofsson & Olofsson 2011), from a sightline towards a dense part of
B 335, raises the extinction for the wavelengths 2 < λ < 8 µm.

Orion A, Serpens, Ophiuchus), by Román-Zúñiga et al. (2007) who studied the dark
cloud Barnard 59 and by McClure (2009) who observed stars behind many dark clouds
(among others Taurus, Chameleon and Serpens). To calculate the Aλ/AKs the slopes of
excess relations (H − Ks) versus (Ks − λ ) and the ratio AH/AKs = 1.55 from Indebe-
touw et al. (2005) are inserted in equation (1), Fig 1.23.

1.10 Cloud collapse

Gas motions in the ISM can be classified according to the geometrical scale of motion.

• microscopic level (length scale [AU]) : random motion due to temperature.

• macroscopic distances (length scale [100 AU]): e g turbulence in molecular clouds.

• large distances (length scale [pc]): gravitational collapse and stellar winds.

In dense molecular core collapse and star-formation all these kinds of motions are active
together with those caused by magnetic forces. Several models of the core collapse into a
newly formed star have been developed. The most basic model for cloud development is
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the Ebert-Bonnor sphere model (Bonnor 1956; Ebert 1955). But there are several others
of importance, among these there are those developed by F. H. Shu and colleagues in a
series of studies (Shu 1977; Shu et al. 1987; Stahler et al. 1980; Terebey et al. 1984).

1.10.1 Ebert-Bonnor

The Ebert-Bonnor spheric model (Bonnor 1956; Ebert 1955), is a dimensionless equa-
tion describing a pressure-confined, self-gravitating isothermal gas sphere in hydrostatic
equilibrium. The density structure of a Ebert-Bonnor sphere can be obtained by solving
the Lane-Emden equation

1
ξ 2 ·

d
dξ

(ξ 2 · d θ

dξ
) = θ

n (1.22)

where θ n = ρ(r)/ρc is the density contrast (ρ(r) and ρc are the volume density and
central volume density). The dimensionless radial parameter ξ is constructed from the
cloud radius r as ξ = r/α with

α
2 = (4 π ·G ·ρc)/a2

T (1.23)

aT being the isothermal sound speed

a2
T = k ·T/mH2 (1.24)

(k, T, and m are the Boltzmann constant, kinetic temperature and mean mass of the
molecules (e g for H2, He et al. 1995, and others), respectively). Boundary conditions
are ρ(0) = ρc and therefore

θ(0) = 1 and
dθ(0)

dξ
= 0 (1.25)

If the gas sphere is confined by an external pressure P(R) at the core boundary radius
R, the solutions of the Ebert-Bonnor sphere can be characterized by the dimensionless
radius ξmax = R/α . ξmax is a stability measure of the gas sphere against gravitational
collapse (Ebert (1955), Bonnor (1956)). The critical state is achieved at ξmax = 6.5,
corresponding to the density contrast of ρc/ρedge = 14. For solutions where ξmax > 6.5,
the equilibrium state is unstable to the gravitational collapse. The Ebert-Bonnor sphere
mass M(r)

M(r) =
∫ r

0
ρ(r) ·4π · r2 dr (1.26)

in the dimensionless symbols evolves into

M(ξ ) = 4π ·α3 ·ρc

∫
ξ

0
θ

n ·ζ 2 dζ (1.27)

using the fact that the integrand is an exact differential M(ξ ) becomes

M(ξ ) = 4π ·α3 ·ρc (−ζ
2 · dθ

dζ
)

ξ

0 = 4π ·α3 ·ρc (−ξ
2 · dθ

dξ
) (1.28)
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1.10.2 singular isothermal sphere

First, the mass distribution in the cloud is established prior to collapse as the cloud core
loses magnetic and turbulent support. For large density contrast between centre and edge
in a Ebert-Bonnor sphere the density approach

ρ(r) =
a2

T

2πG
· r−2 (1.29)

leading to the singular isothermal sphere with a mass calculated to be M(r) = 2 · a2
T ·

r/G.

Then, in the standard theory originating with Shu (1977) the dynamical collapse of a
star/disk system occurs from the inside out. Collapse is initiated at the centre where the
density is highest, and a wave of infall propagates outward at the sound speed. Condi-
tions inside the infall radius asymptotically approach free fall, with ρ ∝ r−3/2.

The assumption is that the peripheral parts of the cloud is unaffected by the collapse and
the outward moving shock. Measurement of the peripheral density distribution therefore
still carries information of the cloud mass.

1.10.3 mass of B 335

The mass of B 335 has been estimated by Harvey et al. (2001). Their measurements
of the extinction to background stars along many sightlines. are used to determine the
overall structure of the obscuring core. The extinction measurements are done at near-
IR wavelengths, where absorption due to dust is much less than in the optical, thereby
probing regions of higher visual extinction. The basic method is to measure the near-IR
color excess for each background star. In the usual way you have

E(H − K) = (H − K)observed − (H − K)intrinsic = AH − AK

The color-excess can therefore be converted to dust column density using a standard red-
dening law, AV extinction to dust conversion (Rieke & Lebofsky 1985) and a gas-to-dust
ratio (Bohlin et al. 1978). They discuss the problems these conversions may cause the
mass estimate but also the problems connected to the formation of a young stellar object
and the outflow regions from it.

With a cloud radius R of 125 arcsec and cloud distance of 250 pc the Ebert-Bonnor
model has a ξmax ' 12.5. Their B 335 mass estimate is formulated as

MB335 ' 14 · ( d
250

)2 ·M�
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(With our adopted distance, d ' 100 pc, this converts to MB335 ≈ 2.5 M�.)

1.11 Distance measurements

1.11.1 in general

For many estimates of properties of a celestial object distance to the object is a decisive
parameter. Distance measurement to light emitting objects can be based on a multitude
of different techniques (parallax, luminosity-distance relation L ∝ d−2, radial velocity).
The luminosity-related techniques are quite general as the light sources may be of many
different kinds. They require, however, knowledge of their properties either individually
or statistically as a group.

When it comes to techniques for measurement of distance to clouds, these are more diffi-
cult to come by. Clouds with ongoing star formation offer light-sources within the cloud.
However, these undergo rapid changes and are often surrounded by dust envelopes with
unknown properties. So, the established way to circumvent this problem is to constrain
the distance to a cloud by measuring the distances to stars in front of the cloud and be-
hind. Large clouds can provide a large probability of finding many suitable stars with
statistically known properties, so that distances to them can be used in a constraining
process. For small clouds (like a Bok-globule) suitable stars are few so the individual
star properties are crucial. The available methods are the parallax technique (that is if
the cloud is close enough) and the luminosity-distance relationship.

1.11.2 distances to globules

Maheswar & Bhatt (2006) determine distances to dark globules by a method using op-
tical (V-R-I broadband filters) photometry and near-IR 2MASS catalogue J-H-Ks pho-
tometry of stars projected towards the field containing the globules. The intrinsic colour
indices of stars projected towards the direction of the globule are determined by dered-
dening the observed colour indices using various trial values of extinction AV and a
standard extinction law. The extinction law chosen is that of CCM and a RV = 3.1.
They also assume the stars to be main sequence stars. A spectral type is assigned to the
star for which the computed colour indices best match with the standard intrinsic colour
indices. Both these assumptions introduce great uncertainties.
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1.11.3 distance to B 335

Numerous investigations of B 335 rely on a distance of 250 pc given by Tomita et al.
(1979). Their technique is based on star counts and a given distance-extinction (d-AV )
relation. Their estimate is between 130 and 250 pc, and they adopt 250 pc as the most
plausible.

Lately Stutz et al. (2008) have revised the distance estimate with a similar technique,
however, based on a given d-AB relation. They find a range from 60 to 200 pc and adopt
a distance of 150 pc.

1.12 Short summary of papers.

The aim of this three-paper study is to construct the extinction for the Bok globule B 335.
From the features of this extinction and its map onto the globule several properties of the
globule can be drawn

• distance to the globule

• mass of globule

• dust to gas ratio

• hint on the dust conversion processes

1.12.1 paper I A new method of determining distances to dark globules. The
distance to B 335.

Sven Olofsson and Göran Olofsson

As parallax estimates to stars in front of and behind the cloud are not available, our
effort to estimate the distance had to rely on the luminosity-distance relation. The in-
trinsic luminosity and the luminosity corrected for extinction were sought by imaging
in several broadband filters and partly by complimentary spectrometry. We used the
SED-technique described in paper II to classify stars and estimating their distances. One
problem is to sort close main sequence stars from distant giants for effective stellar tem-
peratures Te f f > ≈ 3000◦ K◦ especially as these are very common. We find one star in
front of the cloud to be a main sequence star and several giants not very far behind the
cloud. In this way we estimated the distance to be in the range 90 to 120 pc, adopting 100
pc. The correct classification of the stars is also supported by spectrometry and by their
place in colour-colour diagrams in relation to the main sequence and the giant branch.
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Figure 1.24: The local interstellar bubble with the sun and the globule B 335 marked. The
Milky Way as seen from the pole. Width of image≈ 500 pc. (Figure from Welsh & Shelton
2009).

The stellar winds, novae and supernovae have profound effect on the small scale effect
of the interstellar medium creating density humps as well as cavities. These interstellar
bubbles are ubiquitous and they have typical radii of ≈ 100 pc and low density. It is
not surprising to find the sun to be located in such a rarefied bubble. The finding of the
distance to B 335 is not unreasonable considering the size of the bubble in that direction,
Fig 1.24.

We have only applied our method to one case. The natural next step would be to follow
up by observing a larger sample. Such a survey must be optimized in terms of observa-
tion time especially when it comes to achieving sufficient signal-to-noise for the U-band.
Probably half the time used in this study may suffice. The U-band is, however, essential
for separation of the dwarfs from the giants.

1.12.2 paper II The extinction law for molecular clouds. Case study of B 335.

Sven Olofsson and Göran Olofsson

The dark globule B 335 covers a small patch of the sky (projected diameter < ≈ 4 ar-
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cmin). In spite of this there are lots of background stars as possible candidates to be
light sources for extinction measurements because the sightlines’ proximity to the galac-
tic plane. Our ambition was to include shorter wavelength ranges (from UV) in the study,
as the grain size distribution is first affected at short wavelengths. Observing schedule
involved five broad band filters in the optical wavelength range (0.35 < λ < 0.80 µm)
with a dominant part of allotted time assigned to the short-wavelength filter. As weather
conditions were feeble during the study 2006, another calibration observation round
three years (2009) later was required. Additional to observations initiated by us we have
adopted 2MASS photometric results and images from the Spitzer/IRAC archive for this
field.

The observation allowed us to estimate the reddening using five methods including the
new SED-method. The SED-method enable the estimate of the reddening and is based
on the photometric magnitudes from a few stars (three to four within a projected circle
of≈ 10 arcsec) and a grid of synthetic stellar atmospheres. The reddening allowed us to
make estimates of the grain size distribution, dust to gas ratio N(2H2 + H)/AV , grain
column mass per U-magnitude and of the mass of B 335 globule. Our dust to gas ratio
for the rim of the cloud was found to be 2.1 ·1025 m−2 and the mass estimate 2.5 M�.

Our main conclusion was, that the reddening so measured follows that described by
CCM with the RV ∼ 4.8 irrespective of radius (still at the rim of the cloud). This al-
lowed us to simplify the new SED-method in future calculations.

All the methods to estimate the extinction discussed in paper II (except those based
on star counts) result in the reddening E(λ −λ0) = Aλ − Aλ0 . To get extinction the λ0
has to be chosen, so that Aλ0 can be regarded as nought. We thus regard the Spitzer/IRAC
wavelengths to be long enough, so that the extinction mean among them can be set equal
to nought. This introduces a small error estimated to be ≈ 0.1 magnitudes in extinction
(when the reddening E(U - IRAC4) is of order ≈ 10, see paper III) to be compared to
the photometric magnitude measurement errors in e.g. U-photometry of ≈ 0.1.

The extinction over the cloud displayed in the extinction map of paper II Fig 7 shows a
very irregular behaviour. There may be several explanations to this irregularity:

• The extinction in the sightline to a star also includes those parts lying outside the
cloud. Many stars that have luminosities high enough to penetrate the cloud are
distant giants (as shown in paper I, Figs 3 and 4).

• The extinction is influenced by the particle size distribution varying over the cloud.

• The cloud density may vary even on short distances.

• Errors introduced by odd stellar colours, for instance companion stars.
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Figure 1.25: Relative emissivity
Qem(λ )/Qem(Ks) = Qabs(λ )/Qabs(Ks) for
the two sightlines through rim (green) and centre
(blue) of B 335. The wavelength dependence
Qabs(λ )/Qabs(Ks) ≈ λ−2.0 ±0.1 in the range
redwards of 50 µm.

Figure 1.26: The extinction caused
by one-sized grains consisting of only
silicates. The red curve represents sil-
icate grains with a thin graphite man-
tle (radius 0.1 µm, mantle 10 Å),
while the blue lacks any mantle. The
suppression of the silicate band is
clearly seen.

1.12.3 paper III The mid-infrared extinction in molecular clouds. Case study
of B335.

Sven Olofsson and Göran Olofsson

In this study we combine the observations discussed in paper II with mid-IR data
from the Spitzer and ISO archives. In addition, these observations were complemented
by spectrometric observations in the H2O and CO ice bands.

The wavelength coverage was in this way stretched for a few stars from the optical
to mid-IR (0.35 < λ < 24 µm). The problem of turning reddening into extinction
is solved via the grain size distributions that are recovered from the reddening curve
in this wavelength range. The extinction, caused by such size distribution at very long
wavelengths can be calculated. In this way the reddening for all wavelengths can be
transformed into extinction.

One of these background stars measures the dense, central parts of the cloud, while
most of the other sightlines penetrate the rim. The findings for the central and the rim
sightlines differ, see Figs 1.21 and 1.23. Our findings of AKs/E(J − Ks) = 0.51 for
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the cloud rim are in agreement with other studies of the ISM and towards the galactic
centre. For the central parts of the cloud our finding of AKs/E(J − Ks) = 0.97 differs
from other studies (none however seem to have studied such dense parts of clouds). It is
possible, that the conditions for some reason are special in B 335. But if it is typical for
dense cores, the extinction is underestimated by a factor of 2 in current investigations of
dark clouds using near-IR imaging only.

Our modeling of the grain size distribution points to a build-up of large grains for the
central sightline. The silicate grain size distribution is dominated by one particle size
and is by and large unaffected. The central regions form grains with a higher graphite-
to-silicate ratio. We therefore suggest that this carbon depletion proceeds in the dense
cloud giving rise to several different kinds of carbonaceous ices (CO, CO2, CH4 and
other) as well as larger carbonaceous grains and that the rim and the diffuse ISM have a
lower depletion and therefore a low extinction beyond the K-band (Figs 1.23 and 1.21).
This is also expressed in the dust to gas ratio N(2H2 + H)/AV being 1.5 ·1025 m−2 and
2.1 ·1025 m−2 for the centre and rim, respectively.

The dust mass in the cloud comes from the large grains. They adopt the temperature
of the gas. Their radiation is that of a modified black body Bλ (Tdust) and the dust tem-
perature is Tdust ≈ 15 K◦, which means a radiation maximum in the far-IR, where the
cloud is thin. The emission is proportional to the emissivity Qem,λ . But from the princi-
ple of detailed balance Qem(λ ) = Qabs(λ ), so the flux Fλ can be written

Fλ ∝ Qem,λ ·Bλ (Tdust) ∝ Qabs,λ ·Bλ (Tdust) (1.30)

The emissivity Qabs,λ ∝ λ β in the cloud shows a wavelength dependence of β ≈
−2.2 ± 0.1 for wavelengths greater than 50 µm, see Fig 1.25. This is actually pretty
much the same result found (by e.g. Paradis et al. 2010). They are able to independently
measure Tdust and β and find a Tdust − β anticorrelation, that they assign to different
dust properties around dust temperatures Tdust ≈ 20 K.

The grain size distribution shown in Fig 7 of paper III, that reproduces the reddening
curve for the central sightline to star #947, consumes all available carbon. The noticeable
suppression of the 9.7 µm silicate band seen both in Fig 1.25 and in Fig 7 of paper III,
can alternatively be explained by realizing, that carbonaceous material can adhere to the
silicate grains as well as to carbonaceous grains (see also Grishko & Duley 2002). This
can be illustrated by a simple calculation comparing the extinction caused by one-sized
silicate grains with and without a very thin graphitic mantle (1% of radius), see Fig 1.26.
It also shows, that the carbonaceous mantle is sufficient to raise the extinction in the
wavelength range from 2 to 8 µm. This model consumes less carbon compared to that
described in paper III.
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Summary.

Our summary of the three papers leads to the following findings

SED-method The SED-method functions for star classifications and at the same time
for reddening estimates.

cloud reddening. The polynomials from Cardelli et al.(2005) (henceforth CCM) de-
scribe the reddening also for the denser regions in the UV to near-IR wavelength
range.

SED analysis Consequently, the assumption of the CCM reddening implies, that both
reddening and spectral class of a background star can be determined separately
(which has been used to estimate the distance to the cloud in paper I).

RV The large variations of the RV -values indicate, that the cloud is highly inhomoge-
neous.

reddening to extinction The conversion from reddening to extinction has often been
simplified. Our analysis of two sightlines through the rim and the central part of
the cloud shows a great difference. The reddening in the rim longward of 2 µm is
small, while in the central parts the reddening is significant.
These findings lead to different values for AJ/E(J−Ks) = 0.51 for the rim and
AJ/E(J−Ks) = 0.97 for the central part, while the polynomials from CCM assign
0.57 for this ratio. Our result from this study indicates, that current extinction
calculations from reddening in near-IR may underestimate the extinction almost
by a factor of two in the dense parts of the cloud.

ice The water- and CO-ice bands are well reproduced with the help of the Mie-calculation
of grains with ice-mantles. However, these calculations deliver a factor of 2 higher
column density of ice than the integration of the band strength shows (as usually
is done). Only an upper limit to the CO2-ice column density can be set.

silicates The silicate-band at 9.7 µm has the same band strength for both sightlines. The
reason is that the band may be masked by graphite grains (alternatively by a coat
of carbon on the silicate-particles). This implies that it is not possible to directly
interpret the silicate band strength in terms of the silicate column density.

distance The distance to B 335 was found to be between 90 to 120 pc.



mass The mass of B 335 was estimated to be 2.2 ± 0.2 M�.

gas column density The gas column densities have been estimated to vary 1.5 < N(2 ·
H2 + H) ·10−21/AV < 2.3 from sightlines through the central-higher to the rim-
lower AV regions.
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